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In the paper by Buchmeiser et al. published in Chem. Eur. J. 2004, 10, 1256±1266, the structural assignment of compound 15
is incorrect. The correct structural assignment for this compound is [Ag(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylide-
ne)2][Pd2Br2Cl4]1/2. Consequently, the X-ray structural assignment reported needs to be replaced. The correct structure has
been deposited using the identical CCDC-No. 222718 with the Cambridge Crystallographic Data Center. The correct analysis
for 15 is as follows: [Ag(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene)2][Pd2Br2Cl4]1/2 (15):


13C NMR (CD2Cl2): d = 207.3
(C�Ag, 1J (107Ag,13C) = 174 Hz, 1J (109Ag,13C) = 202 Hz), 144.3, 139.9, 136.7, 131.4 (aromatic C), 45.54, 45.47 (NCH2), 22.7,
22.4, 19.4 ppm (CH3 of Mes + CH2); FABMS: m/z (%): calcd for C44H56N4Ag: 749.35 [M


+]; found: mz : 749.35 (98.5). Other
analytical data reported are correct. The authors sincerely apologize for this error.
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Chemical Adaptor Systems


Doron Shabat,* Roey J. Amir, Anna Gopin, Neta Pessah, and Marina Shamis[a]


Introduction


The versatile world of chemistry offers an indefinite number
of molecules with a variety of structures and reactivities. Sci-
entists often are required to link a specific chemical or bio-
logical activity to a target molecule with a controlled ap-


proach. Therefore, several molecules have been designed
and synthesized specifically for that purpose. We have
named these unique functional molecules ™chemical adaptor
systems.∫ The adaptor is usually a molecule consisting of at
least three functionalities (Figure 1). One of them acts as a
handle and is used for direction/anchoring purposes. The
second functionality acts as a bio-/chemical switch, and its
cleavage triggers a self-immolative spontaneous release of
the third functionality, which can be, for example, a drug or
a synthetic target molecule. Importantly, unlike conventional
self-immolative linkers that connect two functionalities,[1] a
chemical adaptor molecule is constructed with at least one
additional functionality that adds a new concept to the link-
ing system.
Two different mechanistic reactivities were used by us and


others to prepare chemical adaptor systems. The first is
based on a spontaneous intra-cyclization reaction to form a
stable cyclic molecule (Figure 2A). Cleavage of the trigger
generates a free nucleophile, for example, an amine group,
which undergoes intra-cyclization to release the target mole-
cule from the handle part (e.g., a targeting antibody or a
solid support for synthesis). The second applied reactivity is
an elimination reaction, which is usually based on a qui-
none±methide rearrangement (Figure 2B). Similarly, cleav-
age of the trigger generates a free phenol functionality,
which can undergo a self-elimination reaction through a qui-
none±methide rearrangement to release the target molecule.


Selective Drug Delivery


A lot of effort has been devoted to the development of new
drug delivery systems that mediate drug release selectively
at the tumor site.[2] One way to achieve such selectivity is to
activate a prodrug, specifically by way of confined enzymatic
activity. In this concept, the enzyme either is expressed by
the tumor cells, or directed to the tumor by a targeting
moiety, such as a monoclonal antibody. The prodrug is con-
verted to an active drug by the local or localized enzyme at
the tumor site, thereby minimizing nonspecific toxicity to
other tissues.[3]


We recently applied chemical adaptor systems as a plat-
form, which combines a tumor-targeting device, a prodrug,
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Department of Organic Chemistry
School of Chemistry, Faculty of Exact Sciences
Tel Aviv University
Tel Aviv 69978 (Israel)
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Abstract: ™Chemical adaptor systems∫ are molecules
used to link different functionalities, based on unique
reactivity that allows controlled fragmentation. Two dif-
ferent mechanistic reactivities were used to prepare
chemical adaptor systems. The first is based on a spon-
taneous intra-cyclization reaction to form a stable ring
molecule. Cleavage of the trigger generates a free nu-
cleophile, for example, an amine group, which under-
goes intra-cyclization to release the target molecule
from the handle part (e.g., a targeting antibody or a
solid support for synthesis). The second applied reactivi-
ty is an elimination reaction, which is usually based on a
quinone-methide-type rearrangement. Similarly, cleav-
age of the trigger generates a free phenol functionality,
which can undergo a self-elimination reaction through a
quinone-methide rearrangement to release the target
molecule. The adaptor molecules have been applied in
the field of drug delivery to release a drug from a tar-
geting device and in the field of solid-phase synthesis to
release a synthetic molecule from the solid support. A
chemical adaptor molecule has also been used as a
building unit to construct dendrimers with a triggered
fragmentation.


Keywords: dendrimers ¥ drug delivery ¥ enzymes ¥
prodrugs ¥ self-immolative dendrimers
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and a prodrug activation trigger.[4] The three functional
groups of the adaptor molecule were used as follows. The
first functionality (handle) is linked to a targeting moiety,
which is responsible for guiding the prodrug to the tumor
site; the second (target molecule) is attached to an active
drug and, thereby, masks it to yield a prodrug; and the third
(trigger) is attached to an enzyme substrate. When the cor-
responding enzyme cleaves the substrate, it triggers a spon-
taneous reaction that releases the active drug from the tar-
geting moiety. As a result, prodrug activation will occur
preferentially at the tumor site.
The first example applies the quinone±methide rearrange-


ment±elimination reaction, which is described in Figure 2B.
The central core of the chemical adaptor (Figure 3) is based
on 4-hydroxymandelic acid, which is commercially available
and has three functional groups suitable for linkage. Group


I is a carboxylic acid that is conjugated to a targeting moiety
through an amide bond. The drug is linked through the
benzyl alcohol group II and the enzyme substrate is attach-
ed through the phenol group III by a carbamate bond.
The system is generic and allows the use of a variety of


drugs, targeting devices, and enzymes by introducing the


Figure 1. General principle of a chemical adaptor system.


Figure 2. A) Cyclization-based chemical adaptor system. B) Elimination-based chemical adaptor system.


Figure 3. 4-Hydroxymandelic acid as a chemical adaptor molecule.
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corresponding substrate as a trigger for drug release in the
adaptor molecule. The chemical adaptor system was de-
signed with stable chemical linkages to avoid nonspecific
drug release in vivo. Proof of the concept was demonstrated
by using etoposide as the drug, an HPMA±copolymer[5,6] as
the targeting device, and catalytic antibody 38C2[7,8] as the
triggering enzyme (Scheme 1).
We tested whether the etoposide drug can be released


from complex 1 by the catalytic activity of antibody 38C2.


According to our design, the drug should be spontaneously
released after the generation of phenol 2 as illustrated in
Scheme 1. We incubated complex 1 with catalytic antibody
38C2 in PBS (pH 7.4) at 37 8C and monitored the appear-
ance of etoposide using an HPLC assay. As we expected,
etoposide was released by the catalytic activity of antibody
38C2 to form compound 3 and the free drug. No spontane-
ous etoposide release was observed in the absence of the an-
tibody. Two additional examples, comprising a penicillin-G-


Scheme 1. Mechanism of etoposide drug release from the HPMA±copolymer, using catalytic antibody 38C2 as the triggering enzyme.
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amidase substrate as the enzymatic trigger and camptothecin
as the anticancer drug, respectively, were also synthesized
and activated.
An additional example of a chemical adaptor system ap-


plies the cyclization-based mechanism (described in Fig-
ure 2A). The central core of the chemical adaptor (Figure 4)


is based on N-methyldiaminopropionic acid, which has three
functional groups suitable for linkage, similar to those de-
scribed in the first example. Group I is a carboxylic acid
that is conjugated to a targeting moiety through an amide
bond. The drug is linked through the 2-amino group II, and
the enzyme substrate is attached through the 3-amino group
III by a carbamate bond.
Similarly to the previous example, we designed a pilot


system for which we chose Escherichia coli penicillin-G-ami-
dase as the triggering enzyme. The water-soluble synthetic
copolymer N-(2-hydroxypropyl)methacrylamide (HPMA)
was chosen as a targeting device and camptothecin as the
anticancer drug. We incubated complex 4 with PGA in PBS
(pH 7.4) at 37 8C and monitored the appearance of free
CPT, using an HPLC assay Scheme 2. Camptothecin was
indeed released by the catalytic activity of PGA to form
compound 5 and the free drug. No spontaneous CPT releaseFigure 4. 2-Amino-3-methylamino-propionic-acid, the central core of the


cyclization-based chemical adaptor unit.


Scheme 2. Mechanism of camptothecin drug release from the HPMA-copolymer, using penicillin-G-amidase as the triggering enzyme.
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was observed in the absence of the enzyme (Data will be re-
ported shortly).
A similar adaptor drug delivery system was also reported


by Monneret et. al.[9] They used a carboxy derivative of 4-
hydroxybenzyl alcohol to link the anticancer drug acivicin
with an esterase substrate and a maleimide group, readily
available for linkage with a targeting antibody (Scheme 3).
Incubation of pig liver esterase with compound 6a was fol-
lowed by the release of free acivicin through an elimination
reaction generating quinone-methide 6c. However, the
adaptor molecule has not been tested when it is conjugated
with a targeting antibody (complex 6b).


Organic Synthesis on Solid Support


Interestingly, very similar molecules have been used by
Waldmann et al. for a completely different application. They
used an enzyme-labile linker for the release of a target syn-
thetic molecule from a solid support.[10,11] One system utiliz-
ed an elimination-based chemical adaptor with an ester trig-
ger, which can be cleaved by a lipase (Figure 5A). The incu-
bation of the enzyme with complex 7, generated intermedi-
ate 8 which spontaneously released the target molecule. An
additional example utilizing a cyclization-based chemical
adaptor, was elegantly demonstrated (Figure 5B). System 9


was prepared with phenylaceta-
mide as a trigger, which can be
cleaved with penicillin-G-acy-
lase to generate amine 10. The
later undergoes spontaneous
intra-cyclization to release the
target molecule. In both exam-
ples, the researchers used the
advantages of solid support for
multistep synthesis for the
target molecule and then utiliz-
ed the chemical adaptor system
to release the synthesized mol-Scheme 3. Elimination-based chemical adaptor system that is activated by an esterase.


Figure 5. A) Elimination-based chemical adaptor system activated by a lipase. B) Cyclization-based chemical adaptor system activated by penicillin-G-
acylase.
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ecule from the solid support with the described enzymatic
activity.


Self-Immolative Dendrimers


Very recently, we[12,13] and others[14,15] introduced a new class
of dendritic molecules that were termed self-immolative
dendrimers (SIDs). These structurally unique dendrimers
can release all of their tail units, through a self-immolative
chain fragmentation, which is initiated by a single cleavage
at the dendrimer×s core. The first-generation design of a
self-immolative dendron is based on a chemical adaptor
molecule that has three functional groups. Two identical
functionalities are linked to reporter molecules, and the
third is attached to a trigger (Figure 6, I). The cleavage of
the trigger initiates a self-immolative reaction sequence that
leads to a spontaneous release of the two reporter mole-
cules. The adaptor molecule can be linked to two additional
identical units, which are each attached to two reporter mol-
ecules (Figure 6, II). The head position of the first adaptor
unit is linked to a trigger. In this approach, the G2-dendron
can be prepared, and, similarly, the design can be extended
to higher generations of dendrons and dendrimers. The
cleavage of the trigger will initiate self-immolative chain re-


Figure 6. I) Graphical structure of a first-generation (G1) self-immolative
dendron with a trigger and two tail units. II) Graphical structure of a
second-generation (G2) self-immolative dendron with a trigger and four
tail units


Figure 7. Schematic representation of the G1-self-immolative dendron activation through a spontaneous chain reaction, based on cyclization and 1,4-qui-
none-methide rearrangement.
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actions that consequently will fragment the dendrimer and
release all of the tail molecules.
Our dendrimer×s chemical adaptor unit is based on 2,6-


bis(hydroxymethyl)-p-cresol 17, a commercially available
compound, which has three functional groups (Figure 7).
The two hydroxybenzyl groups are attached, through a car-
bamate linkage, to reporter molecules, and the phenol func-
tionality is linked to a trigger through a short-spacer N,N’-
dimethylethylenediamine (compound 11). The cleavage of
the trigger initiates a self-immolative reaction sequence of
amine intermediate 12, starting with spontaneous cyclization
to form an N,N’-dimethylurea derivative. The generated
phenol 13 undergoes a 1,4-quinone±methide rearrangement,
followed by spontaneous decarboxylation to liberate one of
the reporter molecules. The quinone±methide species 14 is
trapped rapidly by a water molecule (from the reaction sol-
vent) to form a phenol (compound 15), which again under-
goes a 1,4-quinone±methide rearrangement to liberate the
second reporter molecule. The generated quinone±methide
species 16 is trapped again by a water molecule to form 2,6-
bis(hydroxymethyl)-p-cresol 17.
We synthesized first-to-third generation of SIDs with


chemical and enzymatic triggers. Cleavage of these triggers
indeed resulted in a domino breakdown of the dendritic
molecule and the release of the reporter units. The double
elimination-based adaptor molecule (2,6-bis(hydroxymeth-
yl)-p-cresol) is the key structural unit of the SID and is re-
sponsible for this elegant fragmentation. Replacement of


the reporter units with drug molecules potentially can apply
SIDs as new drug delivery systems (Figure 8).


Conclusion


Chemical adaptor molecules offer unique possibilities for
linking different functionalities and reactivities. Two catego-
ries of reactions have been used in the chemistry of adaptor
systems. One is based on elimination reactions, and the
other on intra-cyclization reactions. The adaptor molecules
were applied in the field of drug delivery to release a drug
from a targeting device and in the field of solid-phase syn-
thesis to release a synthetic molecule from the solid support.
An adaptor molecule was also used as a building unit to
construct dendrimers with a triggered fragmentation. These
molecules have begun to play a role only recently, although
their chemical reactivities are not new. However, we expect
that their potential to provide solutions for a variety of ap-
plications will promote their wide use.
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Chiral Nonracemic Late-Transition-Metal Organometallics with a Metal-
Bonded Stereogenic Carbon Atom: Development of New Tools for


Asymmetric Organic Synthesis


Helena C. Malinakova*[a]


Introduction


Reactions catalyzed by late-transition-metal complexes have
evolved into powerful tools for the creation of carbon±


carbon bonds.[1] In particular, diverse variants of cross-cou-
pling reactions, and the Heck reaction have been widely em-
ployed by the synthetic community.[2] For most practical pur-
poses, these transformations directly connect sp- or sp2-hy-
bridized carbon atoms in organic electrophiles (e.g., organo-
halides) with sp-, sp2-, or sp3-hybridized carbon atoms in or-
ganic nucleophiles (RM, M=Mg, Zr, Zn, Al, B, Si, or Sn).
The key reactive intermediates possess carbon±transition-
metal (C�TM) s bonds, and the new carbon±carbon bonds
arise through carbometalation (Heck reaction) or by means
of reductive elimination (cross-coupling).[3] Asymmetric
Heck reactions,[4] in which enantioselection occurs through
an enantioface selective carbometalation, represent the
most successful application of this methodology to asymmet-
ric synthesis of complex organic molecules. Atropisomer-se-
lective aryl±aryl cross-coupling,[5] and desymmetrization
through enantioposition-selective cross-coupling[6] and Heck
reactions[7] have also been described. In all these processes
the organic electrophiles give rise to organometallic inter-
mediates with a sp2-hybridized carbon bonded to the transi-
tion metal (Csp2�TM bond) [reactions (1) and (2) in
Figure 1].
A conceptually new and potentially more powerful ap-


proach to transition-metal-mediated asymmetric synthesis
would arise if organic electrophiles could be converted into
intermediates with a sp3-hybridized, stereogenic carbon
bonded to the transition metal (C*sp3�TM bond) [reac-
tions (3) and (4) in Figure 1]. If such complexes could be
generated in an enantiomerically pure form from either
chiral nonracemic, racemic or achiral organic substrates, and
subsequently participate in the ™traditional∫ cross-coupling
or Heck reactions, organic products with multiple adjacent
stereogenic centers could be generated. When fully devel-
oped, this strategy holds the promise to allow for a direct
coupling of two stereogenic carbon centers (R�M=


C*sp3�M, Figure 1).
In numerous instances, synthetically powerful transition-


metal-catalyzed reactions evolved from studies with stable
isolated organometallic entities,[8a] although the outcome or
the kinetic behavior of catalytic reactions may differ from
the stoichiometric processes.[8b,c] Thus, to develop a new


[a] Prof. H. C. Malinakova
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1251 Wescoe Hall Drive, 2010 Malott Hall
Lawrence, KS 66045 (USA)
Fax: (+1)785-864-5396
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Abstract: Transition-metal-catalyzed cross-coupling re-
actions and the Heck reaction have evolved into power-
ful tools for the construction of carbon±carbon bonds.
In most cases, the reactive organometallic intermediates
feature a carbon±transition-metal s bond between a sp2-
hybridized carbon atom and the transition metal
(Csp2�TM). New, and potentially more powerful ap-
proach to transition-metal-catalyzed asymmetric organic
synthesis would arise if catalytic chiral nonracemic orga-
nometallic intermediates with a stereogenic sp3-hybri-
dized carbon atoms directly bonded to the transition
metal (C*sp3�TM bond) could be formed from racemic
or achiral organic substrates, and subsequently partici-
pate in the formation of a new carbon±carbon bond
(C*sp3±C) with retention of the stereochemical informa-
tion. To date, only a few catalytic processes that are
based on this concept, have been developed. In this ac-
count, both ™classical∫ and recent studies on prepara-
tion and reactivity of stable chiral nonracemic organo-
metallics with a metal-bonded stereogenic carbon,
which provide the foundation for the future design of
new synthetic transformations exploiting the outlined
concept, are discussed, along with examples of relevant
catalytic processes.


Keywords: asymmetric synthesis ¥ C�C coupling ¥ C�H
activation ¥ metallacycles ¥ transition metals


Chem. Eur. J. 2004, 10, 2636 ± 2646 DOI: 10.1002/chem.200305667 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2637


CONCEPTS







technology that will realize the proposed approach to asym-
metric functionalization of sp3-hybridized carbon atoms [re-
actions (3) and (4) in Figure 1], systematic fundamental
studies on the chemistry of stable chiral nonracemic transi-
tion metal complexes featuring a metal-bonded stereogenic
sp3-hybridized carbon atom must be performed (Figure 2).


Specifically, new strategies for an enantioselective genera-
tion of complexes with a C*sp3�TM bond must be devel-
oped, in addition to efficient methods for asymmetry trans-
fer into the metal-bonded stereocenter. Mechanistic studies
clarifying the stereochemical course of the C*sp3�TM bond


formation are needed along with precise understanding of
the factors that control the configurational stability of the
transition-metal-bonded stereocenters. Finally, stereochemi-
cal course of reactions that would incorporate the metal-
bonded stereocenter into organic products must be studied,
and new reaction pathways sought (Figure 2).
Herein, we aim to summarize and put into perspective


both ™classical∫ and recent studies with stable chiral nonra-
cemic organometallics, and the relevant catalytic processes,
that constitute the foundation for continued progress to-
wards the design of a general methodology for an enantiose-
lective transition-metal-catalyzed C�C bond formation to
sp3-hybridized carbon atoms.


Fundamental Chemistry of Complexes with the
Csp3�TM Bond


At the onset of the development of the chemistry of transi-
tion-metal±alkyl complexes the thermodynamic feasibility of
a direct Csp3�H activation was questioned owing to the pre-
sumed weakness of the Csp3�M bond.[9] Since the energies
of Csp3�TM bonds were found to range from 40 to
80 kcalmol�1,[10] the difficulties associated with C�H activa-
tion of alkanes had to arise from kinetic factors, for exam-
ple, decomposition through b-hydride elimination.[11] In gen-
eral, b-hydride elimination could be limited by the lack of
free coordination sites on the metal center, or if geometrical
factors preclude a coplanar arrangement of M-C-C-H
bonds.[11] Geometric rigidity around a transition-metal
center has been found to contribute to an unexpectedly high
thermal stability of complexes containing conformationally
free b-hydrogen atoms.[12] Landmark mechanistic studies on
hydrocarbon activation with homogenous rhodium com-
plexes by Jones[13] established that relative strengths of
C�TM bonds decrease in the order Csp2(aryl)�M>


Csp2(vinyl)�M>CH3�M>RCH2�M>R2CH�M>R3C�M>


PhCH2�M. Steric hindrance between the metal with its co-
ordination sphere and substituents on carbon was put for-
ward to rationalize this trend. A recent theoretical study[14]


examined differences between the strengths of various types
of carbon±metal bonds for an entire series of second-row
transition metals. Electronic factors correlating the increase
of the bond strength to the increase of the ionic character of
the Cd��Md+ bond when moving to the left of the periodic
table, were suggested to play the most important role. In
agreement with experimental work of Brookhart,[15] DFT
calculations[16] on bisimino(propyl)palladium(ii) complexes
revealed that the branched isopropyl complex 1 (Scheme 1)
was thermodynamically favored over the n-propyl isomer, as
far as the palladium center remained electron deficient and
sterically unhindered, resulting in a minimum negative
charge at the metal-bonded stereogenic carbon atom. An
experimental study revealed that the branched complex 2
was favored over the linear isomer 3 due to the stabilizing
interaction between the cyano group and the partial nega-
tive charge on the neighboring carbon atom.[17]


These findings have opened up new avenues for overcom-
ing unfavorable kinetic and thermodynamic characteristics


Figure 1. Comparison of classical and new strategies for transition-metal-
mediated asymmetric synthesis.


Figure 2. Key components of the research aimed at the design of new
synthetic processes utilizing chiral nonracemic organometallics with a
metal-bonded stereogenic sp3-hybridized carbon atoms.
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of transition-metal±alkyl complexes, thus significantly con-
tributing to the evolution of new synthetic applications of
organometallics with C*sp3�TM bonds.


Stereochemical Course of the C*sp3�TM Bond
Formation–Mechanistic Studies


Oxidative addition : Oxidative addition is a common term
for a class of reactions in which a metal is oxidized by the
addition of a Y�X species.[18] Oxidative addition to chiral
nonracemic organohalides with a halogen bonded to a ster-
eogenic carbon atom would give rise to a metal-bonded ster-
eogenic carbon atom, assuming that the reaction will pro-
ceed with either clean retention or inversion of the absolute
configuration at the reaction center. Early exploratory stud-
ies on the stereochemical course of oxidative addition pro-
vided evidence for an SN2-type displacement pathways oper-
ating with alkylhalide, or pseudohalide substrates.[18] The
first unequivocal demonstration of the inversion of configu-
ration at a stereogenic sp3-hybridized carbon atom in oxida-
tive addition of palladium(0) complexes to chiral nonrace-
mic benzylic halides 4 was provided by Stille.[19a,b] These ex-
periments are outlined in Scheme 2. Recently, C�Cl oxida-


tive addition to Pd0 involving retention of configuration at
the metal-bonded carbon atom, was theoretically proposed
to be feasible under certain conditions.[19c]


Palladium-catalyzed Suzuki cross-coupling of diastereo-
merically pure deuterated alkyl tosylates 5 was realized[20]


indicating about 6:1 selectivity for a pathway proceeding
with an inversion of configuration at the stereogenic carbon
(Scheme 3).[21]


C�H activation : The C�H activation corresponds to a direct
replacement of a C�H bond in hydrocarbons with a C�TM
bond. The general transformation can encompass an entire
spectrum of mechanistic possibilities. The two most signifi-
cant pathways (Figure 3) are: a) oxidative addition giving


rise to a hydrido metal complex, and b) concerted activation
by an electrophilic metal center.[22a±c] For the well-developed
activation of C�H aromatic bonds by palladium complexes,
a SEAr-type reaction seems to be ubiquitous.[22d]


Early examples of a direct activation of Csp3�H bonds by
the action of a transition-metal complex exploited a photo-
chemical removal of a coordinated ligand (L), or a reductive
elimination of dihydrogen from stable complexes
[MCp*(L)2] or [MCp*(L)H2] (Cp*=h5-C5Me5; L=PMe3,
CO; M= Ir, Rh) yielding highly reactive 16-electron MCp*L
fragments. These species induced thermal Csp3�H activation
in hydrocarbons to afford isolable [MCp*(L)(alkyl)(H)]
complexes.[23] The C�H activation was found to be reversi-
ble, favoring the formation of primary RCH2�TM bonds in
reactions with acyclic aliphatic hydrocarbons.[24] The mecha-
nism of similar reversible C�H activation was studied on di-
astereomerically pure iridium complexes 6a,b, and their
deuterated analogs 7a,b (Scheme 4).[25] Upon thermolysis,
diastereomerically pure complexes 6a and 6b underwent an
inversion of configuration at the metal-bonded stereogenic


Scheme 1. Electronic effect of substituents (CN) on the relative stabilities
of palladium±alkyl complexes with primary and secondary metal-bonded
carbon atoms.


Scheme 2. Stille×s experiments demonstrating the inversion of configura-
tion at a stereogenic deuterated benzylic carbon atoms in oxidative addi-
tion with palladium(0) complexes.


Scheme 3. A catalytic Suzuki cross-coupling proceeding with predomi-
nant inversion of configuration at the stereogenic carbon.


Figure 3. Alternative mechanistic pathways for transition-metal-mediated
activation of C�H bonds.
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carbon atom, and the deuterium-labeled complexes 7a±b
participated in isotope scrambling. Both processes occurred
through the intermediate metal±alkyl complexes of the type
8a,b, in which either of the two diastereotopic C�H bonds
formed an agostic bond to the iridium center, and the C�H
activation presumably proceeded with a retention of config-
uration and the sp3-hybridized carbon.
The stereochemical course of an electrophilic cyclopalla-


dation at a benzylic carbon was investigated (Scheme 5)[26]


revealing a high (>11) kinetic isotope effect, and 94% ster-
eospecifity for retention of configuration. Configurational


stability of the metal-bonded stereogenic center was com-
promised under strongly acidic conditions (HCl), while a
weak acid (HOAc) was tolerated without racemization of
complex 9.


Sources of Stereochemical Information in Synthesis
of Stable Chiral Nonracemic Organometallics with
Transition-Metal-Bonded Csp3-Hybridized Carbon


Atoms


Application of the general principles of asymmetric synthe-
sis to the preparation of enantiomerically enriched organo-
metallic complexes opens up diverse pathways for the trans-
fer of asymmetry to the metal-bonded stereogenic carbon.


Classical resolution : The use of chiral nonracemic ™spectator
ligands∫ as ™resolving agents∫ for separation of racemic
transition-metal organometallics provided the first examples


of chiral nonracemic complexes featuring a metal-bonded
stereogenic sp3-hybridized carbon atoms. By this method,
enantiomerically enriched complexes 12±14 (Scheme 6)
were obtained.[27]


A bridge splitting reaction of racemic cyclopalladated
dimer 10 with optically active (S)-leucine followed by a
series of fractional precipitations yielded diastereomerically
enriched cyclopalladated complex 11, which upon the re-
moval of the chiral resolving agent by the treatment with a
mild acid (HOAc, racemization occured with HCl) generat-
ed dimeric complex 12 with ee×s up to 45%.[27a] Assumption
that the carbon±metal bond remains intact during the ligand
exchange process was supported by an excellent agreement
between the de (33%) of the diastereomerically enriched
complex 11,[27d] and the ee (28%) measured for the final
product 12.


Substrate-directed asymmetry transfer : In an approach anal-
ogous to the ™organic∫ substrate-induced stereocontrol, a
chiral auxiliary group is covalently attached to the organic
substrate, or the organic substrate incorporates a stereocon-
trolling element before its interaction with the metal center
is initiated. This concept has been utilized for cyclopallada-
tion of a chiral nonracemic b-ketosulfoxide 15 (Scheme 7)


Scheme 4. Interconversion of diastereomeric (hydrido)alkyliridium com-
plexes and the deuterium scrambling of their a-deuterio analogues.


Scheme 5. The retention of configuration in an electrophilic cyclopallada-
tion.


Scheme 6. Preparation of enantiomerically enriched cyclopalladated com-
plexes through classical resolution by using chiral auxiliary ligands as the
resolving agents.


Scheme 7. Synthesis of an enantiomerically pure cyclopalladated trimer
by means of asymmetry transfer from a covalently bonded sulfoxide
chiral auxiliary group.
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that afforded complex 16 with palladium in two distinct
bonding modes and diastereoselectivity >98%.[28] The
metal-bonded stereogenic center has been proposed to arise
through a nucleophilic attack of an in situ generated palla-
dium±enolate on an electrophilic palladium center to form a
carbon±metal s-bond stereoselectively, through the transfer
of asymmetry from the sulfoxide stereocenter. ortho-Metala-
tion of the aromatic ring completed the formation of com-
plex 16.
In an unusual variant of a palladium(0)-mediated oxida-


tive cyclization, C2-symmetrical cyclopropene 17, bearing
esters of the lactic acid as covalently bonded chiral auxilia-
ries, afforded selectively trans-palladacycle 18 (Scheme 8) as


a 94:6 mixture of diastereomers 18a and 18b.[29] The asym-
metry transfer was realized through a regioselective attach-
ment of palladium and carbon to the two symmetry none-
quivalent carbon atoms in the palladium p-complex with the
cyclopropene. A preferential chelation of palladium to one
of the two esters was proposed to direct the regiochemistry
of the oxidative cyclization.
A formal diastereoselective hydridoplatination of a bis-


imine ligand incorporating a chiral nonracemic 1,2-diamino-
cyclohexane backbone was achieved by means of a stepwise
N-protonation/metalation sequence (Scheme 9).[30] The reac-


tion proved highly diastereoselective giving rise to either the
diastereomer 19a,b or 20, which differ in the configuration
at the metal-bonded stereogenic carbon (Scheme 9). Rever-
sible inversion of configuration at the metal-bonded stereo-
center between complexes 19b and 20 was achieved by the
addition of NaCl and via halide abstraction with AgOTf.


Stereocontrol by metal-centered chirality : It is conceivable
that a stereogenic metal center could be employed as the
stereocontrolling element for the creation of a metal-
bonded stereogenic carbon. Racemic cationic ruthenium
complex 21, featuring a stereogenic ruthenium center, react-
ed with LDA to afford a cycloruthenated complex 22 as a
6:1 mixture of diastereomers (Scheme 10).[31]


Depending on the deprotonation conditions, different dia-
stereomeric ratios of products were obtained, indicating that
the main diastereomer 22 was the kinetic product with a rel-
atively high barrier for epimerization of the metal-bonded
stereogenic carbon.


Auxiliary ligand-controlled asymmetry transfer : The transfer
of stereochemical information from chiral nonracemic
™spectator∫ or ™auxiliary∫ ligands into the transition-metal-
bonded stereogenic carbon atom would constitute an attrac-
tive path for stereoinduction. Diverse reactions catalyzed by
transition-metal complexes bearing chiral nonracemic li-
gands are in fact based on this premise.[32] However, trans-
formations creating reactive intermediates with transition-
metal-bonded stereogenic carbon atoms remain rare (vide
infra). Furthermore, only a few studies on the efficiency and
mechanism of the auxiliary ligand-induced asymmetry trans-
fer were performed with stable isolated organometallic enti-
ties.[33,35]


Asymmetric cycloplatination of a Csp3�H bond yielding a
diastereomerically enriched stable complex by the transfer
of asymmetry from chiral nonracemic auxiliary sulfoxide li-
gands was demonstrated by Ryabov[33] (Scheme 11). Treat-
ment of ketone 23 with a platinum complex armed with an
enantiomerically pure sulfoxide ligand afforded a combined


Scheme 8. Diastereoselective oxidative cyclization of chiral nonracemic
C2-symmetrical cyclopropenes yielding palladacycles with two metal-
bonded stereogenic carbon atoms.


Scheme 9. Stereodivergent, diastereoselective hydridoplatination of an
imine yielding two chiral nonracemic (aminoalkyl)platinum complexes.


Scheme 10. Diastereoselective synthesis of a racemic carbon-bonded
ruthenium enolate exploiting the transfer of stereochemical information
from a stereogenic metal center.
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47% yield of two separable diastereomeric cycloplatinated
complexes 24 in 45% diastereomeric excess.
Our interest in this area relates to the chemistry of palla-


dacycles.[34] Investigation of the transfer of asymmetry from
chiral nonracemic bidentate phosphine ligands L ((S,S)-
DIOP) in complexes 25 into the metal-bonded stereocenter
in palladacycles 26a,b revealed that the absolute sense of
stereoinduction could be controlled by the selection of the
base (e.g., LDA or tBuOK) (Scheme 12),[35] yielding diaster-


eomeric palladacycles (26.1a,b and 26.2a,b) in 30±80% de.
Further enrichment in the content of the thermodynamic di-
astereomers 26.2a (from 14% de to 46% de) or 26.2b (from
44% de to 74% de) could be induced by the treatment with
one equivalent of tBuOK. Absolute configurations of com-
plexes 26.1a and 26.2a were assigned based on an X-ray
crystallographic study on palladaycle 27 and correlations of
the specific rotations for complexes 28 generated by ligand
exchange (Scheme 12) assuming retention of configuration
at the metal-bonded stereocenter. Enantiomerically en-
riched palladacycles 28 proved configurationally stable
under standard workup and manipulations.


Stereochemical Course of Conversion of a
C*sp3�TM bond into a C*sp3�C Bond


The ™fate∫ of the metal-bonded stereocenters : To develop
synthetically useful applications of chiral nonracemic transi-
tion-metal organometallics with a metal-bonded sp3-hybri-
dized stereogenic carbon atom, transfer of the metal-bonded
stereocenter into a carbon framework of organic molecules
must be explored. Mechanistically, the reactions could in-
volve either migratory insertion of an unsaturated function-
ality into the C*sp3�TM bond (C*sp3�TM + C=C/C�C!
C*sp3-C-C-TM/C*sp3-C=C-TM), or a reductive elimination
(C*sp3-TM-C!C*sp3-C + TM). Although it is generally ac-
cepted[36] that both migratory insertion and reductive elimi-
nation proceed with a retention of the absolute configura-
tion at the migrating carbon atom, studies involving a step-
by-step investigation of the stereochemical course of these
pathways remain rare. Stille continued his seminal mecha-
nistic work to elucidate the stereochemical course of reduc-
tive elimination.[37] Experiments outlined in Scheme 13 pro-


vided evidence indicating that the transmetalation/reduc-
tive-elimination sequence proceeded with 52.6% retention
of configuration in the stoichiometric transformation
(Scheme 13a). In the catalytic reaction, 13% overall inver-
sion was observed (Scheme 13b). The poor stereoselectivity
of the catalytic reaction was at least partially accounted for
by the observed racemization of (R)-a-deuteriobenzylbro-
mide 29 under the reaction conditions.


Scheme 11. Asymmetric cycloplatination of a Csp3�H bond with the
transfer of asymmetry from a chiral nonracemic auxiliary sulfoxide
ligand.


Scheme 12. Stereodivergent synthesis of enantiomerically enriched palla-
dacycles featuring palladium-bonded ester and amide enolates.


Scheme 13. Original Stille×s studies on the stereochemical course of the
reductive elimination indicating a partial retention of configuration at
the metal-bonded stereogenic carbon atom.
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Migratory insertion of dimethyl acetylenedicarboxylate
(dmad) into enantiomerically enriched cyclopalladated com-
plex 12, available by resolution (Scheme 6), was investigated
with the aim to provide a relevant mechanistic insight, as
well as a potential approach to enantiomerically enriched
heterocycles.[27a] Reaction of complex (R)-12 obtained in
45% ee, with dimethyl acetylenedicarboxylate (dmad) af-
forded heterocycle 30 in 40% ee (Scheme 14). By this pro-


cess, the stereochemical information from complex 12 was
transferred with 88% efficiency into the heterocyclic prod-
uct 30, providing support for a concerted mechanism[36] of
the migratory insertion process. In the absence of experi-
mental evidence, the absolute configuration of the ™original-
ly∫ metal-bonded stereogenic carbon atom in the heterocy-
cle 30 was assigned as R, assuming that the concerted migra-
tory insertion proceeded with a retention of configuration.
However, inversion of configuration at the metal-bonded
stereocenter was not rigorously ruled out. The original evi-
dence for a net retention (80% efficiency) of absolute con-
figuration at the migrating carbon atom was obtained in a
study of insertion of dimethyl acetylenedicarboxylate into
an iron±carbon bond in [CpFe(CO)2CH(D)CH(D)tBu].[38]


Following a precedent involving achiral palladacycles,[34d]


preparation of racemic oxapalladacycles 31 and their conver-
sion into highly substituted 2H-1-benzopyrans 32 through a
regiocontrolled insertion of alkynes was demonstrated in
our laboratories (Scheme 15).[39]


To approach the development of an asymmetric variant of
this protocol, the insertion of dimethyl acetylenedicarboxy-
late into the chiral nonracemic palladacycle 26.1b, generated
in 54% de by means of diastereoselective ring closure and
further enriched up to 96% de by flash column chromatog-
raphy, was studied (Scheme 15).[35] Reaction proceeding for
6 h at 100 8C afforded the benzopyran (�)-33 in 88.4% ee,
corresponding to 92% efficiency in the transfer of the ste-
Areochemical information embedded in complex 26.1b.
Since absolute configurations of both the complex 26.1b
and the benzopyran (�)-33 could not be assigned, the reten-
tion of configuration at the metal-bonded stereogenic
carbon atom as shown in Scheme 15, was assumed according
to literature precedents;[36,38] however, the inversion could
not be rigorously ruled out.
Recently, the first successful application of a stereoselec-


tive transmetalation/reductive-elimination sequence for
cross-coupling of an sp3-hybridized carbon atom in organic


electrophiles to an sp2-hybridized carbon atom in the nucle-
ophile has been reported (Scheme 16).[40] Stoichiometric rac-
emic nickelalactones 34a,b featuring a metal-bonded stereo-
genic carbon atom, were generated in situ through the oxi-
dative addition of the C(O)�O bond of an anhydride to a


low-valent nickel complex followed by decarbonylation.
Without isolation, the nickelalactones 34a,b reacted with di-
phenylzinc to afford acids 35a,b as single diastereomers
with no loss of the stereochemical integrity at the metal-
bonded sp3-hybridized carbon.
While the main focus of this review are methodologies di-


rectly leading to C*sp3�C bond formation, reactions that
convert complexes with C*sp3�TM bond into activated or-
ganic compounds capable of subsequent carbon±carbon
bond formation are also relevant. Most significant recent de-
velopments in this area are represented by both stoichiomet-
ric and catalytic borylation of hydrocarbons.[41] Racemic
complex 36,[41a] featuring a secondary (nonstereogenic) iridi-
um-bonded sp3-hybridized carbon, reacted with diarylborane
to afford cyclohexylborane 37 (Scheme 17) in quantitative
yields at ambient temperature.


Scheme 14. ™Fate∫ of the palladium-bonded stereogenic carbon atom
during migratory insertion of dimethyl acetylenedicarboxylate. Prepara-
tion of an enantiomerically enriched heterocycle.


Scheme 15. Efficient transfer of the stereochemical information from a
high-enantiopurity palladacycle with a palladium-bonded stereogenic
carbon into a highly enantiopure 2H-1-benzopyran. [a] The assignment of
the absolute configuration is arbitrary.


Scheme 16. Decarbonylative nickel-mediated cross-coupling of cyclic an-
hydrides. Retention of the stereochemical integrity of nickel-bonded sp3-
hybridized carbon atoms during a reductive elimination event.


Chem. Eur. J. 2004, 10, 2636 ± 2646 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2643


Asymmetric Organic Synthesis 2636 ± 2646



www.chemeurj.org





Catalytic Asymmetric Reactions Exploiting
Intermediates with Stereogenic Metal-Bonded


Csp3-Hybridized Carbon Atoms


Transition-metal-catalyzed cross-coupling of chiral nonrace-
mic main group metal reagents, featuring a metal-bonded
stereogenic carbon to aryl or vinylic halides, mediated by
catalytic organometallics of general formula Csp2-TM-C*sp3,
was developed into a useful synthetic methodology
(Scheme 18).[42] In several cases involving enantiomerically


enriched silicon and tin reagents, the stereochemical course
(inversion or retention) of the coupling reaction could be
controlled by the choice of reaction conditions (solvent po-
larity).[43] However, for most practical purposes, absolute
configurations of the cross-coupling products corresponded
to overall retention of absolute configuration through the
transmetalation/reductive-elimination events.[42]


Methods described in Scheme 18 require an enantiomeri-
cally pure substrate to produce a chiral nonracemic cross-
coupling product. Synthetically more attractive strategies
would create the stereogenic carbon atom utilizing only cat-
alytic quantities of a chiral material. A dynamic kinetic reso-
lution of racemic organomagnesium and organozinc re-
agents during nickel- or palladium-catalyzed cross-coupling
in the presence of chiral nonracemic phosphine ligands have
met this challenge (Scheme 19).[44]


Arylation and vinylation of racemic or achiral ketone,
ester, and amide enolates catalyzed by chiral nonracemic
nickel and palladium(0) complexes[45] (Scheme 20) provided
organic products in 70±98% enantiomeric purities and al-
ready found applications to complex target synthesis.[45d]


Success of transformations described above, in which the
nucleophilic component is the source of the stereogenic
center, contrasts sharply with the paucity of complementary
catalytic enantioselective methods involving electrophiles as
the source of the stereogenic carbon atom. At present, re-
search towards realizing such reactions evolves around the


Scheme 17. Borylation of a racemic(hydrido)cyclohexyliridium complex
yielding an achiral cyclohexane with a functionalized secondary carbon
atom.


Scheme 18. Representative examples of transition-metal-catalyzed cross-
coupling reactions with chiral nonracemic main group metal reagents fea-
turing a metal-bonded stereocenter.


Scheme 19. Dynamic kinetic resolution of racemic organomagnesium re-
agents in cross-coupling reactions catalyzed by chiral-nonracemic nickel
and palladium complexes.


Scheme 20. Catalytic asymmetric arylation of ketone, ester, and amide
enolates.
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development of methods for transition-metal-catalyzed
cross-coupling to primary achiral alkylhalides (RCH2X)
(Scheme 21b±e).[46] Only rarely, cross-coupling to racemic
stereogenic secondary carbon atoms in organic electrophiles
was studied (Scheme 21a).[47]


Rhodium carbenoids generated by the action of chiral
nonracemic rhodium complexes on a-diazoesters, participate
in insertion into C�H bonds providing a process of extraor-
dinary synthetic importance for the preparation of enantio-
merically enriched organic products.[48] Although mechanis-
tically distinct from processes discussed in this review, the
net transformation allows for a metal-catalyzed conversion
of a prochiral C�H bond into a C*sp3�C bond [reaction (4)
in Figure 1]. The process shows preference for insertion into
tertiary C�H bonds thus providing a pathway complementa-
ry to the ™classical∫ C�H activation methods (Scheme 22).


Conclusion


In this account, studies on the preparation and reactivity of
stable chiral nonracemic late-transition-metal organometal-
lics with a metal-bonded sp3-hybridized stereogenic carbon


atom have been summarized, with the goal to define the
foundations for the development of new catalytic asymmet-
ric carbon±carbon bond-forming processes. Although late
transition metals form relatively weak s-bonds to sp3-hybri-
dized carbon atoms yielding complexes susceptible to b-hy-
dride elimination, new avenues for fine-tuning of steric and
electronic parameters of these organometallics that could fa-
cilitate the use of such entities as intermediates for asym-
metric organic synthesis have been discovered. Especially
the C�H activation appears a synthetically attractive avenue
for stereoselective formation of a C*sp3�TM bond, as far as
a sufficiently powerful stereocontrolling element could be
designed. Studies exploring transfer of asymmetry either
from covalently bonded chiral auxiliary, chiral nonracemic
metal centers, or from chiral nonracemic ™spectator ligands∫
demonstrated that stable organometallics featuring a metal-
bonded stereogenic carbon centers could be generated in
notable optical purities. This work provided useful data on
configurational stabilities of the metal-bonded stereocenters.
Only a few systematic studies investigating the conversion
of stable nonracemic organometallics with a C*sp3�TM
bond into nonracemic organic products are currently avail-
able. Migratory insertion of activated alkynes allowed for a
highly efficient transfer of the stereochemical information
into nonracemic heterocycles, and a recent report indicated
that stereochemical integrity of a metal-bonded sp3-hybri-
dized carbon atom originating from an organic electrophile
could also be retained during the transmetalation/reductive-
elimination steps. It is our hope that this review will further
stimulate research directed towards the design of new path-
ways for the incorporation of the transition-metal-bonded
stereogenic carbon into high-enantiopurity organic mole-
cules.[49] At present, asymmetric arylation of racemic
ketone-, ester-, or amide enolates represents the only widely
used methodology, catalytic in the source of asymmetry, that
fulfills the concept outlined in this review.
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Metal-Complex Assemblies Constructed from the Flexible Hinge-Like
Ligand H2bhnq: Structural Versatility and Dynamic Behavior in the Solid
State
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Introduction


One of the goals of chemistry is the molecular design of ma-
terials to achieve specific or multifunctional properties.[1±5]


Very successful approaches are molecular architecture and
crystal engineering.[6±8] Within these two fields, a combina-
tion of metal ions with organic ligands was shown to be very
fruitful in building multidimensional porous materials that
possess high potential as absorbents for gas storage, molecu-
lar sieving, and catalysis.[9±11] The recent upsurge of reports
on porous metal±organic frameworks has provided compel-
ling evidence for the ability to design and produce structures
with unusual pore shape, size, composition, and functionali-
ties.[12±14] However, the rational design and preparation of
metal±organic frameworks for specific applications are still
at an early evolutionary stage; it is thought that the metal-
organic frameworks should complement the inorganic ones
since they exhibit properties such as enantioselectivity and
conformational flexibility that are not displayed by zeolites.
In particular, the flexibility of frameworks, which is expect-
ed to engender supramolecular isomerism or polymor-
phism[7,15] in the solid state, has until recently remained
largely unexplored. Moreover, the use of metal-assembled
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Abstract: Novel metal-complex assem-
blies constructed from the flexible
hinge-like ligand H2bhnq (H2bhnq=
2,2’-bi(3-hydroxy-1,4-naphthoquinone))
have been synthesized. The X-ray crys-
tal structures of these compounds
reveal that four types of architectures
are accessible by variation of the metal
ions. In copper(ii) compounds 1±3, the
chelating bhnq2� ions bridge copper(ii)
centers to form one-dimensional zigzag
chains. The chains of 1±3 are arranged
by hydrogen-bonding interactions and
stacking interactions to produce porous


structures. Cobalt(ii) and zinc(ii) com-
pounds 4 and 5 form one-dimensional
helical chains. In 4 and 5, the crystal
packing induces spontaneous resolution
of the helical chains with chiral cavities
formed perpendicular to the helices.
Nickel(ii) compounds 6 and 7 form
cyclic tetramers. The fourth architec-
ture, a dimer (compound 8), is ob-


tained by the reaction of zinc(ii) and
bhnq2� in MeOH. In these compounds,
changes of the dihedral angles and the
metal-coordination mode of the bhnq2�


ion induce the structural versatility.
The assemblies of the zigzag chains of
the copper(ii) compounds exhibit rever-
sible vapochromic behavior. UV/Vis,
powder X-ray diffraction, EPR, and
adsorption isotherm measurements in-
dicate that this vapochromic behavior
is based on the hinge-like flexibility of
the bhnq2� ion.


Keywords: coordination polymers ¥
hydrogen bonds ¥ self-assembly ¥
vapochromism
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complexes with open framework structures has proved to be
one of the best approaches to generate new materials with
specificity for molecular recognition. Thus, the next step is
to provide a dynamic metal-organic framework that re-
sponds to a specific guest molecule and changes its micro-
cavities into cavities that are well-suited for the shape and/
or affinity of the guest molecule.[16,17] On the other hand,
macrocyclic tetranuclear complexes or molecular squares
have been shown to behave as hosts for small guest mole-
cules. Some have been shown to function as chemical sen-
sors.[18,19] These compounds are often formed with rigid li-
gands, such as 4,4’-bipyridine, and with square-planar com-
plexes employed as rigid metal corners. Such novel square
architectures that consist of flexible ligands, which have con-
formational and geometrical freedom, provide further in-
sight into supramolecular isomerism as well as the design of
multifunctional materials. Therefore, much work is required
to extend the knowledge of the relevant structural types and
to establish rational synthetic strategies to the desired archi-
tectures using a flexible building module.
To construct novel nanosize architectures, we focused on


the role of bridging ligands with conformational and geo-
metrical flexibility. We chose 2,2’-bi(3-hydroxy-1,4-naphtho-
quinone) (H2bhnq) as a bridging ligand (Scheme 1). This


ligand is a dimer of the natural product 3-hydroxy-1,4-naph-
thoquinone (lawsone[20]). The bhnq2� ion is capable, to a cer-
tain extent, of adjusting itself sterically owing to the flexible
hinge-like ligand. There are two naphthoquinone groups in
H2bhnq and each group is linked by a single bond. The
H2bhnq has the virtue of allowing rotation about these
single bonds. This rotation allows the conformational flexi-
bility in H2bhnq, that is, the ligand possesses skewed confor-
mations. The degree of p conjugation in H2bhnq is influ-
enced by the dihedral angle between the naphthoquinone
groups. As the metal ion can be employed as an angular di-
rectional unit, the incorporation of the hinge-like bridging li-
gands, which can change the degree of p conjugation, into a
metal-complex assembly offers structural advantages for
solid-state functional materials. First, there are at least four
possible architectures of the assemblies that might reasona-
bly exist: zigzag, helix, square, and dimer (Scheme 2).
Metal-containing subunits with programmed dihedral angles
can be employed for the self-assembly of frameworks, mac-
romolecular polygons, and polyhedral cages. Moreover, the
one-dimensional chain architectures are conformationally so
flexible that the chains easily expand and contract with a
change of the dihedral angles between naphthoquinone
groups in the hinge-like ligands. Second, the hinge-like li-
gands enhance inter-ligand interactions using weak noncova-
lent interactions such as stacking and hydrogen-bonding in-


teractions, and thereby maintain the high stability of the
solid-state structure.[21] Third, the cavities generated between
adjacent complexes are sufficiently large to allow inclusion
of guest molecules into the crystal. Fourth, the bhnq2� ion
becomes chiral by virtue of the restricted rotation about the
C�C bond linking the two lawsone units on ligation of the
metal ions.
Taking advantages of these items, we demonstrate that 1)


the assembly of the copper complex of bhnq2�, the zigzag
one-dimensional coordination polymer {[Cu(bhnq)(H2O)2]-
(H2O)(EtOH)3}n (1), provides a material exhibiting vapo-
chromic properties, 2) spontaneous resolution of the helical
coordination polymers, {[Co(bhnq)(H2O)(EtOH)](H2O)2-
(EtOH)}n (4) and {[Zn(bhnq)(H2O)(THF)](H2O)(THF)}n
(5), reveal the existence of homochiral porous structures as-
sembled from infinite helical chains. Moreover, we also de-
scribe 3) an advanced strategy to construct assemblies of
molecular squares, and 4) the formation of the simplest ar-
chitecture, a dimer.


Results and Discussion


Our synthetic strategy for constructing and operating the
molecular hinge is schematically depicted in Scheme 2.
There are four types of basic motifs that can be constructed
from a [M(bhnq)] module connecting in a trans coordinating
fashion, which causes the two bhnq2� anions to form a
planar arrangement around the metal ion: type I: helical
chain; type II: circle; type III: large rounded helix; type IV:
zigzag chain. The modules can extend to form circles con-
taining varying numbers of members by a change of the di-
hedral angle of the hinge (type II). Homochiral assemblies
(type I and III) and racemic assemblies (type IV) can also
be fabricated. The coordination geometry of bhnq2� (syn
and anti ; they are defined as a parallel or antiparallel ar-
rangement of the two bhnq2� ions around the metal ion)
also influences the shapes of the architectures. Therefore,


Scheme 1. Hinge-like ligand H2bhnq.


Scheme 2. Schematic representation of the assembled structures of the
bhnq2� ion.
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not only the dihedral angle, but also the metal connection
mode and the coordination geometry of the molecular hinge
are key tectonic factors for self-assembly. Moreover, the dy-
namic behavior of the molecular hinge and the assemblies
induced by the change of the dihedral angle are controlled
by hydrogen-bonding interactions. Herein we have structur-
ally characterized the type IV zigzag chains for copper(ii)
complexes, type I helical chains for cobalt(ii) and zinc(ii)
complexes, molecular squares which consist of type II +


type III motifs for nickel(ii) complexes, and a type II dimer
for a zinc(ii) complex with MeOH as solvent. The structures
of these complexes are described below.


Crystal structure and vapochromic behavior of {[Cu(bhnq)-
(H2O)2](H2O)(EtOH)3}n (1): The structure of 1 consists of a
one-dimensional chain, [Cu(bhnq)(H2O)2]n, and interstitial
EtOH and water molecules. An ORTEP drawing of 1 is


shown in Figure 1a. The chelating bhnq2� ions bridge cop-
per(ii) centers in an ™anti∫ fashion to form zigzag chains
(type IV motif in Scheme 2), all of which extend parallel to
the c axis (Figure 1b). There are two kinds of copper(ii)
units in the chain. The geometries around the metal ions are
similar to each other, consisting of distorted octahedrons in-
volving the four oxygen atoms of two bhnq2� ions and two
water molecules that are situated in trans positions to one
another. The coordinated water molecules act as hydrogen-
bond donors to interstitial water molecules and EtOH (vide
infra).
The most interesting feature of the crystal structure is


that the coordination polymer chains in 1 are arranged in
such a way as to produce a rectangular structure with zigzag
channels extended along the c axis (Figure 1c). The chains
are each surrounded by four neighboring chains. This struc-
ture appears to be stabilized by two types of interactions;


Figure 1. a) ORTEP drawing of an asymmetric unit of compound 1 with labeling scheme and thermal ellipsoids at the 50% probability level. Hydrogen
atoms are omitted for clarity. Selected bond lengths [ä]: Cu(1)�O(1) 1.997(5), Cu(1)�O(2) 1.942(4), Cu(1)�O(3) 2.336(4), Cu(2)�O(6) 2.399(3), Cu(2)�
O(7) 1.952(3), Cu(2)�O(8) 1.964(4). b) The Cu�bhnq chain of 1. The dihedral angle of the bhnq2� ions is 82.78 and the Cu¥¥¥Cu distance bridged by a
bhnq2� ion is 6.57 ä. c) Assembled structure along the c axis. d) Hydrogen-bonding network of 1 between the chain and interstitial solvent molecules.
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the efficient CH¥¥¥O hydrogen-bonding interactions[21a] be-
tween the coordinated water oxygen O(8) and the carbon
C(6’) atoms of the bridging bhnq2� ion on adjacent chains,
and the stacking interactions between the bhnq2� ions on ad-
jacent chains (C(5)�C(18’) 3.38 ä). The channels surround-
ed by the chains are filled with water and ethanol molecules
(one water and three ethanol molecules per copper atom)
that form a complicated hydrogen-bonded network (Fig-
ure 1d). There are two types of ethanol in the channel; type
1 is hydrogen-bonded to the coordinated water oxygen and
the uncoordinated quinoid oxygen, and type 2 is hydrogen-
bonded to the coordinated water oxygen and the coordinat-
ed quinoid oxygen atoms. Water molecules in the channel
are hydrogen-bonded to the coordinated water oxygen and
two uncoordinated quinoid oxygen atoms.
Interestingly, once removed from the mother liquor, the


crystals quickly lose the interstitial ethanol, and the color of
the crystals changes from red to black. The black sample,
prepared from the red sample by drying under vacuum for
two hours, has one interstitial water molecule in the channel
(elemental analysis (%) calcd for {[Cu(bhnq)(H2O)2]-
(H2O)}n : C 52.0, H 3.06; found: C 51.2, H 3.16. thermogravi-
metric (TG) analysis data is shown in Figure S1 in the Sup-
porting Information). This black powdered sample absorbs
ethanol and quickly regains the original red color in an
EtOH/H2O mixture. The reversibility is easily discernible
using powder X-ray diffraction (see Figure S3 in the Sup-
porting Information) and TG analysis (see Figure S2 in the
Supporting Information). The original solvated crystal struc-
ture of 1 is regained, demonstrating the reversibility of the
solvent-induced structural transition. The reversibility of the
UV/Vis absorption behavior of compound 1 before and
after being immersed was investigated to evaluate the ab-
sorption features responsible for the color changes
(Figure 2). The shift in color is associated with the emer-


gence of an ensemble of new absorption bands situated be-
tween 550 and 480 nm. The EPR spectrum of the red
sample of 1 at 77 K has a signal with gk =2.308 and g? =


2.068, consistent with the elongated octahedral geometry,
and a weak half-field transition band, indicative of the pres-
ence of the magnetic exchange interaction between the
Cu2+ centers in the chain. While the EPR spectral line
shape of the black sample is quite different from that of the
red one, it also has a weak half-field transition band, indicat-


ing that the one-dimensional sequence of the complex is
maintained under release of the solvent molecules (see Fig-
ure S4 in the Supporting Information). However, the intensi-
ty ratio between DMs=1 and 2 transitions of the red sample
(2.2î10�4) is bigger than that of the black one (1.1î10�4),
suggesting that the Cu�Cu distance in the chain of the red
sample is shorter than that of the black one.[23]


To examine the porous properties, ethanol adsorption/de-
sorption isotherms were measured for 1. Figure 3 shows the
isotherms in the pressure range P/P0 0±1 at 298 K. Under


these experimental conditions, the amount reabsorbed is
about half of the original number of ethanol molecules per
copper atom. The adsorption isotherm increases steeply
with pressure in the first region (P/P0�0±0.2), and it rises
much more gradually in the second region (P/P0 �0.2±1.0).
On the other hand, the desorption isotherm does not trace
the adsorption isotherm, instead, it shows an abrupt drop
(P/P0 �0.18±0.05). This hysteretic profile indicates the oc-
currence of a framework transformation in the crystal state,
available for the guest inclusion.[17] Ethanol molecules can
easily diffuse into the channels through hydrogen-bonding
interactions between EtOH and bhnq2� ions; the attractive
force would be strong enough to transform the channel
structure so that the guest molecules are incorporated. The
initial high uptake (P/P0�0±0.2) indicates a strong sorbate±
sorbant interaction, as evidenced by the shape of the iso-
therm in that pressure range. These results suggest that,
upon incorporating guest molecules, the channels would un-
dergo conformational changes, thus converting from an ini-
tial partially changed to a fully or near-fully changed entity,
which exhibits sufficient lability towards binding incoming
guest molecules.
Based on the observed spectral and isothermal changes, a


simple model is proposed to explain the vapochromic behav-
ior[24] of 1. The color change accompanying the loss of the
solvent is consistent with the conformational change of the


Figure 2. UV/Vis absorption spectra of 1 before and after being im-
mersed.


Figure 3. Ethanol adsorption and desorption isotherms at 298 K.
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bhnq2� ion. Indeed, the origin of the absorption band that
appears is thought to be the transition of lawsone chromo-
phores[25] . This spectral feature is influenced by the dihedral
angle between the groups of the bhnq2� ion in the cases of
{[Zn(bhnq)(H2O)2](H2O)2}n (9) and {[Zn(bhnq)(H2O)-
(EtOH)](H2O)(EtOH)2}n (10) (116.38 (9) and 61.48 (10),
Figure 4), which are black and red, respectively. These


colors may be consistent with the p-electron delocalization
due to the change of the dihedral angle of the bhnq2� ion.
These structural differences are due to the hydrogen-bond-
ing networks between the chain and the solvents. Thus, it is
proposed that the ethanol molecules entering the channels
of the black sample of 1 establish a hydrogen-bonding net-
work with the bhnq2� ions and the coordinated waters,
thereby contracting the chain and changing the dihedral
angle of the bhnq2� ion (Scheme 3). On the other hand, the


black powdered sample also displays striking color changes
upon exposure to certain alcoholic solvents in the vapor
phase. For example, the solids immediately turn an intense
vermilion color on exposure to methanol vapor, while alco-
holic solvents that are larger than n-butyl alcohol are not
absorbed due to size selectivity. All these color changes are
reversible; the original black color is quickly regained under
an ambient solvent-free atmosphere. However, the black
powdered sample does not change to red by water vapor.
This indicates that 1 has a high selectivity for a specific class


of alcohols. Therefore, the occurrence of this reversible va-
pochromism demonstrates for the first time that the dynam-
ic coil-like behavior of the one-dimensional chain, induced
by the hinge-like properties of bhnq2�, can be controlled
through the change of the hydrogen-bonding interactions
caused by the reversible and selective incorporation of alco-
holic guest molecules.
The use of the bhnq2� ion for the synthesis of a novel co-


ordination polymer that displays a large hysteretic isotherm,
which is based on the response of the flexible and dynamic
framework to specific guest molecules with color change,
opens up further possibilities for the generation of third-
generation porous materials.[16a]


Other copper compounds with different guests : The dynam-
ic behavior of the vapochromism of 1 is based on the confor-
mational flexibility of the molecular hinge. To investigate
the influence of the solvent system on the formation of the
supramolecular structure, the copper complexes
{[Cu(bhnq)(THF)2](THF)}n (2) and {[Cu(bhnq)(H2O)2]-
(dioxane)(H2O)4}n (3) were synthesized. ORTEP drawings
and assembled structures of 2 and 3 are shown in Figure 5.
In both cases, the most interesting characteristics of the crys-
tal structures are very similar to those of 1, namely the 1D
zigzag chains and the channel structures. However, the in-
cluded solvent molecules and interactions between chains
are different. The chelating bhnq2� ions bridge the copper(ii)
centers in an ™anti∫ fashion to form zigzag chains (type IV
motif in Scheme 2), all of which are extend parallel to the c
axis. The geometries around the metal ions are distorted oc-
tahedrons, and involve the four oxygen atoms of two bhnq2�


ions and two THF molecules for 2, or two water molecules
for 3. The chain is surrounded by four neighboring chains
and produces a rhombic structure with zigzag channels. In
compound 2, the assembled structure appears to be stabi-
lized by two types of interactions; one is the efficient
CH¥¥¥O hydrogen-bonding interaction between the uncoordi-
nated oxygen O(3) atom of the bridging bhnq2� ion and the
C(5’) carbon atom of the bridging bhnq2� ion on the adja-
cent chains, and the other is the stacking interaction be-
tween the bhnq2� ions on the adjacent chains (for instance,
the closest distance between the chains is approximately
3.6 ä (C(5)�C(9’)). On the other hand, in complex 3, only
stacking interactions exist between the bhnq2� ions on the
adjacent chains (for instance, the closest distance between
the chains is approximately 3.4 ä (C(2)�C(6’)). The chan-
nels surrounded by the chains are filled with guest mole-
cules (one THF molecule for 2, four water and one dioxane
molecules for 3 per copper atom) that form a complicated
hydrogen-bonded network. These results are consistent with
our assumption that the network topologies are induced by
guest molecules, owing to the flexibility of the ligand frame-
works.
Similar to 1, once removed from the mother liquor, com-


pound 2 quickly loses the interstitial THF molecules and the
color of the crystal changes from red to black. This dramatic
color change is faster than 1, and the original red color is re-
gained on exposure to THF vapor. The reversibility is easily
followed using powder X-ray diffraction. A portion of the


Figure 4. The Zn-bhnq chains of {[Zn(bhnq)(H2O)(EtOH)](H2O)-
(EtOH)2}n (10) (a) and {[Zn(bhnq)(H2O)2](H2O)2}n (9) (b). The coordi-
nated solvent molecules are omitted for clarity. The Zn¥¥¥Zn distance
bridged by a bhnq2� ion is 7.52 ä for 9 and 6.07 ä for 10.


Scheme 3. Schematic representation of the vapochromic behavior.
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diffraction patterns of the original red sample, dried black
sample and regained red sample are displayed in Figure S5.
The original solvated crystal structure of
{[Cu(bhnq)(thf2)](THF)}n is regained, demonstrating the re-
versibility of the solvent-induced structural transition. The
UV/Vis absorption spectra of the red and black samples
were measured to evaluate the absorption feature responsi-
ble for the color change (see Figure S6 in the Supporting In-
formation). The shift in color is associated with the emer-
gence of an ensemble of new absorption bands around
500 nm. The EPR spectra of the powdered red and black
samples of 2 at 77 K are shown in Figure S7 in the Support-
ing Information. The red sample displays a signal with g�
2.2, consistent with the elongated octahedral geometry, and
the DMs=2 transition around g=4. The black sample, even
though the line shape of EPR spectra is quite different from
the red one, also shows the DMs=2 transition, indicating
that the one-dimensional sequence of the complex is main-
tained under release of the solvent molecules. The intensity
ratio between the DMs=1 and 2 transitions of the red
sample (2.6î10�4) is again bigger than that of the black
sample (8.5î10�5), suggesting that the Cu�Cu distance in
the chain of the red sample is shorter than that of the black


one. Thus, these features sug-
gest that the reversible dra-
matic color change accompa-
nying the loss of the solvent is
fully consistent with the con-
formational change of the
bhnq2� ion, that is, expansion
of the chain. As a result, com-
pound 2 expands/contracts the
chain with the reversible de-
sorption/absorption of solvent
THF molecules accompanied
by a change in color.


Helical structures of {[Co-
(bhnq)(H2O)(EtOH)](H2O)2-
(EtOH)}n (4) and {[Zn(bhnq)-
(H2O)(thf)](H2O)(THF)}n (5)
with chiral channels : The dy-
namic vapochromism behavior
of 1 is based on the conforma-
tional flexibility of the molec-
ular hinge. This can therefore
be used for the introduction
of not only alcohols, but also
chiral molecules, since the
model is inherently based on
the flexibility and the hydro-
gen-bonding ability of the
ligand. Thus, when H2bhnq
forms homochiral metal±or-
ganic porous materials that
are assembled from chiral 1D
chains, this may induce enan-
tioselective properties in these
materials.[26]


Compounds 4 and 5 crystallize as helical polymeric chains
with large channels. The helices are generated around a
crystallographic 21 axis. ORTEP drawings of 4 and 5 are
shown in Figure 6 and 7, respectively. The chelating bhnq2�


ions bridge the metal centers to form the helical chains in a
™syn∫ fashion (type I motif in Scheme 2), all of which
extend parallel to the c axis (Figure 6b and 7b). The geome-
tries around the metal ions are distorted octahedrons that
involve the four oxygen atoms of the two bhnq2� ions, and
one water molecule, and one ethanol molecule for 4, and
one water molecule and one THF molecule for 5. The coor-
dinated water molecules act as hydrogen-bond donors to the
interstitial solvent molecules.
Examination of the crystal packing in 4 and 5 reveals the


existence of CH¥¥¥O hydrogen-bonding interactions between
the bhnq2� ligands on the adjacent helices in both com-
pounds. In compound 4, multiple hydrogen-bonding interac-
tions[27] are operative between O(3)�C(16’), O(6)�C(15’),
C(18)�O(5’), and C(17)�O(2’’), which are, in turn, involved
in an AADD-DDAA arrangement (A: hydrogen bond ac-
ceptor, D: hydrogen bond donor, see Figure S8 in the Sup-
porting Information). On the other hand, there are two
types of single hydrogen bonds in compound 5 (C(5)�O(6’)


Figure 5. ORTEP drawings and assembled structures of compound 2 (a, b) and 3 (c, d). Selected bond lengths
[ä]: Cu�O(1) 1.896(3), Cu�O(2) 2.051(3), Cu�O(4) 2.350(5) for 2. Cu�O(1) 1.943(4), Cu�O(2) 2.360(4), Cu�
O(4) 2.001(5) for 3. The dihedral angle of the bhnq2� ions is 83.58 for 2, 79.38 for 3. The Cu¥¥¥Cu distance
bridged by a bhnq2� is 6.45 ä for 2, 6.34 ä for 3.
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3.27 ä and C(16)�O(3’) 3.34 ä). The hydrogen bond is in-
herently directional and appears to manifest itself in two sa-
lient ways. First, the crystal packing induces spontaneous
resolution of the helices, that is, homochiral helices align in
each crystal. Second, adjacent helices are staggered by half
the length of the unit cell in relation to one another. Conse-
quently, the chiral cavities that are suitable for incorporation
of the guest molecules exist perpendicular to the helices
(Figure 6c, 7c). These channels contain an ordered helical
arrangement[28] of solvent molecules generated around crys-
tallographic 21 screw axes. The primary interaction between
the solvent molecules and the walls of the cavities results


from hydrogen bonds between the solvent molecules and co-
ordinated water. A portion of one of the solvent chains is il-
lustrated in Figure 6d and 7d and reveals that the helical
chains are inherently polar. The chirality of the channels ap-
pears to induce chirality into the helical arrangements that
are formed by the solvent molecules.


Nickel compounds: molecular squares with flexible corners :
We designed the assembly of bhnq2� ions into square struc-
tures by linking them with transition-metal components


Figure 6. Crystal structure of 4 : a) ORTEP drawing of an asymmetric
unit with labeling scheme and thermal ellipsoids at the 50% probability
level. Selected bond lengths [ä]: Co�O(1) 2.035(2), Co�O(2) 2.141(3),
Co�O(4) 2.038(2), Co�O(5) 2.134(3), Co�O(7) 2.058(3), Co�O(8)
2.086(3). b) The helical Co�bhnq chain. The dihedral angle of the bhnq2�
ions is 61.48. c) The homochiral porous structure along the b axis. d) The
one-dimensional helical arrangement of the interstitial solvent molecules.


Figure 7. Crystal structure of 5 : a) ORTEP drawing of an asymmetric
unit with labeling scheme and thermal ellipsoids at the 50% probability
level. Selected bond lengths [ä]: Zn�O(1) 2.019(5), Zn�O(2) 2.135(5),
Zn�O(4) 1.994(5), Zn�O(5) 2.184(5), Zn�O(7) 2.249(6), Zn�O(8)
2.038(8). b) The helical Zn�bhnq chain. The dihedral angle of the bhnq2�
ions is 81.38. c) The homochiral porous structure along the b axis. d) The
one dimensional helical arrangement of the interstitial solvent molecules.
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(Scheme 4). Two types of square architectures can be con-
structed from the basic motifs: boat (type II motif) and
chair (type II + type III see Scheme 2). The bhnq2� ion can
be employed as a ™flexible ligand corner∫ for both square
architectures. Molecular squares have often been formed


with rigid ligands, such as 4,4’-bipyridine, and cis-PdII or cis-
PtII square-planar complexes employed as ™rigid metal cor-
ners∫.[18a,d] The corner angle of a square corresponds to the
dihedral angle between two naphthoquinone groups of the
bhnq2� diaion; the variation of the dihedral angle changes
the molecular square from one conformation to the other.
Therefore, the reversible conformational change of the ar-
chitecture from a ™rectangle∫ to a ™rhombus∫ may be ob-
served owing to the rotation around a single bond. Follow-
ing the concept shown in Scheme 4, we synthesized such a
flexible molecular square.
Two kinds of molecular square compounds were obtained


by changing the solvent. [Ni4(bhnq)4(H2O)8](H2O)10(EtOH)6
(6) is a cyclic self-assembled structure of four nickel(ii) cati-
ons and four bhnq2� ions. The crystal structure of 6 is shown
in Figure 8. The bhnq2� ion also acts as a 2-connecting
ligand. There are two crystallographically distinct nickel(ii)
cations that have an octahedral environment, comprising
two oxygen atoms from two water molecules and four
oxygen atoms from two bhnq2� ions. The geometry around
the Ni(1) atom, situated on a mirror plane, is a distorted oc-
tahedral arrangement with the four oxygen atoms of the two
bhnq2� ions in a ™syn∫ fashion. This feature is similar to


those of the metal ions in the helical chains of 4 and 5. On
the other hand, a twofold symmetry axis perpendicular to
the mirror plane passes through the Ni(2) atom. The coordi-
nation geometry of the Ni(2) atom resembles that of the Cu
atom in compounds 1±3 ; the bhnq2� ions coordinate to the
nickel(ii) center in a ™anti∫ fashion. As a result, compound 6
forms the chairlike square architecture (type II + type III
motif in Scheme 2), which has a larger intramolecular cavity
(Ni�Ni separations within the cavity of approximately 7.5î
12 ä; Figure 8b) which is occupied by four EtOH and two
water molecules. Each tetranuclear complex stacks with the
four adjacent tetranuclear complexes, and align to form a
™checkered structure∫ (Figure 8c). The checkers further
stack to form a three-dimensional structure with the chan-
nels, which are suitable for incorporation of the guest sol-
vent molecules (Ni�Ni separations with the cavity of ap-
proximately 8î8 ä), perpendicular to the direction along
which the checkers spread. These channels contain the inter-
stitial water and EtOH molecules.
We have found another kind of structure (Figure 9) based


on a cyclic tetranuclear complex [Ni4(bhnq)4(H2O)8]-
(H2O)16(THF)4 (7). The bhnq


2� ion also acts as a 2-connect-
ing ligand, binding to two nickel cations through two phen-


Scheme 4. Schematic representation of the molecular squares with the
bhnq2� ion.


Figure 8. Molecular structure of the tetranuclear complex in the crystal
of 6 emphasizing the chairlike structure (a) and the intramolecular cavity
(b). Selected bond lengths [ä]: Ni(1)�O(1) 1.992(7), Ni(1)�O(2)
2.063(9), Ni(1)�O(7) 2.070(8), Ni(1)�O(8) 2.057(9), Ni(2)�O(4) 2.009(4),
Ni(2)�O(5) 2.074(4), Ni(2)�O(9) 2.074(4), Ni(2)�O(10) 2.054(8). c)
Checkered structure of 6 along the c axis. The interstitial solvent mole-
cules are omitted for clarity.
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oxy and two quinone carbonyl oxygen donors in 7. Four
donor sites on the bhnq2� ion are coordinated to the nickel(-
ii) atom in a similar fashion to that observed in 6. The coor-
dination polyhedron is again octahedral, with Ni�O distan-
ces that do not differ significantly from those observed in 6.
There is a slight, but important, difference between the two
compounds; the dihedral angle of the bhnq2� ion is 94.18 in
6, while those of 7 are 96.58 and 102.48, respectively. These
features reveal that the conformational change shown in
Scheme 4 is realized; compound 6 corresponds to a ™rectan-
gle∫, whereas 7 is a ™rhombus∫, indicative of the remarkable
solvent effect on the molecular structure. From the view-
point of supramolecular chemistry, it is important to note
that each dihedral angle of the four bhnq2� ions is not inde-
pendent of the conformational change of one bhnq2� ion.


A dimeric structure of [Zn2(bhnq)2(MeOH)4](MeOH)2 (8):
In the architectures shown in Scheme 2, the employed build-
ing block ™[M(bhnq)]∫ is so flexible that we can construct
three kinds of architectures; zigzag chain, helix and square.
However, a dimer, which is the simplest architecture that
can be constructed from the building block ™[M(bhnq)]∫
using coordination-bonding interactions between the two
connecting ligands and metal ions, has not yet being ob-
tained under the above-described experimental conditions.
Fortunately we have succeeded, in spite of low yield, in


growing red crystals of the dimeric compound by using
methanol as solvent. An ORTEP drawing of 8 is shown in
Figure 10a. The crystal structure indicates a type II motif
consisting of two [Zn(bhnq)] modules, each of which is
joined together to make a dimer. There is a crystallographic
inversion center in the dimer, and the local chirality of the
bhnq2� ions differs from one other. The geometry around


Figure 9. ORTEP drawing of the tetranuclear complex in the crystal of 7
with labeling scheme and thermal ellipsoids at the 50% probability level.
Selected bond lengths [ä]: Ni(1)�O(4) 2.006(6), Ni(1)�O(5) 2.093(7),
Ni(1)�O(7) 1.989(6), Ni(1)�O(8) 2.087(6), Ni(1)�O(13) 2.072(7), Ni(1)�
O(14) 2.093(7), Ni(2)�O(1) 2.017(5), Ni(2)�O(2) 2.084(6), Ni(2)�O(10’)
2.014(5), Ni(2)�O(11’) 2.082(6), Ni(2)�O(15) 2.096(8), Ni(2)�O(16)
2.043(7).


Figure 10. Crystal structure of 8 : a) ORTEP drawing with labeling
scheme and thermal ellipsoids at the 50% probability level. Hydrogen
atoms are omitted for clarity. Selected bond lengths [ä]: Zn�O(1)
2.026(5), Zn�O(2) 2.116(6), Zn�O(4) 1.993(5), Zn�O(5) 2.208(5), Zn�
O(7) 2.291(6), Zn�O(8) 2.052(7). b) The hydrogen-bonded chain. c) As-
sembled structure along the b axis. The interstitial MeOH molecules
omitted for clarity.
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the zinc(ii) ion is a distorted octahedral arrangement with
the four oxygen atoms of the two bhnq2� ions arranged in a
™syn∫ fashion, and two methanol molecules trans to one an-
other. The dihedral angle of the bhnq2� ions is 50.48, the
smallest value for a dihedral angle found in the complexes
obtained here. This is because the bridging sequence
through the metal ions is restricted to a linear arrangement
by the coordination properties of the metal ions, that is, due
to the ™rigid metal edges∫ that are always employed. Inter-
estingly, there are three types of hydrogen bonds; one is an
intra-dimer interaction, with hydrogen bonds to the coordi-
nated methanol oxygen O(7) and the coordinated oxygen
O(1’) atoms of the bhnq2� ion (2.80 ä). On the other hand,
the other two types are inter-dimer interactions, with hydro-
gen bonds to interstitial methanol molecules linking the ad-
jacent dimers (O(8)�O(9) 2.60, O(6)�O(9’) 2.72 ä) to form
a one-dimensional chain (Figure 10b). Moreover, the hydro-
gen-bonded chains are associated through a complicated
network: 1) two types of CH¥¥¥O hydrogen-bonding interac-
tions (O(3)�C(16’) 3.40, O(3)�C(22’’) 3.28 ä), and 2) stack-
ing interactions (nearest-neighbor C�C distance: 3.45 ä)
(Figure 10c).
While the structures of dimeric 8 and helical 5 (and 9 and


10) are constructed from the same building block
™[Zn(bhnq)]∫, in compound 8 the difference of included sol-
vents results in the different conformation (dihedral angle)
for the bhnq2� ions, and therefore the different dimer struc-
ture. These differences may be brought about by the interac-
tions between the included solvent molecules and the flexi-
ble metal±organic framework through hydrogen-bonding in-
teractions. In compound 8, the decreased hydrogen-bonding
network with methanol prevents the elongation of the build-
ing block and the formation of the helical structure.


Conclusion


The present work demonstrates for the first time that a
simple complex module can be pertinently assembled to
produce various kinds of desired architectures by ™a build-
ing-block methodology of the molecular hinge∫. The syn-
thetic strategy proposed here for using a molecular hinge to
construct flexible frameworks, to the best of our knowledge,
is an important conceptual advance. The complex modules,
[M(bhnq)]n, are so flexible that they can vary the shape and
the dimensionality of the assemblies by changes of the dihe-
dral angles (50.48±116.38) and the metal-coordination mode
(syn and anti fashion) of the bhnq2� ion. Consequently, the
building blocks afford a surprising diversity of assembled
structures (Scheme 5); 1) zigzag chains in 1±3 (type IV
motif), 2) helical chains in 4 and 5 (and 9 and 10) (type I
motif), 3) molecular squares in 6 and 7 (type II + type III
motif), and 4) a dimer in 8 (type II motif). Thus, the control
of these features is one of the key factors to develop a perti-
nent synthesis strategy for the desired architectures from a
simple building block with a molecular hinge. Interestingly,
the selection of the metal mediates the tuning of the struc-
tures of the motifs and the conformation of the hinge; the
trend of tuning by metal ions follows the ionic radii predict-
ed by ligand field theory and the Jahn±Teller theorem.[29]


Cobalt(ii) and zinc(ii) ions, which have the larger ionic radii
(the average M�O distance: 2.08 ä for 4, 2.10 ä for 5, 9,
and 10), form helices while the nickel(ii) ion, which has the
smaller ionic radius (the average M�O distance: 2.05 ä for
6, 2.06 ä for 7), forms the square architecture. Only the cop-
per(ii) ion that is subject to Jahn±Teller distortion forms the
zigzag motif. The structures of the motifs can therefore be
described as the result of reading molecular information
stored in the ligand by the metal ions. Furthermore, hydro-


Scheme 5. Diversity of the assembled structures of the bhnq2� ion.
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gen bonding increases the dimensionality of the system, and
thus the selection of the solvent provides further structural
varieties in the crystal structure.
The assembly of the zigzag chains of the copper com-


pound 1 exhibits reversible vapochromic behavior. It pro-
vides a simple model which proposes that the vapochromic
behavior is based on the hinge-like flexibility, that is, the
coil-like behavior and the hydrogen-bonding properties of
the ligand. In this system, the synthesis using the bhnq2� ion
provides a novel coordination polymer, which exhibits a hys-
teretic isotherm based on the flexible and dynamic frame-
works responding to specific guest molecules. This opens up
a new field in porous coordination materials. Moreover, this
stretching behavior of the chain with the molecular hinge
will be applicable as nanoscale devices, ™molecular mus-
cles∫, and ™molecular springs∫.[30] On the other hand, the
helical chains of 4 and 5 are assembled to yield porous struc-
tures with chiral channels. The chirality of the channels ap-
pears to induce chirality into the helical arrangements of in-
troduced solvents, which could contribute to the develop-
ment of molecular-based recognition. The bhnq2� ion is also
employed as the ™flexible ligand corner∫ for the square ar-
chitecture. The conformational flexibility of the bridging
ligand, caused by the hinge-like property, permits the rever-
sible conformational change of the architecture from a ™rec-
tangle∫ to a ™rhombus∫. Moreover the smaller dihedral
angle of the flexible ligand corner makes it possible to form
the dimer architecture. These results have shown that it is
possible to build novel architectures with unique functions
by using hinge-like ligands.


Experimental Section


Materials : 2,2’-Bi(3-hydroxy-1,4-naphthoquinone)(H2bhnq) was pur-
chased from Aldrich Chemical Co. and used without further purification.
All other materials were obtained from Wako Co. and used as received.


Syntheses


{[Cu(bhnq)(H2O)2](H2O)(EtOH)3}n (1): An aqueous solution of copper(ii)
sulfate pentahydrate (3 mL, 5 mmolL�1) was transferred to a glass tube.
An ethanolic solution of H2bhnq (6 mL, 2.5 mmolL


�1) was poured into
the tube without mixing the two solutions. Red plate crystals began to
form within a week. One of these crystals was used for X-ray crystallog-
raphy. Physical measurements were conducted on a polycrystalline
powder that was synthesized as follows: A solution of H2bhnq
(1.0 mmol) in EtOH (400 mL) was added dropwise to copper(ii) acetate
anhydrate (1.0 mmol) dissolved in water (200 mL). Upon stirring of the
mixture, a red powder appeared immediately. The compound was unsta-
ble in air due to the loss of some of the interstitial solvent molecules.
Yield: about 35%.


{[Cu(bhnq)(THF)2](THF)}n (2): An aqueous solution of copper(ii) ace-
tate anhydrate (3 mL, 2.5 mmolL�1) was transferred to a glass tube. A
THF solution (3 mL) of H2bhnq (2.5 mmolL


�1) was poured into the tube
without mixing the two solutions. Red plate crystals began to form within
a week. One of these crystals was used for X-ray crystallography. Physi-
cal measurements were conducted on a polycrystalline powder that was
synthesized as follows: A solution of H2bhnq (2.5 mmol) in THF
(100 mL) was added dropwise to copper(ii) acetate anhydrate (2.5 mmol)
dissolved in THF (100 mL). The compound was unstable in air due to
the loss of some of the interstitial solvent molecules. Yield: about 40%.


{[Cu(bhnq)(H2O)2](dioxane)(H2O)4}n (3): An aqueous solution of cop-
per(ii) acetate anhydrate (3 mL, 2.5 mmolL�1) was transferred to a glass
tube. A dioxane solution (3 mL) of H2bhnq (2.5 mmol¥L


�1) was poured


into the tube without mixing the two solutions. Red plate crystals began
to form within a week. The compound was unstable in air due to the loss
of some of the interstitial solvent molecules. Yield: about 80%.


{[Co(bhnq)(H2O)(EtOH)](H2O)2(EtOH)}n (4): An aqueous solution of
cobalt(ii) acetate tetrahydrate (3 mL, 5 mmolL�1) was transferred to a
glass tube. An ethanolic solution (6 mL) of H2bhnq (2.5 mmolL


�1) was
poured into the tube without mixing the two solutions. Dark red pillar
crystals began to form within a week. The compound was unstable in air
due to the loss of some of the interstitial solvent molecules. Yield: about
25%.


{[Zn(bhnq)(H2O)(thf)](H2O)(THF)}n (5): An aqueous solution of zinc(ii)
acetate dihydrate (3 mL, 5 mmolL�1) was transferred to a glass tube. A
THF solution (6 mL) of H2bhnq (2.5 mmolL


�1) was poured into the tube
without mixing the two solutions. Red pillar crystals began to form
within a week. The compound was unstable in air due to the loss of some
of the interstitial solvent molecules. Yield: about 35%.


[Ni4(bhnq)4(H2O)8](H2O)10(EtOH)6 (6): An aqueous solution of nickel
(ii) acetate tetrahydrate (3 mL, 5 mmolL�1) was transferred to a glass
tube. An ethanolic solution (6 mL) of H2bhnq (2.5 mmolL


�1) was poured
into the tube without mixing the two solutions. The solutions were al-
lowed to stand at room temperature for a month and yielded a small
amount of dark red crystals. The compound was unstable in air due to
the loss of some of the interstitial solvent molecules. Yield: about 10%.


[Ni4(bhnq)4(H2O)8](H2O)16(THF)4 (7): An aqueous solution of nickel (ii)
acetate tetrahydrate (5 mL, 5 mmolL�1) was transferred to a glass tube.
A THF solution (5 mL) of H2bhnq (5 mmolL�1) was poured into the
tube without mixing the two solutions. The solutions were allowed to
stand at room temperature for a month to give plate-shaped dark-red
crystals. The compound was unstable in air due to the loss of some of the
interstitial solvent molecules. Yield: about 30%.


[Zn2(bhnq)2(MeOH)4](MeOH)2 (8): A MeOH solution of zinc(ii) acetate
(3 mL, 5 mmolL�1) was transferred to a glass tube. A MeOH solution
(6 mL) of H2bhnq (2.5 mmolL�1) was poured into the tube without
mixing the two solutions. A small amount of red plate crystals began to
form within a month. The compound was unstable in air due to the loss
of some of the interstitial solvent molecules. Yield: about 10%.


{[Zn(bhnq)(H2O)2](H2O)2}n (9): An aqueous solution of zinc(ii) acetate
(6 mL, 2.5 mmolL�1) was transferred to a glass tube. A THF solution
(3 mL) of H2bhnq (5 mmolL


�1) was poured into the tube without mixing
the two solutions. Black plate crystals began to form within a month. The
compound was stable in air. Yield: 73%. Elemental analysis calcd (%): C
49.9, H 3.35; found: C 49.2, H 3.40.


{[Zn(bhnq)(H2O)(EtOH)](H2O)(EtOH)2}n (10): A solution of zinc(ii)
acetate (4 mL, 2.5 mmolL�1) in 1:1 (v/v) EtOH/H2O was transferred to a
glass tube. An ethanolic solution (4 mL) of H2bhnq (2.5 mmolL


�1) was
poured into the tube without mixing the two solutions. Red plate crystals
began to form within a month. The compound was unstable in air due to
the loss of some of the interstitial solvent molecules. Yield: about 60%.


Physical measurements : UV/Vis absorption spectra were measured on a
Jasco V-570 spectrophotometer. EPR spectra were recorded at X-band
frequency with a Bruker EMX 8/2.7 spectrometer operating at 9.5 GHz.
X-ray powder diffraction data were collected on a Rigaku RINT 2000
diffractometer using CuKa radiation. Thermal gravimetric (TG) analyses
were carried out with a Seiko Instruments SSC5200 Thermo-analyzer in
a nitrogen atmosphere (heating rate: 10 Kmin�1). The adsorption iso-
therms were measured using a Cahn R-100 electrobalance contained
within a SUS steel pressure chamber, fitted with two separate lines for
evacuation and adsorbate gas pressurization, respectively.


Crystallographic data collection and refinement of the structure : X-ray
data collection was carried out using a Rigaku AFC7R diffractometer
with graphite monochromated MoKa radiation for compound 1. For 2, all
measurements were made on a Rigaku RAXIS-RAPID image-plate dif-
fractometer with graphite-monochromated MoKa radiation. For 3, all
measurements were performed on a Rigaku AFC5R diffractometer with
graphite-monochromated MoKa radiation. For 4 and 9, all measurements
were performed on a Rigaku Mercury charge-coupled device (CCD)
system with graphite-monochromated MoKa radiation. For 5, 6, 7, 8, and
10, all measurements were performed on a Macscience MXC3 diffrac-
tometer. Crystallographic data are given in Table 1. The structures were
solved by standard direct methods and refined by using SHELXL-97.[22]
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Non-hydrogen atoms were found by successive full-matrix least-squares
refinement on F2 and refined with anisotropic thermal parameters. For
all compounds, the positions of the interstitial solvent molecules were
successfully determined, even though the thermal motions were relatively
high for 6 and 7. For 2 the interstitial THF molecule was disordered in
two positions and for 6 one water and one EtOH molecule were disor-
dered in one position with occupancies of 0.5. Hydrogen atoms of the
bhnq2� ion were placed in idealized positions and fixed. All calculations
were performed by using the CrystalStructure crystallographic software
package of the Molecular Structure Corporation & Rigaku.


CCDC-222138 (1), CCDC-222132 (2), CCDC-222136 (3), CCDC-222139
(4), CCDC-222135 (5), CCDC-222137 (6), CCDC-222133 (7), CCDC-
222130 (8), CCDC-222131 (9), and CCDC-222134 (10) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Centre, 12 Union Road, Cam-
bridge CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.ac.
uk).
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Spontaneous Resolution through Helical Assembly of a Conformationally
Chiral Molecule with an Unusual Zwitterionic Structure


S. Jayanty and T. P. Radhakrishnan*[a]


Introduction


Molecular assembly in crystals is directed by the concomi-
tant influence of a variety of intermolecular interactions.
The resulting organization in the crystal along with the mo-
lecular characteristics determine the attributes of the mate-
rials. Among the various molecular superstructures that
exert critical control on the materials properties, helical or-
ganization is one of the most fascinating, for reasons of sym-
metry, and the cooperativity of extended interactions associ-
ated with such structures. The inherent chirality of helical
structures is of considerable interest in the design of liquid
crystals,[1] and quadratic nonlinear optical materials for ap-
plications such as second harmonic generation.[2,3] A wide
variety of intermolecular interactions have been harnessed
to build helical molecular assemblies. Hydrogen bonding is
the method of choice in many cases.[4] There are a number
of helical coordination polymers, in which the metal±ligand
interactions, and the chirality of the ligand or the coordina-
tion geometry is effectively exploited.[5] We have reported
on the formation of helical superstructures of axially chiral


push-pull molecules achieved through dipolar nitro group
interactions.[3] The helicity of the extended structures, in
most of these cases, stems directly from the chirality, often
axial C2 symmetry, of the building blocks. Polyisocyanides
and polyheteroarenes are interesting cases, in which steric
factors drive the formation of the helical structure of the
polymer backbone.[6]


Another context in which helical assembly assumes funda-
mental significance is when it is accompanied by spontane-
ous resolution in crystals. Spontaneous resolution has impor-
tant implications for areas such as chirality in nature,[7]


enantioselective synthesis,[8] and advanced materials
design.[9] Fundamental thermodynamic aspects of spontane-
ous generation of optical activity have been discussed previ-
ously.[10] The intimate relation between chirality and crys-
tals,[11] and spontaneous resolution in supramolecular archi-
tectures[12] have been reviewed recently. Since little is
known about the factors that govern conglomerate forma-
tion, it is of great interest to examine the formation of heli-
cal assemblies that trigger such events, and the molecular
level structure and interactions, which lead to such chiral
supramolecular associations. Molecules which are chiral, not
due to the presence of a stereogenic atom, but because of a
specific conformational structure that lacks all improper ro-
tation symmetries, and the enantiomeric forms of which can
be interconverted through rotation about a single bond,
could be called conformationally chiral.[13] Conformationally
chiral compounds which resolve spontaneously in the crys-
talline state (1,1’-binaphthyl is a classic example)[14] are par-
ticularly significant, since the barriers to racemization in
such molecules are relatively low, and therefore the con-


[a] S. Jayanty, Prof. T. P. Radhakrishnan
School of Chemistry, University of Hyderabad
Hyderabad, 500 046 (India)
Fax: (+91)40-2301-2460
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. This describes
the mechanism for the formation of DPODQ and provides details of
the crystal structures of BDPDQI, DPODQ¥H2O and DPODQ, and
the summary of semiempirical computations on the dication of
BDPDQI and DPODQ.


Abstract: A conformationally chiral
zwitterionic molecule forms mutually
orthogonal helical superstructures in
the crystal. This is achieved through a
network of hydrogen bond pathways,
and electrostatic interactions in crystals
formed with and without water of crys-
tallization. A systematic protocol for
the computation of charge distribution


on the ×molecule-in-the-crystal× is pre-
sented; the computed charges provide
an insight into the origin of the inter-
molecular electrostatic interactions.


The coexisting orthogonal helical for-
mations lead to the homochiral assem-
bly, and spontaneous resolution ob-
served in the crystals. This material fa-
cilitates an appraisal of the molecular
level interactions, which form the basis
for the persistent spontaneous resolu-
tion of a conformationally chiral mole-
cule in the solid state.


Keywords: conformational chirali-
ty ¥ helical structures ¥ hydrogen
bonds ¥ spontaneous resolution
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glomerate formation through supramolecular assembly is a
particularly subtle phenomenon.


We have been investigating diaminodicyanoquinodime-
thanes (DADQ), because of their quadratic nonlinear opti-
cal applications,[15, 16] and more recently due to the enhanced
solid state fluorescence exhibited by some of the derivatives
(eg., BMPDQ in Scheme 1).[17] We have now observed spon-
taneous resolution through helical organization in crystals of
a related molecule decorated with a variety of ionic and po-


tential hydrogen bonding sites. 7-(N,N-dimethylpiperazini-
um)-7-oxo-8,8-dicyanoquinodi-
methane (DPODQ) (Scheme 1)
possesses cyano groups, an
amide group, and a quarternary
ammonium functionality capa-
ble of participating in hydrogen
bonds (O�H¥¥¥N and C�H¥¥¥O)
or electrostatic interactions.
Charge distribution estimated
by using a systematic protocol
based on semiempirical compu-
tations suggests an unusual
zwitterionic structure with the
negative charge residing on the
dicyanomethylene end of the
conjugated p-electron system,
and a compensating positive
charge on the nonconjugated
remote[17,18] ammonium func-
tionality. The molecule is con-
formationally chiral owing to
the strong molecular twist be-
tween the amide group and the
benzenoid ring plane, a feature
similar to that found in the pre-
cursor DADQ molecules, as
well[15±18] ; there are no stereo-
genic atoms on the molecule.
In this paper, we present the
structures of DPODQ crystals
with and without water of crys-
tallization, both of which reveal
helical superstructure motifs
along the three crystallographic
directions through a combina-
tion of electrostatic interactions
and hydrogen bonds. The con-
comitant formation of the heli-
cal structures expresses the ho-


mochirality of the molecular assembly, which leads to the
spontaneous resolution in these crystals. The circular dichro-
ism (CD) and second harmonic generation (SHG) of the mi-
crocrystalline material are reported.


Results and Discussion


The diiodide salt of 7,7-bis(N,N-dimethylpiperazinium)-8,8-
dicyanoquinodimethane (BDPDQI), (Scheme 1) shows the
unusual enhancement of fluorescence in the solid state, simi-
lar to its precursor molecule we recently investigated.[17]


Crystal structure analysis showed that BDPDQI possesses a
centrosymmetric lattice belonging to the monoclinic P21/c
space group with one molecule in the asymmetric unit. The
molecular structure is shown in Figure 1 (left), and the crys-
tallographic details are given in Table 1. As in other
DADQ×s, BDPDQI exhibits a zwitterionic structure, which
is reflected in the nearly benzenoid geometry of the aromat-
ic ring, and the short C7�N9, C7�N10 bond lengths


Scheme 1. Synthesis of DPODQ.


Figure 1. Molecular structure of BDPDQI (left) and DPODQ¥H2O (right) from single crystal X-ray analysis;
10% probability thermal ellipsoids are shown; hydrogen atoms are not shown.


Table 1. Crystallographic data[19] for BDPDQI, DPODQ¥H2O and DPODQ.


BDPDQI DPODQ¥H2O DPODQ


formula C22H32N6I2 C16H20N4O2 C16H18N4O
Mr 634.34 300.36 282.34
crystal system Monoclinic Orthorhombic Orthorhombic
space group P21/c (No. 14) P212121 (No. 19) P212121(No. 19)
a [ä] 13.0471(14) 10.064(4) 10.5556(17)
b [ä] 16.2113(18) 11.40(2) 10.645(6)
c [ä] 13.0823(16) 14.047(9) 13.0717(15)
b [8] 111.207(9) 90 90
V [ä3] 2579.7(5) 1612(4) 1468.8(9)
Z 4 4 4
1calcd [gcm


�3] 1.633 1.237 1.277
m [cm�1] 24.58 0.84 0.83
T [K] 293(2) 293(2) 293(2)
l [ä] 0.71073 0.71073 0.71073
observed reflections 3486 [I�2s(I)] 1582 [I�s(I)] 1927 [I�s(I)]
parameters 271 211 196
GOF 0.806 0.937 1.054
R [I�2s(I)] 0.0282 0.0583 0.0472
wR2[I�2s(I)] 0.0905 0.1736 0.1063
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(Table 2); this implies partial
double bond character, and sta-
bilization of the positive charge
on the diaminomethylene
moiety. We have previously de-
fined the quinonoid±benzenoid
character (QBC) in terms of the
deviations of the bond lengths
in the six membered ring from
an ideal value of 1.400 ä, such
that the latter has a QBC value
of 1.000.[20] The QBC value of
BDPDQI is found to be 0.724.
The charge separation between
the diaminomethylene unit
(positive), and the dicyanomethylene substituted benzenoid
ring (negative) is facilitated by the strong molecular twist
of 49.38 (average of the dihedral angles N9-C7-C1-C2=
49.08, and N10-C7-C1-C6=49.68), a common feature of the
DADQ×s, as noted above.


Semiempirical AM1[21] calculations, which incorporate the
solvation subroutine COSMO[22] are quite successful in mod-
eling the twisted structure of DADQ×s as they exist in the
crystal lattice: the so called ×molecule-in-a-crystal×.[23] AM1/
COSMO computations involving full geometry optimization
with an imposed dielectric constant (e) of 20 or higher, re-
produced quite well, the molecular structure of the
BDPDQI dication in the solid state; Table 2 lists significant
geometry parameters computed at e=20. The inadequacy of
AM1 alone is also demonstrated. The geometry optimiza-
tion provides an estimate of the e that may be employed to
mimic the molecular environment in the crystal. We have
computed the atomic charge distribution on this dication by
the AM1/COSMO method; the molecular structure from
the crystal analysis was used with hydrogen atom positions
alone optimized. When the e values employed in the compu-
tation are low, the computed charge distribution varies
strongly with the e. However, a consistent charge distribu-
tion is obtained at higher values of e, typically at �20.
Based on the geometry optimization above, the values ob-
tained at e=20 are expected to be realistic estimates for the
crystal state, and are schematically represented in Figure 2
(left). The zwitterionic nature of the p-electron system is re-
vealed by the negative charge on the dicyanomethylene
group (the group charge is �0.80), and the positive charge


at the diaminomethylene end (the group charge including
the the carbons connected to the nitrogen atoms is +0.90).
Nearly a full positive charge each is seen on the quarternary
ammonium moieties (the charge resides almost exclusively
on the methylene and methyl groups connected to the nitro-
gen); more details may be found in the Supporting Informa-
tion.


When we attempted the substitution of the iodide ions in
BDPDQI by organic ions through reactions with the corre-
sponding salts in aqueous medium, it was found that instead
of anion substitution, one of the piperazinium units was dis-
placed and replaced by an oxygen atom. This rather unex-
pected reaction can be easily rationalized and achieved by a
directed approach by simply dissolving BDPDQI in an
aqueous solution of KOH (Scheme 1). The DPODQ forma-
tion is likely to involve the attack of OH� on the diamino-
methylene carbon followed by the expulsion of a piperazine
(see Supporting Information). DPODQ was crystallized
from water±methanol. Chemical characterization and crystal
structure analysis showed that no counterion is present,
hence there is no net charge on DPODQ. More significantly,
the crystal is found to belong to the chiral space group,
P212121 with one molecule in the asymmetric unit; a mole-
cule of water is also included (Figure 1, Table 1). The molec-
ular structure again shows a strong twist of 49.58 (average of
the dihedral angles N9-C7-C1-C2=50.68 and O10-C7-C1-
C6=48.48). The benzenoid ring bond lengths are more sym-
metric than in BDPDQI; this is reflected in the higher QBC
value of 0.844. AM1/COSMO computations again show that
the structure is modeled quite well at e�20 (Table 2). The
charge distribution computed at e=20 for the molecular
structure from crystal analysis is schematically represented
in Figure 2 (right). It suggests an unusual zwitterionic struc-
ture, which consists of a net negative charge on the dicyano-
methylene moiety (the group charge is �0.89), and a posi-
tive charge on the nonconjugated quarternary ammonium
group (the group charge is +0.91). Furthermore, the amide
moiety shows strong charge polarization. The charge distri-
bution is thus quite asymmetric, and different from that in
BDPDQI. This appears to play a key role in evolving the
very different molecular assembly described below.


DADQ×s with their ground state molecular twist are
chiral structures, C2 symmetric when the amino functionali-
ties are identical. However, like BDPDQI, so far all of them


Table 2. Significant bond lengths (A: C1�C7; B: average of C1�C2 and C1�C6, C: average of C2�C3 and
C5�C6, D: average of C3�C4 and C4�C5, E: C4�C8, F=average of C7�N9 and C7�N10 for BDPDQI and
C7�N9 for DPODQ, G=C7�O10 for DPODQ) in ä, and twist angle q in degrees, in the dication part of
BDPDQI and DPODQ from X-ray structure analysis (the latter in DPODQ¥H2O), and from AM1 and AM1/
COSMO (e=20) computations (see Figure 1 for atom labeling).


BDPDQI (ä [8]) DPODQ (ä [8])
Parameter X-ray AM1 AM1/COSMO X-ray AM1 AM1/COSMO


A 1.477 1.381 1.474 1.489 1.438 1.479
B 1.396 1.456 1.408 1.395 1.418 1.402
C 1.372 1.349 1.380 1.382 1.369 1.387
D 1.414 1.454 1.419 1.391 1.434 1.414
E 1.450 1.365 1.416 1.489 1.392 1.425
F 1.338 1.431 1.369 1.337 1.461 1.392
G ± ± ± 1.241 1.253 1.260
q 49.3 1.6 50.4 49.5 15.8 45.4


Figure 2. AM1/COSMO (e=20) computed charge distribution in the di-
cation part of BDPDQI (left) and DPODQ (right); filled and open cir-
cles indicate positive and negative charges respectively, and the radius is
proportional to the net charge on an atom and any hydrogen atoms con-
nected to it.
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have formed achiral crystal lattices, except those in which
stereogenic centers were incorporated.[15,24] DPODQ pres-
ents a new situation with lower molecular symmetry (C1),
and the consequent asymmetric charge distribution. Further-
more, the molecule possesses well-exposed charge sites and
hydrogen bond functionalities which can enter into strong
intermolecular interactions. The crystal structure reveals
short intermolecular contacts between the amide oxygen
atom, and the quarternary ammonium group; the closest
C¥¥¥O distances are 3.231 (C20¥¥¥O10), and 3.390 ä
(C21¥¥¥O10); the resulting N17¥¥¥O10 distance is 3.580 ä.
These intermolecular contacts indicate appreciable C�H¥¥¥O
and electrostatic interactions, which in turn lead to the for-
mation of an extended structure along the crystallographic
b axis. The molecular organization may be viewed
as a 21 chain, however, two piperazinium±carbonyl
[N17(C15,C16,C18,C19)N9-C7-O10] moieties connected in
succession can be visualized as forming one turn of an ex-
tended helical superstructure (Figure 3a). The view along
the packing axis clarifies the sense of helicity as left-handed
(M). DPODQ¥H2O exhibits also extended hydrogen bond
interactions between the cyano groups and the water mole-
cule of crystallization; the relevant distances (angles)
are, rO22¥¥¥N13=3.017 ä (qO22-H22B¥¥¥N13=149.168), and rO22¥¥¥N14=


3.038 ä (qO22-H22A¥¥¥N14=157.318). These lead to the formation
of the 21 chain along the crystallographic c axis. Once again,
a helical motif (Figure 3b) can be visualized with two water±
dicyanomethylene units in succession, which form one turn;
the view along the packing axis shows the sense of helicity
to be right-handed (P). The two 21 symmetric superstruc-
tures along the orthogonal crystallographic directions is ac-
companied by a 21 symmetric structure along the third direc-
tion, which leads to the 212121 symmetry of the crystal space
group. The M-helical molecular assembly formed along the


a axis can be visualized as arising from a combination of the
electrostatic interactions and hydrogen bonds (Figure 4).


Figure 3. a)M-helical motif in DPODQ¥H2O crystal along the b axis; the intermolecular interactions (cyan) are indicated between O10 and N17 for
easier viewing and b) P-helical motif in DPODQ¥H2O crystal along the c axis; the hydrogen bonds (green) are indicated. Top; stereo view perpendicular
to the helical axis, and bottom; view along the helical axis; C (black), N (blue) and O (red) atoms are indicated.


Figure 4. M-helical assembly of DPODQ molecules in DPODQ¥H2O
crystal along the a axis; the intermolecular interactions shown in Fig-
ure 3a (cyan) and b (green) are indicated. Top; stereo view perpendicular
to the helical axis (space filling model); C (grey), N (blue), and O (red)
atoms are indicated, and bottom; view along the helical axis; C (black),
N (blue), and O (red) atoms are indicated.
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Interestingly, crystals of
DPODQ grown from concen-
trated water±methanol solutions
showed a slightly different unit
cell. Structural investigation
showed that this crystal does
not contain the water molecule;
however, it belongs to P212121
space group with one molecule
in the asymmetric unit with a
molecular structure nearly iden-
tical to the one before. The crys-
tallographic data are provided
in Table 1. The significant obser-
vation in this crystal is that,
once again, helical assemblies
are formed along each of the
crystallographic directions.
Since O�H¥¥¥N bonding option
does not exist now, all intermo-
lecular contacts are based on
C�H¥¥¥O or electrostatic interac-
tions, and the considerably short
distances indicate that these are
likely to be strong. The supra-
molecular assemblies along the
crystallographic a, b, and c axes
are formed through the
C20¥¥¥O10 (3.279 ä), C18¥¥¥O10
(3.069 ä), and C7¥¥¥N14
(3.261 ä) contacts, respectively
(Figure 5). Once again, the mo-
lecular organizations are 21
chains; helical motifs are
formed along the a and b axes
through successively connected
piperazinium±carbonyl moieties,
and along the c axis through the
zwitterion links. The crystal
structures of DPODQ with and
without water molecules of crys-
tallization provide a dramatic
demonstration of the persistent
tendency of this molecule to-
wards helical organization!


Several cases of spontaneous resolution of achiral mole-
cules through hydrogen bonded assemblies are known.[12,25]


Spontaneous resolution has also been achieved through co-
crystallization.[26] In the case of DPODQ crystals, single
component helical superstructures are formed from confor-
mationally chiral zwitterionic molecules through electrostat-
ic and hydrogen bond interactions. The inherent homochir-
ality of the orthogonal helical assemblies lays the basis for
the spontaneous resolution. Crystals of DPODQ show high
melting points close to 300 8C, possibly a result of the ex-
tended lattice structure built through multiple noncovalent
interactions, which include strong electrostatic ones. Since
large crystals could not be grown, we have attempted to
measure the CD of small single crystals by grinding with


KBr, and forming solid pellets. As reported earlier,[27] con-
siderable optimization of conditions was required. After sev-
eral attempts with many crystals, we were able to obtain
spectra showing a negative CD. Figure 6 shows the CD spec-
trum along with the absorption profile; the molar ellipticity
is calculated as reported in Ref. [27]. In spite of extensive
efforts, the spectrum of the enantiomorphous crystal, which
shows positive CD has proved elusive so far. AM1/TDHF[28]


computation indicates that DPODQ has an appreciable first
order hyperpolarizability, and the static b is calculated to
be 51.9 esu. Therefore, the noncentrosymmetric material is
expected to show SHG in the solid state. Kurtz±Perry meas-
urements[29] on microcrystalline samples show a moderate
value of two to three times that of urea.


Figure 5. M-helical motifs in DPODQ crystal along the a) and b) a, c) and d) b, and e) and f) c axes; the hy-
drogen bond and electrostatic interactions (cyan) are indicated. Top; Stereo view perpendicular to the helical
axis, and bottom; view along the helical axis; C (black), N (blue), and O (red) atoms are indicated.
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Conclusion


DPODQ is a conformationally chiral molecule with an un-
usual zwitterionic structure. Semiempirical computational
modeling of the molecule-in-the-crystal reveals the presence
of enhanced charges on several atoms, which together with
the hydrogen bond functionalities present on the molecule,
lead to strong intermolecular interactions. The low symme-
try of the twisted molecule coupled with the extended non-
covalent interactions lead to the formation of helical super-
structures along orthogonal crystallographic directions. The
homochirality associated with the orthogonal helical assem-
blies leads to the spontaneous resolution in the crystalline
state. This molecule should serve as a prototype to guide
novel strategies that exploit a wide spectrum of molecular
level interactions to achieve chiral supramolecular assembly.


Experimental and Computational Methods


The syntheses followed Scheme 1. The procedure for the synthesis of
BDPDQI and DPODQ, and their characterizations are given below.


Diiodide salt of 7,7-bis(N,N-dimethylpiperazinium)-8,8-dicyanoquinodi-
methane (BDPDQI): 7,7-Bis(N-methylpiperazino)-8,8-dicyanoquinodi-
methane (BMPDQ) was prepared as reported earlier.[17] Freshly distilled
methyl iodide (1.03 g, 7.22 mmol) was added to BMPDQ (0.25 g,
0.71 mmol) in acetonitrile (30 mL). The solution changed from yellow to
deep orange. It was then stirred at 25 8C for 30 min, and a yellow micro-
crystalline product separated out. Stirring was continued for seven more
hours to ensure the completion of the reaction. The precipitate was fil-
tered, washed, and dried (0.37 g, 82%) to give yellow BDPDQI. It was
recrystallized from water. M.p.=270±275 8C (decomp); FTIR (KBr): ñ=
2993.0, 2173.9, 2135.4, 1597.2, 1460.2 cm�1; UV/Vis (acetonitrile): lmax =


462.5, 355.0, 247.5 nm; elemental analysis (%) calcd for C22H32N6I2: C
41.77, H 5.06, N 13.30; found C 41.54, H 5.01, N 13.35.


7-(N,N-Dimethylpiperazinium)-7-oxo-8,8-dicyanoquinodimethane hy-
drate (DPODQ¥H2O): A solution of KOH (0.04 g, 0.71 mmol) in water
(2 mL) was added to a solution of BDPDQI (0.30 g, 0.47 mmol) in water
(30 mL). A pale yellow microcrystalline product of DPODQ immediately
formed, and was filtered, washed, and dried (0.102 g, 77%). It was recrys-
tallized from water±methanol (1:1). M.p.=295±300 8C (decomp); FTIR
(KBr): ñ=3476.0, 3034.3, 2166.3, 2123.8, 1628.1 (C=O stretch), 1599.1,
1419.7 cm�1; UV/Vis (acetonitrile) : lmax =355.0, 224.0 nm; 1H NMR
([D6]DMSO): d=3.3±3.4 (s, 6H), 3.4±3.5 (t, 4H), 3.8±3.9 (t, 4H), 6.7±6.8
(d, 2H), 7.2±7.3 ppm (d, 2H); 13C NMR ([D6]DMSO) : d=7.3, 30.2, 50.8,


60.5, 117.4, 121.6, 125.1, 128.8, 145.3, 170.4 ppm; elemental analysis (%)
calcd for C16H18N4O.H2O: C 64.00, H 6.66, N 18.66; found: C 63.75, H
6.68, N 18.85. Slow (~24 h) crystallization from dilute solutions (~0.01m)
gave DPODQ¥H2O, while faster (~6 h) crystallization from more concen-
trated solutions (~0.02m) yielded DPODQ (m.p.=285±290 8C).


Crystal structure determination : X-ray diffraction data were collected on
an Enraf-Nonius MACH3 diffractometer. MoKa radiation with a graphite
crystal monochromator in the incident beam was used. Data was reduced
by using Xtal3.4;[30] Lorentz and polarization corrections were included.
Empirical absorption correction was applied in the case of BDPDQI by
using y-scan data. All non-hydrogen atoms were found by means of
direct method analysis in SHELX-97,[31] and refined anisotropically.
After several cycles of refinement, the positions of the hydrogen atoms
were calculated and added to the refinement process; hydrogen atom po-
sitions were refined for the water molecule alone in DPODQ¥H2O, im-
posing constraints of O�H (1.00(3) ä), and H�H (1.62(6) ä) distances.
The Flack parameter was refined in the case of the DPODQ crystal, and
gave a value of 0.085(0.007). Details of data collection, solution and re-
finement, fractional coordinates with anisotropic thermal parameters, and
full lists of bond lengths and angles are submitted as Supporting Informa-
tion.


Electronic spectroscopy : Samples were made from crystalline DPODQ
(0.1±0.2 mg microcrystals for the reflectance and 0.5±1.5 mg single crystal
for the CD spectra) ground with KBr (80±100 mg) in an agate mortar,
and pressed into pellets by using a pressure of ~10 ton in a standard
press. The pellets were 0.5±0.6 mm thick. The specular reflectance (88 in-
cidence) spectra were recorded on a Shimadzu UV-visible Spectrometer
(Model UV-3101) by using the integrating sphere (ISR 3100) attachment;
the reflectance spectra were converted to the absorption profiles by using
the Kubelka±Munk function. The circular dichroism spectra were record-
ed on a Jasco Spectropolarimeter (Model J-810) employing a band width
of 2 nm. The spectra were smoothed by using standard smoothing func-
tions.


Semiempirical computations : Semiempirical quantum chemical calcula-
tions were carried out by using the AM1 method in the MOPAC93 pro-
gram package.[21] The microenvironment of the molecule in the crystal
was simulated by using the solvation model COSMO;[22] the parameter,
NSPA (number of segments per atom) was set equal to 60 in all calcula-
tions. EF (eigen vector following) method, and PRECISE conditions
were employed in all optimizations. Calculations were carried out on
fully optimized geometries, and on the molecular geometry from crystal
structure with hydrogen atom positions alone optimized. Detailed results
are provided in the Supporting Information.
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Two-Photon Absorption in Quadrupolar p-Conjugated Molecules: Influence
of the Nature of the Conjugated Bridge and the Donor±Acceptor Separation


Egbert Zojer,*[a, b, d] David Beljonne,[c] Peter Pacher,[a] and Jean-Luc Brÿdas*[a, d]


Introduction


Two-photon absorption (TPA) in organic molecules is re-
ceiving considerable attention owing to a number of promis-
ing applications. These include optical limiting,[1] 3D micro-
fabrication and optical data storage,[2] 3D fluorescence mi-
croscopy,[3] and biological caging.[4] These applications ex-
ploit the increased spatial resolution and improved penetra-
tion depth typical of nonlinear absorption processes.


Chromophores with large TPA cross sections (d) are
highly desirable for the exploitation of TPA processes at
moderate laser intensities. In order to develop strategies for
the design of compounds that combine high TPA cross sec-
tions with other useful optical or chemical properties (such
as high fluorescence quantum yields or low excited-state ox-
idation potentials), a detailed understanding of the relation-
ship between the chemical structure of a molecule and its
TPA characteristics is required. It has been shown that
donor and/or acceptor substitution of conjugated molecules
results in a marked increase of d.[5] Dipolar,[6±8] quadrupo-
lar,[5,6,9,10] octupolar,[11,12] as well as dendrimeric[13] systems
have been studied in great detail. Drobizhev et al. also
found large d values for symmetrically acceptor-substituted
porphyrins.[14] Our recent work on stilbene derivatives re-
vealed that the increased TPA cross section associated with
donor and acceptor substitution and its dependence on the
donor±acceptor strength result from electron correlation ef-
fects.[15]


Here, we investigate the influence of the conjugated path
on the TPA response in quadrupolar chromophores by vary-
ing the chemical nature of the p-electron system, the effec-
tive conjugation length, and the donor±acceptor separation
(i.e., the charge-transfer distance, both parallel and perpen-
dicular to the long molecular axis). For all molecular back-
bones studied here, the evolution of d is monitored as a
function of the degree of ground-state polarization. A
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Abstract: Quadrupolar-type substitu-
tion of p-conjugated chromophores
with donor and acceptor groups has
been shown to increase their two-
photon absorption (TPA) response by
up to two orders of magnitude. Here,
we apply highly correlated quantum-
chemical calculations to evaluate the
impact of the nature of conjugated
bridge and the charge-transfer distance
on that enhancement. We compare
chromophores with phenylenevinylene-,
thienylenevinylene-, polyene-, and in-


denofluorene-type backbones substitut-
ed by dimethylamino and cyano
groups. In all compounds, we find a
strongly TPA-active Ag state (either
2Ag or 3Ag) in the low-energy region,
as well as a higher lying TPA-active
state (mAg) at close to twice the


energy of the lowest lying one-photon
allowed state; the smaller energy de-
tuning in the mAg states results in very
large TPA cross sections d. We also in-
vestigate the influence of the degree of
ground-state polarization on TPA. In-
dependent of the nature of the back-
bone and the donor±acceptor separa-
tion, d displays the same qualitative
evolution with a maximum before the
cyanine-like limit; the highest TPA
cross sections are calculated for distir-
ylbenzene- and polyene-based systems.


Keywords: computer chemistry ¥
electron correlation ¥ nonlinear op-
tics ¥ structure±property relation-
ships ¥ two-photon absorption
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simple three-state model is applied to interpret the various
contributions to TPA.


Theoretical approach


The model systems : The chemical structures of the p-conju-
gated molecules considered here are shown in Figure 1.


They are bis(dimethylamino)bis(cyano)-substituted chromo-
phores with phenylenevinylene (stilbene and distirylben-
zene), polyene, thienylenevinylene, and indenofluorene
backbones (note that III and IV correspond to two conform-
ers of the same molecule). The evolution of the resonant
nonlinear optical properties was studied with the approach
that we previously applied with success to determine hyper-
polarizabilities[16±18] and TPA cross sections[8,15] in donor/ac-
ceptor-substituted chromophores. Unless otherwise stated,
the backbones of these model systems are kept planar; how-
ever, the consequences of allowing for a twist between the
phenylene/thienylene rings and the vinylene unit(s) will be
briefly discussed below (they have also been studied both
experimentally and theoretically in ref. [19] for phenylenevi-
nylene derivatives).


To modulate the degree of ground-state polarization in
such quadrupolar molecules, a set of point charges is placed
above and below the nitrogen atoms of the dimethylamino
and cyano substituents along the normal to the molecular
plane, as shown in Figure 2 for molecule VI.[15,20] The point
charges create a quadrupole-like electric field that promotes
charge transfer from the donor to the acceptor groups, as
discussed in detail in reference [15]. Decreasing the distance


(d) between the point charges and the nitrogen atoms
allows a systematic tuning of the degree of ground-state po-
larization. Experimentally, the ground-state polarization can
be modulated by changing the actual strength of the donor/
acceptor substituents and/or the polarity of the medium.[21]


Describing the TPA response : We calculated the TPA re-
sponse by means of the two-photon absorption tensor Se’.
For degenerate TPA (i.e. , the simultaneous absorption of
two photons from a single monochromatic laser beam) into
a particular two-photon excited state je’i, Se’ is given by
Equation (1):[22, 23]


Si;j
e0 ¼


X
e


�
Mi


geM
j
ee0


Ege�Ege0=2
þ


Mj
geM


i
ee0


Ege�Ege0=2


�
ð1Þ


In Equation (1) Ege’/2 corresponds to the energy of the in-
cident photons. Mge and Mee’ are the transition dipoles be-
tween the ground state jgiand an intermediate one-photon
state jei and between jei and je’i, respectively. Ege and Ege’


are the corresponding transition energies and the indices i
and j represent the Cartesian coordinates. In our studies,
300 intermediate states are considered to ensure fully con-
verged results. In an isotropic medium and for a linearly po-
larized excitation source, Se’ is related to the corresponding
TPA cross section by Equations (2):[22,24]


�de0
TEN / 1


15


X
i;j
ðS*iie0 ; S*jje0 þ 2 S*ije0 S*


ij
e0 Þ ð2Þ


Figure 1. Chemical structures of the donor/acceptor-substituted molecules
investigated in the present study.


Figure 2. Donor/acceptor-substituted distirylbenzene with point charges
used to create an additional quadrupolar field in the plane of the mole-
cule.


Chem. Eur. J. 2004, 10, 2668 ± 2680 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2669


2668 ± 2680



www.chemeurj.org





Combining the cross sections from Equation (2) for all
TPA-active states je’i with normalized line-shape functions
then yields the overall TPA response.


To ease the analysis of the calculated trends, it is helpful
to derive an approximate expression for Equations (1) and
(2): for centrosymmetric molecules and provided that a
single excited state jeidominates the low-energy region of
the linear optical spectrum, one finds for the TPA resonance
into je’i [Eq. (3)]:[5,25]


de0
approx ¼


ðEge0=2Þ2
5 c2e0�h


M2
geM


2
ee0


ðEge�Ege0=2Þ2G
ð3Þ


In the course of our discussions, the evolution of the TPA
cross section as a function of the degree of ground-state po-
larization will be analyzed on the basis of the quantities
dominating Equation (3). These are: 1) the detuning factor
between the one- and two-photon states, (Ege�Ege’/2); 2) the
transition dipole between the ground state and the one-
photon state, Mge; and 3) the transition dipole between je>
and je’> , Mee’ (by means of the effective value calculated
according to ref. [10]).


Transition densities : To analyze the characteristics of the
transition dipoles MAB


��!
that appear in Equation (3), it is


useful to recall that they are defined as in Equation (4):


MAB
��! ¼ e


Z
1A!Bð r!Þ r!d3r


1A!Bð r!Þ ¼ Y*
AYBð r!Þ


¼ N
Z


Y*
Að r!; r2


!; . . . rN
!ÞYBð r!; r2


!; . . . rN
!Þdr2!; . . . rN


!


ð4Þ


In Equation (4) 1A!B( r!) is the transition density between
states A and B at point r! in space. The choice of the origin
of coordinates does not affect the results and can thus be


conveniently taken to coincide with the molecular center of
inversion. For the semiempirical methods employed here,
we will replace the full expression for 1A!B( r!) by the tran-
sition densities that are associated with the individual atoms
employing the ZDO approximation.


From Equation (4), we see that in order to maximize the
transition dipole between two states, it is important that:
1) the overlap between the wavefunctions YA and YB be
maximized, 2) transition densities far from the center of in-
version be large, and 3) atomic transition densities on the
same side of the molecule have the same sign. (Note that
for optically allowed transitions, the signs on opposite sides
of the center of inversion have to be different to satisfy
parity selection rules.)


Results and Discussion


In order to describe more completely the microscopic origin
for the TPA response in quadrupolar-type chromophores,
we have investigated the conjugated backbones shown in
Figure 1. Starting from stilbene (I), we have considered:
1) more easily polarizable conjugated backbones: polyene
(II) and thienylenevinylene (III and IV), 2) more extended
conjugated paths: one including triple bonds leading to a
larger separation between the stilbene and the acceptor
groups (V), the other corresponding to distirylbenzene (VI)
with an increased conjugation length, and 3) indenofluorene
(VII).


Dependence of the TPA cross section on the nature of the
conjugated backbone : The calculated TPA cross sections as
well as the terms entering the 3-state expression for d


[Eq. (3)] are given in Table 1 for the molecules of Figure 1
in their planar conformation. In all molecules, there is a
strongly two-photon allowed state in the low-energy region,
2Ag or 3Ag (the very small d values for 2Ag in II, III, and


Table 1. TPA cross sections (with dTEN referring to the converged result including 300 excited states and dapprox to the three-state approximation), transi-
tion energies, and transition dipoles for the lowest lying two-photon allowed states (i.e., states with gerade symmetry). Also the energies and transition
matrix elements for the lowest one-photon states are given. (1 GM corresponds to 10�50 cm4sphoton�1). The angles between the arylene and vinylene
segments in the non-planar conformations are: 478 (I), 438 (III), 508 (V), 268, 128 (VI).


One-photon absorption Two-photon absorption
Ege [Ev] Mge [debye] Ege’ [eV] (Ege’/2)/(Ege�Ege’/2) Mee’ [debye] dTEN [GM] dapprox [GM]


planar
I S1±1Bu 3.22 8.51 S2±2Ag 3.79 1.43 12.85 446 512
II S2±1Bu 3.08 10.52 S1±2Ag 2.99 0.94 3.60 28 26


S4±3Ag 4.00 1.86 13.96 1500 1560
III S2±1Bu 2.65 9.28 S1±2Ag 2.61 0.97 1.93 9 6


S4±3Ag 3.59 2.09 11.91 1092 1119
IV S2±1Bu 2.70 8.82 S1±2Ag 2.58 0.91 1.70 6 4


S4±3Ag 3.65 2.08 10.49 772 780
V S1±1Bu 3.14 8.06 S2±2Ag 3.75 1.48 11.07 345 365
VI S1±1Bu 3.34 11.27 S2±2Ag 3.87 1.37 17.22 1151 1486
VII S1±1Bu 3.41 7.53 S3±2Ag 4.12 1.53 12.40 499 429


non-planar
I S1±1u 3.70 6.24 S2±2g 4.02 1.19 13.83 166 222
III S1±1u 3.09 6.79 S2±2g 3.22 1.09 6.61 45 50


S3±3g 3.84 1.65 8.99 193 213
V S1±1u 3.54 6.34 S2±2g 3.68 1.08 8.44 57 70
VI S1±1u 3.55 10.05 S2±2g 4.07 1.35 16.98 836 1104
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IV will be discussed in detail below). The trends obtained
for dapprox (i.e., when applying the 3-state model) closely
follow those of the converged TPA cross sections calculated
with the complete two-photon tensor.[26] This allows an anal-
ysis of the factors that enhance TPA based on the relative
energies of the 1Bu and 2Ag/3Ag states and the correspond-
ing transition dipole moments.


Taking I as the system of reference (and considering TPA
into the larger of 2Ag and 3Ag), we observe that switching
to less aromatic rings as in III/IV allows for an increase in d


by a factor of 2±2.5, depending on the conformation. On the
other hand, switching to a phenylene (indenofluorene) back-
bone with the same number of carbons along the conjugated
path as in VII has little influence. Elongating the backbone
in VI produces an increase with a factor of 2.5. The largest
increase (factor >3) is calculated when considering a poly-
ene backbone, which is known to be highly polarizable.
These results are in agreement with what is known from or-
ganic nonlinear optics (see, for instance, ref. [17]).


As indicated above, the largest cross sections are obtained
for molecules II and VI. In the case of II, this is caused by a
combination of (rather) large values for the transition
dipole moment between the ground state and the one-
photon state (Mge), the energy-related term [(Eee’/2)/
(Ege�Eee’/2)] (resulting from a relatively small detuning be-
tween the 1Bu state and half the energy of the 3Ag state),
and the transition dipole moment between the one- and
two-photon states (Mee’). At this stage, it is worth recalling
that the increased Mee’ coupling has been originally identi-
fied as the main reason for the strongly enhanced TPA cross
sections in donor/acceptor substituted systems.[5] While in II
all terms entering the 3-state expression for d are large,
there is a significant detuning in VI (large difference be-
tween Ege and Eee’/2), which is nearly compensated by the
exceptionally large value of Mee’.


To evaluate the impact of intramolecular torsion, we have
also included the d values calculated for fully relaxed, non-
planar conformations of molecules I, III, V, and VI with Ci


symmetry.[27] Twist angles vary from 508 between the central
vinylene unit and the phenylenes in V, to 268 between the
central ring and the vinylenes and 128 between the vinylenes
and the outer rings in VI (in I and III, the torsion angles are
in the order of 478 and 438, respectively). As expected, de-
parture from planarity leads to a decrease in the TPA cross
sections. This effect is strongest for molecule III and weak-
est for molecule VI. The reduced conjugation leads to a
blue-shift of the 1Bu state relative to the excited Ag states
(resulting in an increased detuning) and a reduced coupling
between the ground state and the lowest one-photon state
(i.e., a smaller transition dipole moment Mge). In all mole-
cules except I, one also observes a reduction of Mee’. In III,
there is in fact a redistribution of oscillator strength between
the two lowest lying excited states of g symmetry in the
twisted conformation.


To the best of our knowledge, molecule VI (with dibutyl-
amino instead of dimethylamino substituents) is the only
molecule studied here for which experimental data have
been reported.[19] The calculated transition matrix elements
in Table 1[28] (Mge=10.05 D and Mee’=16.98 D) are in excel-


lent agreement with the measured values (Mge=10.0 D and
Mee’=15.1 D). The calculated transition energies overesti-
mate the experimental results (maxima at 2.53 eV for Ege


and 1.49 eV for the energy of the TPA resonance). This re-
sults in too large a detuning and, therefore, in a somewhat
underestimated TPA cross section (experimental value of
1750 GM vs a calculated value of 1104 GM). This difference
partly results from an overcorrelation (overstabilization) of
the ground state in the MRDCI approach.[5]


In the following, we will restrict the discussion to planar
structures, since our main goal is to establish general rela-
tionships between the chemical nature of quadrupolar-type
molecules and their TPA cross sections. However, it must be
borne in mind that it is important to prevent large ring
twists, for example, by planarizing the structure and avoid-
ing unfavorable substitution patterns (such as those where
cyano groups are attached directly or through linkers to the
vinylene segments, as in molecules I, III, and V).


Evolution of the transition densities : To obtain a better un-
derstanding of the dependence of the transition dipoles on
the chemical structure of the backbones, it is useful to ana-
lyze the corresponding transition densities. Those describing
the couplings between the ground state and the lowest one-
photon state and the one-photon and lowest two-photon
active states are shown in Figure 3 for molecules I, V, and
VI, and in Figure 4 for molecule II.


As mentioned above, it is desirable to have large transi-
tion densities present at the extremities of the molecule; in
which case, the r! factor in Equation (4) is largest and the
resulting transition dipoles are high. For the 1Bu!2Ag tran-
sitions (for I, V, VI, and VII) or 1Bu!3Ag transitions (for
II, III, IV), this is achieved primarily through the addition
of the terminal donor substituents. As shown in the bottom
part of Figure 3, the transition densities have large contribu-
tions on the nitrogen atoms of the dimethylamino groups.
This rationalizes the very large value of Mee’ in molecule VI,
in which the distance between the atoms on the two ends of
the molecule bearing the large transition densities is larger


Figure 3. ZDO transition densities for the 1Ag to 1Bu and the 1Bu to 2Ag


excitations in molecules I, VI, and VII. The diameter of the circles is pro-
portional to the transition density associated with each atom and the
shading represents the sign of the transition density.
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than in the other systems. In general, the conjugation-length
dependence of the TPA cross section can be expected to
arise from a compromise between the increased charge-
transfer distance for longer molecules, which increases the
TPA response, and the decoupling between the donor and
acceptor groups beyond a certain size of the molecule.[29]


In contrast to the significant increase of Mee’ for larger dis-
tances between the donor groups along the long axis of the
molecules, increasing the distance between the acceptor
groups and the conjugated backbone in a direction perpen-
dicular to the long molecular axis (as in V) does not result in
an increase of d compared to I. This can be explained by the
fact that the transition densities in V, corresponding to Mge


and Mee’, do not extend over the acceptor units and in fact
hardly change compared to I, as shown in Figure 3. To
ensure that this is not primarily the consequence of a possi-
ble weakening of the acceptor strengths of the CN groups
caused by the triple bonds in V, we also investigated a varia-
tion of molecule VI in which we introduced vinylene units
between the central ring and the CN groups; here too, no
significant increase of d was calculated.


Another important characteristic of transition densities
are their relative signs (phases) on adjacent atoms. The
impact on the transition dipoles can be most clearly illustrat-
ed for molecule II (Figure 4). For the 1Ag!1Bu transition,
all significant transition densities on one side of the mole-
cule are positive, while they are negative on the other side.
As a result, Mge in II is nearly as large as in VI, although VI
is 5.3 ä longer; in VI, the transition densities for 1Ag!1Bu


on each half of the molecule partly cancel. Cancellation ef-


fects resulting from a sign change of the transition densities
on adjacent atoms are even more significant for the 1Bu!
2Ag transition in II (Figure 4). They result in a very low
cross section of only 28 GM for TPA into 2Ag in molecule
II ; in fact, 11Bu!2Ag is strongly reminiscent of the correspond-
ing transition density distribution in unsubstituted poly-
enes,[30] which lack the enhancement effects owing to the
donor/acceptor substitution. In contrast, the 1Bu!3Ag tran-
sition density in II is strongly confined around the nitrogen
atoms in the dimethylamino groups and there are no cancel-
lation effects; this results in the very large cross section of
1500 GM for TPA excitation into 3Ag. There are also no
cancellation effects for the coupling between the 1Bu state
and the so-called mAg states, although the dimethylamino
groups play a less important role there (Figure 4). This im-
plies that the mAg state should also have attractive TPA
properties. At this point, it is interesting to mention that the
1Bu!mAg transition density in II is strongly reminiscent of
what Heflin et al. described in the case of unsubstituted oc-
tatetraene for the 1Bu!6Ag transition;


[30] this confirms that
TPA into higher lying states should be very efficient in un-
substituted molecules as well.[30,31] We will turn to a discus-
sion of TPA into these higher lying states in the next sec-
tion.


At this stage, it is useful to classify the series of investigat-
ed molecules into two groups, depending on whether TPA
into low-lying excited states occurs dominantly into the 2Ag


or 3Ag state: group 1 then contains I, V, VI, and VII, while
group 2 consists of II, III, and IV. Interestingly, group 2 mol-
ecules have their 2Ag state located below the 1Bu state. On
the basis of extended Hubbard calculations on polyenes,
Guo et al.[32] have shown that TPA into Ag states lying
below 1Bu should be weak (the 2Ag state can be regarded as
a pair of triplet excitations coupled to form a singlet, with
weak coupling to the dominant one-photon 1Bu state),
which is consistent with the small d values for the 2Ag state
that we calculate for all group 2 molecules. The existence of
low-lying states with Ag symmetry in unsubstituted mole-
cules is usually attributed to strong correlation effects (and
a dominant covalent character).[30, 31,33] For the donor/accept-
or-substituted molecules, we also find that the 2Ag state is
described by the mixing of several singly and doubly excited
determinants with similar weights (vide infra), which is the
signature of strong correlation effects.


We note that Soos and co-workers[31,34] have made a simi-
lar classification for centrosymmetric conjugated chains, de-
pending on whether 2Ag or 1Bu is the lowest lying excited
state (in the latter case, the system can be strongly fluores-
cent; in the former case, fluorescence is quenched). These
authors have attributed the relative locations of 2Ag and
1Bu to differences in the effective alternation of the transfer
integrals for various conjugated backbones[31] and site
energy differences as a consequence of nonconjugated heter-
oatoms.[34]


TPA into higher lying excited states : In all molecules, we
find a higher lying Ag state (denoted as mAg), which dis-
plays a large dipole coupling to 1Bu and a high TPA cross
section. Large TPA cross sections for higher lying states


Figure 4. ZDO transition densities for the excitations most relevant for
the TPA absorption properties of molecule II. The diameter of the circles
is proportional to the transition density associated with each atom and
the shading represents the sign of the transition density.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2668 ± 26802672


FULL PAPER J.-L. Brÿdas, E. Zojer et al.



www.chemeurj.org





with Ag symmetry have already been predicted for unsubsti-
tuted molecules.[30,31] The excited-state energies, transition
dipoles, and TPA cross sections into mAg states are summar-
ized in Table 2. The transition dipoles that couple those
states to the one-photon state (Mee’’) are comparable to


those found for the strongly allowed lower lying Ag states
(2Ag for group 1 and 3Ag for group 2 molecules). Since the
transition energies to the mAg states are getting close to
twice those of the one-photon states, the detuning is strongly
reduced [corresponding to a strong increase in the (Ege’/2)/
(Ege�Ege’/2) term from Eq. (3)]. This results in an increase
of the TPA cross section by about one order of magnitude.
Admittedly, the absolute values of d given in Table 2 have
to be handled with care, as minor changes in the mAg


energy can result in very large changes in the detuning
factor and, consequently, significant changes in the TPA
cross sections. However, the important message is that in all
molecules, except for the nonplanar conformation of mole-
cule I, the Mee’’ transition dipoles into the mAg states are
comparable to those into the 2Ag/3Ag states; since the de-
tuning factor related to mAg is significantly reduced, a
strongly increased TPA response is predicted.


Large d values at relatively high energies are potentially
interesting, for example, for improved resolution in 3D mi-
crofabrication at shorter wavelengths and in broadband op-
tical-limiting applications. However, the problem one is
facing when the detuning factor becomes very small (i.e.,
when approaching the double-resonance situation suggested,
for example, in ref. [35]) is the increased overlap with linear
absorption. Therefore, the extent to which the mAg states
can be beneficial for ™pure∫ TPA applications (i.e., 3D mi-
crofabrication, imaging, etc.) mainly depends on the linear
absorption linewidth. Here, bridged compounds can prove
useful as they prevent the coupling of torsional vibrations to


the electronic excitations and provide a more rigid back-
bone, two factors which usually contribute to sharp low-
energy edges of the linear absorption features. As far as
broadband optical limiters are concerned, overlap with
weak linear absorption will be far less problematic and
strong TPA concurrent with excited-state absorption can
produce efficient broadband-limiting materials.


A close inspection of the electronic nature of mAg reveals
that it is closely related to 2Ag in group 1 molecules, and to
2Ag and 3Ag in the group 2 systems. The configuration inter-
action (CI) description of these states is dominated by the
same configurations (Slater determinants). For the group 2
molecules, these are: 1) a determinant in which an electron
has been promoted from the HOMO�1 to the LUMO,
jH�1!Li ; 2) a determinant with one electron promoted
from the HOMO to the LUMO+1, jH!L+1i ; and 3) a
doubly excited determinant with two electrons promoted
from the HOMO to the LUMO, jH,H!L,Li. The mixing
of these three determinants gives rise to three excited states
of Ag symmetry. As an example, the CI descriptions for II
(in its planar conformation) are given in Scheme 1. A simi-
lar set of three states is found for the other group 2 mole-
cules (III and IV).


In the case of the group 1 molecules, only two determi-
nants (namely, jH�1!Li and jH,H!L,Li) dominate the
CI descriptions of the lowest two TPA active states,[15] which
in turn results in only two related TPA active states
(namely, 2Ag and mAg). The mixing among these configura-
tions is of crucial importance for the oscillator strength re-
distribution effects discussed in the next section.


Tuning the degree of ground-state polarization : To study the
evolution of d with ground-state polarization, we have in-
creased the charge transfer from the donor to the acceptor
groups by applying a quadrupolar-type electric field as de-
scribed in the Computational Methods section.[15] The evolu-
tion of dTEN as a function of the maximum field that these
charges create along the long molecular axis[36] is shown in
Figure 5. Here, we focus on the lowest lying strongly TPA-
active state (2Ag for group 1 and 3Ag for group 2 mole-
cules). The value of the maximum electric field serves as a
measure for the degree of induced ground-state polarization.
Importantly, all molecules (apart from VI, as will be dis-
cussed below) show the same behavior: with increasing
ground-state polarization, the TPA cross section strongly in-
creases, reaches a maximum, and then collapses. Consider-
ing the broad variety of molecules studied here, this points
to a common behavior for quadrupolar molecules, independ-


Table 2. TPA cross sections (with dTEN referring to the converged result
including 300 excited states and dapprox to the three-state approximation),
transition energies, and transition dipoles for two-photon absorption to
the mAg state. (1 GM corresponds to 10�50 cm4 s/photon).


Eee’’ (Eee’’/2)/ Mee’’ dTEN dapprox


[eV] (Ege�Eee’’/2) [debye] [103 GM] [103 GM]


planar
I 4.80 2.92 8.79 0.72 0.75
II 5.10 4.81 14.75 12.09 11.67
III 4.75 8.65 12.58 21.30[a] 21.39
IV 4.79 7.76 12.84 16.40[a] 16.20
V 4.80 3.24 6.58 0.60 0.62
VI 5.64 5.41 12.52 12.48 12.20
VII 6.08 8.37 7.25 5.89[b] 4.37


nonplanar
III 5.09 4.69 8.12 1.39 1.41
V 4.54 1.78 5.52 0.08 0.08
VI 5.89 4.90 9.91 5.26[b] 4.99


[a] Overlap with negative contributions lead to reduced d values when
applying the SOS approach (vide infra). [b] Several TPA-active states
overlap in that energy range. Thus, the total cross section at a certain
energy is larger than that predicted by calculations for TPA into a partic-
ular state je’i.


Scheme 1.
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ent of the actual nature of the conjugated backbone and of
the charge-transfer distance. A qualitative deviation from
this behavior appears to occur for molecule VI ; however,
the following discussion will show that the reasons for the
sharp decrease in dTEN at large ground-state polarizations in
all other molecules are also found in VI. The peculiar be-
havior observed in VI stems from a close to double reso-
nance situation, which leads to a divergence in the transi-
tion-energy related part of the S tensor (but renders the
molecule unsuitable for practi-
cal applications). Therefore,
dTEN values for fields beyond
12î107 Vcm�1 are not shown
for VI.


To relate the evolution of d


to (a small number of) micro-
scopic parameters, such as tran-
sition energies and transition
dipoles, we have also investigat-
ed the evolution of dapprox de-
rived from the 3-state model
given in Equation (3). The re-
sults are shown in Figure 6.
They fully reproduce the trends
obtained for the converged d


values. Thus, in the following,
we will discuss the evolution of
d as a function of the ground-
state polarization on the basis
of the trends calculated for the
transition dipoles between the
ground state and one-photon
states (Mge) and between the
one- and two-photon states
(Mee’), as well as for the corre-
sponding transition energies
(Ege and Ege’).


We start with an analysis of
the transition energies: the


ground-state polarization dependence of the energies for
one-photon absorption (Ege, corresponding to a transition to
1Bu) and two-photon absorption (Ege’/2, corresponding to a
transition to 2Ag for group 1 molecules or to 3Ag for
group 2 molecules, respectively) is shown in Figure 7, to-
gether with the energy-related term appearing in Equa-
tion (3), [(Ege’/2)


2/(Ege�Ege’/2)
2]. As expected, both Ege and


Eee’ decrease with increasing ground-state polarization. It is
interesting to note that the increased polarization quickly
changes the order of the lowest lying excited states in the
group 2 molecules: the 1Bu state comes to lie below 2Ag al-


Figure 5. INDO/MRDCI calculated evolution of the converged TPA
cross section into 2Ag/3Ag as a function of the strength of the donor and
acceptor groups expressed as the maximum electric field along the mo-
lecular axis induced by the point charges. dTEN is derived from the TPA
tensor as described in methodology section. The values of molecule II
are divided by a factor of two to facilitate comparison.


Figure 6. Evolution of the approximate TPA cross section dapprox, derived
from the three-state model, as a function of the maximum electric field
along the long molecular axis induced by the point charges. The values
for molecule II are divided by a factor of 2 to facilitate comparison.


Figure 7. Evolution of the transition energies to the one-photon-allowed excited state (Ege, &) and half of the
transition energies to the lowest strongly two-photon-allowed excited state (Ege’/2, *) as a function of the max-
imum electric field along the molecular axis induced by the point charges. The î×s describe the evolution of
the energy term entering the three level model [Eq. (3)].
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ready for fields in the order of 1±2î107 Vcm�1. An impor-
tant aspect for the evolution of d is the significant decrease
in the energy difference between Ege and Ege’/2; at very
large ground-state polarizations, all molecules approach a
double resonance situation, which is most pronounced for
molecule VI (vide supra). Thus, the energy-related term in
the 3-state model (î in Figure 7) is strongly enhanced for
large ground-state polarizations.


Mge steadily increases with electric field in all molecules
apart from VI, see Figure 8 (in the latter, this is caused by
an increasing transition dipole to a second one-photon al-


lowed state (2Bu) for large electric fields; however the
impact of channels involving that state remains small).[37]


Both the evolution of Mge and the decreased detuning for
large ground-state polarizations should consequently result
in TPA cross sections increasing strongly with polarization.
However, these effects are more than compensated by the
evolution of the coupling between the one- and two-photon
states; after slightly increasing for moderate fields, Mee’


indeed collapses at large ground-state polarizations, see
Figure 8.


We have shown earlier for donor/acceptor-substituted stil-
benes (molecule I in the present study) that this collapse is
a consequence of a redistribution of oscillator strength as a


result of electron-correlation effects.[15] The evolution of Mee’


calculated in all molecules investigated here can be traced
back to a similar origin: the observed weakening of the tran-
sition dipoles between the 1Bu and 2Ag/3Ag states at large
ground-state polarizations is accompanied by an increase of
the transition dipoles to a higher lying state, which is identi-
fied as the mAg state discussed above. Thus, TPA cross sec-
tions well in excess of the already high values reported in
Table 2 could be expected. However, the evolution of the
mAg energies with increasing ground-state polarization is
nearly parallel to that of the 2Ag/3Ag energies. Since in our
calculations, the mAg energies at zero field are significantly
higher than those of 2Ag/3Ag (see Table 2), at ground-state
polarizations for which Mee’’ has strongly benefited from os-
cillator strength redistribution, the mAg states lie at more
than twice the energies of the 1Bu states. In such a case,
they cannot be exploited for TPA applications.


In the CI approach, the correlation effects responsible for
the redistribution of oscillator strength are expressed by a
mixing of excited configurations. As mentioned above, there
is a significant difference between group 1 and group 2 mol-
ecules. In the group 1 molecules (I, V, VI, and VII), the CI
description of the 2Ag state for small ground-state polariza-
tions is largely dominated by the jH�1!Li excited deter-
minant (one-electron excitation from the HOMO�1 to the
LUMO), while for larger ground-state polarizations, the
doubly excited jH,H!L,Li determinant (both electrons
promoted from the HOMO to the LUMO) plays an increas-
ing role. As a first approximation, namely neglecting all
other determinants contributing to the description of 2Ag


and mAg, the transition dipole moments Mee’ and Mee’’ can
be written as Equations (5a) and (5b):


Mee0 ¼ CjH�1!Li;e0 h1Bujm̂jH�1 ! Li
þ CjH;H!L;Li;e0 h1Bujm̂jH;H ! L;Li


ð5aÞ


Mee00 ¼ CjH�1!Li;e00 h1Bujm̂jH�1 ! Li
þ CjH;H!L;Li;e00 h1Bujm̂jH;H ! L;Li


ð5bÞ


in which the C×s denote the CI coefficients of the relevant
determinants in the description of the 2Ag and mAg wave-
functions and m̂ is the transition dipole operator. For the
2Ag states, Equation (5a), the transition dipole moments be-
tween 1Bu and these two determinants point in different di-
rections (and therefore partly cancel each other); in con-
trast, they add in the case of the mAg states, Equa-
tion (5b).[38] This does not play a significant role for small
ground-state polarizations, since C jHH!LLi,e’ is then relatively
small, as shown in the top graph of Figure 9 for molecules I
and VII. However, for large ground-state polarizations, the
mixing of the two determinants increases, namely, the abso-
lute values of the CI coefficients in Equations (5a) and (5b)
approach each other (see Figure 9). Taking Equations (5a)
and (5b) and the partial cancellation or addition of the two
transition dipoles into account, this increased mixing (in-
creased electron correlation) is responsible for the collapse
of Mee’ and the concomitant increase of Mee’’.


Figure 8. Evolution of the transition dipole moments between the ground
state and the lowest one-photon allowed state (Mge, top) and between the
one-photon state and the lowest strongly two-photon-allowed state (Mee’,
bottom) as a function of the maximum electric field along the molecular
axis induced by the point charges.
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This explanation applies to all group 1 molecules. The
origin of this effect can be qualitatively understood from the
evolution of the molecular orbital energies: the donor and
acceptor substitutions and the additional electric fields tend
to destabilize the occupied frontier orbitals and to stabilize
the unoccupied ones. This results in a strong decrease of the
HOMO±LUMO gap with increasing ground-state polariza-
tion. The gap between HOMO�1 and HOMO, however,
slightly increases in all molecules studied here, since the
HOMO�1 is not as strongly destabilized by the substituents
as the HOMO. Therefore, on the basis of the molecular or-
bital energies, the energy difference between the jH�1!Li
and jH,H!L,Li determinants is expected to decrease with
increasing ground-state polarization. This holds true also
when considering the actual energies of the excited determi-
nants (including the Coulomb and exchange contributions to
the excitation energies), as shown in the bottom part of
Figure 9. The decreased energy splitting between determi-
nants in turn results in an increased mixing and thus in the
transition dipole redistribution discussed above.[39]


Also for the group 2 molecules, a strong excited determi-
nant mixing occurs for large ground-state polarizations. The
collapse of the Mee’ transition dipole can thus also be associ-
ated with correlation effects. An explanation on the basis of
orbital energies is, however, more complex; indeed in


group 2 molecules, the doubly excited jH,H!L,Li determi-
nant enters primarily into the description of the 2Ag state,
which displays weak TPA (see above), while the evolution
of 3Ag is dominated by the mixing of jH�1!Li with
jH!L+1i (and, at large ground-state polarizations, also
with other doubly excited determinants).


Another interesting effect is that, while M
�!


ge and M
�!


ee’


are virtually parallel at small ground-state polarizations, the
angle between them significantly increases for the largest
electric fields considered in our studies: in I, the angle in-
creases from 78 to 318 ; in II, from 08 to 218 ; in III, from 18
to 468 ; in IV, from 198 to 448 ; in V from 128 to 328 ; and in
VI, from 78 to 408 for the field range for which Mee’ is re-
ported in Figure 8. This is attributed to a decrease in the
M
�!


ee’ component parallel to the long molecular axis and an
increase in the component perpendicular to it. This can be
understood from the corresponding transition densities
shown in Figure 10 for various electric fields (covering the
field range for which values are given in Figure 8). Here,
molecules II and VI are chosen as representative examples
for group 1 and group 2 systems, respectively. At small
ground-state polarizations, M


�!
ee’ is dominated by transition


densities along the molecular backbone (largely localized on
the nitrogen atoms of the dimethylamino groups), while
there is hardly any transition density on the cyano groups.
At large ground-state polarizations (i.e. , large external elec-
tric fields), the transition densities on the dimethylamino
groups are strongly suppressed, leading to a major decrease


Figure 9. Top: Evolution of the CI coefficients of the jH�1!Li and
jH,H!L,Li determinants in the description of the 2Ag states of mole-
cules I (&) and VII (î); the inset provides a schematic representation of
the evolution of the molecular orbital energies. Bottom: Energies of the
jH�1!Li and jH,H!L,Li determinants as a function of the maximum
electric field along the molecular axis induced by the point charges.


Figure 10. Transition densities associated with the Mee’ transition dipole
moment for fields ranging from the lowest applied field (point charges at
a distance of 10 ä from the molecular plane) to the highest field for
which Mee’ is reported in Figure 8.
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in the longitudinal transition dipole. The remaining transi-
tion densities are concentrated on the cyano groups (in II)
and on the central phenylene ring (in VI). For those transi-
tion densities, the distances from the center of inversion of
the molecules are small, which results in small contributions
to the transition dipoles [Eq. (4)]; moreover, the resulting
large angle between M


�!
ge and M


�!
ee’ further reduces the ef-


fective value of Mee’ according to Equation (6), as described
in the Computational Methods section.


Mee0 ¼ j M�!ee0 j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2Vþ 1


3
sin2V


r
ð6Þ


Conclusion


We have applied correlated quantum-chemical calculations
to analyze the two-photon absorption response in a series of
p-conjugated molecules, which are substituted by donor (D)
and acceptor (A) groups in a D-A-D quadrupolar fashion.
We have considered various backbones: stilbene, distirylben-
zene, polyene, thienylenevinylene, and indenofluorene.


The molecules can be classified into two groups, depen-
ding on whether or not they have a one-photon forbidden
2Ag state below the 1Bu state. When this is the case (group 2
molecules), the TPA cross section into the 2Ag state is very
small, but is significant into 3Ag. For group 1 molecules, the
dominant TPA active state in the low-energy region is 2Ag.
In both groups of molecules, we find a second TPA-active
state at higher energies (mAg), whose TPA cross section is
strongly enhanced on account of a low energy-detuning
factor. It was found that increasing the distance between the
donor groups by increasing the conjugation length resulted
in markedly higher d values, while increasing the distance
between the acceptors and the backbone (in a direction per-
pendicular to the long molecular axis) is rather detrimental
to the TPA response. The largest d value into the lowest
TPA state is obtained for the polyene backbone (d=
1500 GM), while the TPA cross sections for excitation into
mAg is about one order of magnitude higher.


To simulate the influence of stronger donor and acceptor
groups and/or highly polar media, we have systematically in-
creased the degree of ground-state polarization of the mole-
cules by applying an external electric field in the form of
quadrupolar point charge distributions. Interestingly, we find
the same trends for all molecules: the TPA cross section
first increases significantly (reaching values beyond
20000 GM for the polyene-type backbone) and then collap-
ses for very large ground-state polarizations. The latter
effect can be explained by an electron correlation-induced
oscillator-strength redistribution.


Computational Methods


Optimizing the geometry : The molecular geometries were optimized
with the semiempirical Austin Model1 (AM1) method.[40] When ap-
proaching the point charges toward the molecular plane, the bond lengths
were reoptimized for each step. Note that we kept the bond angles at the


values optimized for the molecules without point charges, in order to
avoid artifacts related to distortions resulting from the electrostatic inter-
actions among the point charges. These would lead to unreliable results,
especially in the case of molecule V, for which a full optimization results
in significantly curved bonds between the central vinylene units and the
cyano groups. Test calculations with fully reoptimized geometries in com-
pound I, one of the chromophores in which these effects play only a
minor role, yielded no significant deviations from calculations in which
the bond angles were kept fixed.


Excitation energies and transition dipoles : The electronic structure in the
ground and excited states was calculated with the semiempirical Inter-
mediate Neglect of Differential Overlap (INDO) Hamiltonian.[41] To ac-
count for correlation effects, which are essential to describe properly
TPA-active states,[33, 15] the INDO Hamiltonian was coupled to a Multi-
Reference-Determinant Single-and-Double-Configuration-Interaction
technique (MRD-CI).[42,43] This technique has been found to provide ex-
citation energies and dipole matrix elements in good agreement with ex-
periment.[5, 44] The Mataga±Nishimoto (MN) potential[45] was used to de-
scribe the Coulomb repulsion terms, as it is our experience that this po-
tential usually yields a better agreement with a number of spectroscopic
data[12,46,47] than the Ohno±Klopman (OK) potential[48] used in several
previous studies[5, 8,19] (to insure that the overall effects described in this
work are parameter independent, we also performed extensive tests with
the Ohno±Klopman potential; although the exact values of transition en-
ergies and transition matrix elements somewhat differ between the two
potentials, the trends are very similar; a more extended comparison can
be found in ref. [15]).


The CI-active space was scaled according to the size of the molecules
(apart from molecule VI, where for higher excitations we were limited to
the same active orbitals as in I). We included the single excitations be-
tween all p-orbitals and the perpendicular p orbitals in the CN groups.
For higher excited determinants, the CI-active space had to be restricted
owing to size limitations (I, VI, VII : six highest occupied to six lowest
unoccupied p orbitals; II : five highest occupied to five lowest unoccupied
p orbitals; III and IV: six highest occupied to five lowest unoccupied p


orbitals; V: between six occupied and six unoccupied p orbitals that are
equivalent to the orbitals chosen for the description of I). Care was taken
to ensure that equivalent orbitals were selected for the various mole-
cules; for increasing ground-state polarizations (when the order of the or-
bitals changes), we used the orbitals at low ground-state polarization as
prototypes for the selection of the CI active space. The reference deter-
minants included in all molecules were the SCF determinant as well as
the determinants in which one or two electrons are promoted from the
HOMO to the LUMO. Additional reference determinants were consid-
ered when they strongly contributed to the description of the studied
one- and two-photon allowed states (these were the HOMO�1!LUMO
determinant in all molecules, the HOMO!LUMO+1 determinant in II,
III, IV and VII, and the HOMO�1!LUMO+1 determinant in VII).


Calculating the TPA cross section : The calculation of the TPA cross sec-
tion from the TPA tensor was discussed above in the section on the theo-
retical approach. It has been shown[49] that this method is equivalent to
calculating d from the frequency-dependent imaginary part of the third-
order polarizability g, when using the perturbative Sum-Over-States
(SOS) expression given by Orr and Ward[50] and retaining only those
terms that contain a two-photon resonance to a given state je’i. The
latter method has been applied in numerous previous studies. We found
deviations between the two methods only when approaching a double-
resonance situation in which the energy of the two-photon state was
nearly twice that of the one-photon state. These differences are discussed
below.


When calculating the TPA cross section from the two-photon tensor S,
for the sake of consistency, we chose Lorenzian×s lineshape functions
with a full width at half maximum set to twice the value of the damping
factor G in the SOS expression.[51] To ease comparison with previous stud-
ies, we then reported the maximum values of the resulting peaks in d for
excitation to a particular state je’i. G was set to 0.1 eV, in agreement with
previous investigations. (Possible differences in the homogeneous and in-
homogeneous broadening in different materials were not considered.
Choosing a correspondingly modified width for the normalized lineshape
functions would influence the values of the TPA maxima, but not the
TPA response integrated over the full spectral feature.)
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Note that, in general, the transition dipoles among the various excited
states were not fully parallel. For calculations that employ the full expres-
sion for Se’ (denoted as dTEN), this aspect was accounted for by the tensor
nature of Se’ and the averaging according to Equation (2). However,
when the converged results are analyzed with the three-state model given
in Equation (3), Mee’ had to be viewed as an effective transition dipole.
In the investigated molecules, the angle between M


�!
ge and M


�!
ee’ was usu-


ally very small, but it can reach values of up to 408 for large ground-state
polarizations. According to Cronstrand et al. ,[10] the effective transition
dipole describing M


�!
ee’ in the 3-state model is determined by the norm of


the transition dipole vector j M
�!


ee’ j and V, the angle between the transi-
tion dipole vectors M


�!
ge’ and M


�!
ee’ [Eq. (6)]. Thus, whenever analyzing


trends based on the 3-state model, the values of Mee’ are given instead of
j M
�!


ee’ j .
Deviations between d values calculated from the TPA tensor (dTEN) and
from Im(g) using the SOS approach (dSOS): When calculating d from
Im(g) with the SOS algorithm (dSOS), significant deviations from dTEN


were found only when approaching a double-resonance situation, namely,
when the photon energy for nonlinear absorption approached that for
linear absorption. This is related to the fact that Im(g) and consequently
dSOS not only contain two-photon absorption contributions, but are pro-
portional to the overall nonlinear absorption cross section that can con-
tain contributions from other processes, such as ground-state bleaching.
This can be shown, for example, by solving the damped nonlinear wave
equations. When approaching the region of linear absorption, effects,
such as ground-state bleaching, start to play a role. In fact, terms similar
to the microscopic description of ground-state bleaching can be identified
in the negative resonances in the SOS description of Im(g) around the
one-photon absorption energy. As these effects are intensity-dependent
and reduce the overall absorption coefficient in the spectral region
around the one-photon resonance, they give a negative contribution to
the nonlinear absorption coefficient. This can be seen, for example, in
Figure 11 for the evolution of dSOS. The general trends are similar to


those shown in Figure 5 for dTEN; however, as the ground-state polariza-
tion is increased, dSOS collapses at much smaller applied fields than dTEN.
This is because the d values plotted in Figure 11 are the maxima of the
energy-dependent nonlinear absorption cross section including all excited
states and thus are determined by the overlap of the true TPA features
with the negative resonances originating from ground-state bleaching.
These effects also affect the TPA cross sections to the higher lying Ag


states in compounds III and IV (see Table 2).


At this point, one should note that the perturbative description applied
in the SOS approach (which assumes, for instance, an identical damping
for all excited states) cannot provide a proper description of ground-state
bleaching effects. One of the reasons is that the lifetimes, which corre-


spond to the damping factors in the SOS expression, are related to the
dephasing times of the system, while ground-state bleaching is deter-
mined by the total incoherent lifetime of the S1 state. Therefore, the de-
scription of TPA by dSOS at energies relatively close to one-photon ab-
sorption features has to be considered with care.
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Synthesis and Characterization of Monodisperse Oligofluorenes


Jungho Jo,+[b] Chunyan Chi,+[a] Sigurd Hˆger,[c] Gerhard Wegner,*[a] and Do Y. Yoon*[b]


Introduction


9,9-Disubstituted polyfluorenes find extensive scientific and
technological application as efficient organic blue-light-emit-
ting diode materials.[1,2] Polyfluorenes show extremely high
photoluminescence quantum yields, high thermal and oxida-
tive stability, and good solubility in common organic sol-
vents for easy processing by spin- or dip-coating methods.[3]


They also exhibit interesting thermotropic liquid-crystal
characteristics,[4] and consequently, upon annealing in the
nematic melts, the polymer chains were shown to be easily
aligned on a rubbed polyimide surface.[5] Such an alignment
of the polymer results in the polarization of the emitted
light and improves the charge carrier mobility, a prerequisite
for the fabrication of an organic thin-film transistor.[6] Thus,
the ability of the polyfluorenes to align excellently paves the
way to make thin films with highly anisotropic electrooptical
and electrical properties.[7]


Polyfluorenes are readily prepared by Ni0-mediated cou-
pling of the corresponding dibromo monomers. Polymers
obtained by this method have weight-averaged molecular
weights (Mw) of the order of several hundred thousand with
polydispersities of around three (according to GPC analysis
against polystyrene standards). The long chain lengths and
the polydispersity in chain lengths lead to complex structur-
al characteristics of the thin films and make it very difficult
to establish a proper structure±property relationship. More-
over, the normal synthetic procedure leads to incorporation
of a small amount of chemical defects, which may be re-
sponsible for undesirable green-band emission characteris-
tics.[8]


Therefore, for better understanding of the structure±prop-
erty relationships of polyfluorenes, it would be very helpful
to study the properties of a series of pure oligomers with
well-defined length and no chemical defects. The absorption
spectra of a series of oligomers will allow the estimation of
the effective conjugation length of the polymer.[9] In addi-
tion, a detailed study of the photoluminescence spectra of
pure oligomers may help to solve questions concerning the
origin of the green-emission band observed in the photolu-
minescence and electroluminescence spectra of polyfluorene
films.[10] Moreover, well-defined, defect-free oligofluorenes
may also be welcome as active materials in organic light-
emitting diodes and organic thin-film transistors.
Monodispersed dialkyl fluorene oligomers were first re-


ported by Klaerner and Miller.[11] They showed that the Ni0-
mediated oligomerization of 2,7-dibromo-9,9-bis(n-hexyl)-
fluorene in the presence of 2-bromofluorene as an end-cap-
ping agent gives a mixture of oligomers and low-molecular-
weight polymers that could be fractionated by HPLC. From
the spectroscopic properties of the samples, the effective
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Abstract: An efficient synthesis of 9,9-
bis(2-ethylhexyl)fluorene oligomers up
to the heptamer is reported, with repet-
itive Suzuki and Yamamoto coupling
reactions employed in the synthesis.
The key steps for preparation of the es-
sential intermediates include Pd-cata-
lyzed transformation of aryl bromides
to aryl boronic esters (Miyaura reac-


tion) and the application of the much
higher reactivity of aryl boronic esters
over aryl bromides in the Pd-catalyzed
cross-coupling reaction with aryl diazo-


nium salts. Variation of the UV/Vis ab-
sorption and photoluminescence char-
acteristics with chain length is report-
ed. Moreover, glass transition and
liquid-crystal characteristics of the
oligomers are described and compared
with those of the polymer.


Keywords: fluorene ¥ glasses ¥ liq-
uid crystals ¥ oligomerization ¥ pho-
toluminescence
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conjugation length was estimated to be approximately
12 fluorene units. Lee and Tsutsui prepared a series of oli-
gofluorenes up to the tetramer by a repetitive 2n divergent
approach from 2,7-dibromo-9,9-bis(n-hexyl)fluorene, with
coupling with bis(n-hexyl)fluorene-2-borate and subsequent
bromination of the coupling product.[12] Anemian et al. syn-
thesized monodisperse dihexylfluorene oligomers up to the
hexamer by a combination of Suzuki and Yamamoto cou-
pling reactions.[13] Oligomers with n repeating units contain-
ing only one bromine atom at positions 2 or 7 on the end
fluorenes were prepared by coupling the corresponding
monoboronate (n�1) with 2-bromo-7-iodo-9,9-bis(n-hexyl)-
fluorene at the iodo site, which is significantly more reactive
than the bromo site. The resulting monobromo oligomers
were then coupled by a Yamamoto reaction. Most recently,
a detailed description of the synthesis, optical properties,
and solid-state properties of defined oligofluorenes, up to
the hexadecamer, containing chiral substituents at position 9
was presented by Geng et al.[14] Here again, the iodo/bromo
selectivity in the Suzuki coupling reaction and the use of tri-
methylsilyl groups as dormant iodides were used as key fac-
tors in the oligomer synthesis.
The enormous success of the Suzuki reaction[15] in the


preparation of these oligomers arises from the high yield of
the coupling reaction together with the easy availability of
the boronic acids and the boronates.[16] They are prepared in
good to excellent yields by halogen±metal exchange and
subsequent trapping of the aryl lithium compound with trial-
kylborates. Recently, the scope of this reaction has been dra-
matically expanded by the discovery that aryl boronates are
also available directly from the aryl halides by a Pd0-cata-
lyzed reaction with the pinacol ester of diboron (the
Miyaura reaction).[17] This transformation avoids the use of
strongly basic organometallic reagents and thus allows the
preparation of a wide variety of functionalized aryl boronic
esters.
Here, we present the synthesis of oligofluorenes from the


dimer up to the heptamer by Suzuki and Yamamoto reac-
tions,[18] with the Miyaura reaction employed for the first
time for the preparation of the aryl boronates. Also, we
have taken advantage of a large difference in the reactivity
between aryl diazonium salts and aryl bromides in the
Suzuki coupling reaction[19] in the preparation of the key in-
termediates. The oligomers have been characterized with re-
gards to their optical (absorption and photoluminescence)
properties and their phase behavior, including glass transi-
tion and liquid-crystal characteristics. Finally, the properties
of the oligomers are compared with those of the polymer in
order to gain new insights into the polymer properties.


Results and Discussion


Synthesis of oligofluorenes : The synthetic route towards the
oligofluorenes is shown in Scheme 1. First, 2,7-dibromofluor-
ene and 2-bromofluorene were alkylated with 2-ethylhexyl
bromide to give the di- and monobromides of fluorene, 1
and 3, respectively. Both of these compounds, as well as the
corresponding boronic acids, have already been reported in


the literature.[11±14] However, in our synthesis, we trans-
formed the aryl bromides into the corresponding aryl boron-
ic esters with the Miyaura reaction. In these reactions the
corresponding boronic esters, 2 and 4, are formed in high
yields (>90%) and can easily be purified by column chro-
matography. Compounds 4 and 2 were then coupled with 3
to give the fluorenyl dimer 5 and trimer 6, respectively.


Scheme 1. Synthesis of the oligofluorenes: a) 2-Ethylhexyl bromide, 50%
aqueous NaOH/DMSO, room temperature; b) bis(pinacolato)diboron,
AcOK/DMF, [Pd(dppf)Cl2], 60 8C; c) [Pd(PPh3)4], toluene/aqueous
Na2CO3, reflux; d) BF3¥OEt2, butylnitrite/dichloromethane, �10 8C;
e) Pd(OAc)2/EtOH, reflux; f) Br2, dichloromethane, reflux; g) [Ni(cod)2],
COD, Bipy, toluene/DMF, 80 8C. DMSO=dimethylsulfoxide, DMF=
N,N-dimethylformamide, dppf=1,1’-bis(diphenylphosphanyl)ferrocene,
COD=cycloocta-1,5-diene, Bipy=2,2’-bipyridine.
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To synthesize the longer fluorene oligomers, the unsym-
metrical monobrominated intermediates, such as 9 and 11,
are essential. However, these intermediates cannot be ob-
tained directly by bromination of 5 or 6 with bromine, since
statistical product mixtures are obtained which are very dif-
ficult to separate on a large scale. One possibility to obtain
the monobrominated intermediates is to use compounds
with one potential reaction site in a protected form (for ex-
ample, trimethylsilyl groups instead of bromo or iodo func-
tionalities[20]) as described by Geng et al.[14] Another way is
to use fluorene derivatives with two reaction sites of signifi-
cantly different reactivity. In the latter case, the use of bro-
moiodofluorene derivatives is quite obvious since the reac-
tivity of aryl iodides towards the Suzuki coupling is substan-
tially higher than the reactivity of aryl bromides; this con-
cept has already been used by Anemian et al.[13]


A good alternative approach is to use the large reactivity
difference between aryl diazonium salts and aryl bromides
in the cross-coupling reaction with aryl boronates. Since the
reaction with aryl diazonium salts does not need a base such
as Na2CO3, which is essential in the Suzuki coupling reac-
tion with aryl bromides, the coupling reaction takes place
only at the site of the diazonium salt. Hence, we employed
this reaction in our synthetic procedure as follows.
2-Amino-7-bromofluorene was alkylated with 2-ethylhex-


yl bromide to give 7 in 82% yield; 7 was subsequently trans-
formed into the corresponding diazonium salt 8 (81%).
Cross-coupling reaction of 4 and 8 with Pd(OAc)2 gave 9 in
70% yield within an hour. This result shows that the reactiv-
ity difference between aryl diazonium salts and aryl halides
is larger than that between aryl iodides and aryl bromides. 9
was transformed into the corresponding boronic ester 10 in
56% yield with the Miyaura reaction. Subsequently, the
cross-coupling reaction of 10 and 8 gave 11 in 48% yield.
Another method we have used to obtain the monobro-


mides is to treat the monoboronate with an excess of the di-
bromofluorene. Indeed, the coupling of 4 with an excess of
1 was successfully performed by using only 1.5 equivalents
of 1 to give the monobrominated dimer 9 in 50% yield (not
shown in Scheme 1). Similarly, the monobrominated trimer
11 was obtained in 45% yield by the reaction of 4 with 1.5-
fold excess of the dibrominated product 12, which was pre-
pared from 5 in 90% yield.[21] Both methods led to identical
compounds, thereby demonstrating the validity of our syn-
thetic methodology.
Yamamoto homocoupling re-


actions of 9 and 11 gave the flu-
orenyl tetramer 13 and hexam-
er 15, respectively, both in
�50% yield. The fluorenyl
pentamer 14 was obtained with
a cross-coupling reaction of 9
and 2 in 47% yield. The high
reactivity of the diazonium salts
was also used to prepare the di-
bromofluorenyl trimer 16,
which was obtained in 54%
yield by coupling of 2 and 8.
Although 16 can, in principle,


also be prepared by the bromination of 6, a detailed mass
spectral analysis of the crude reaction products showed that
varying amounts of tribromide contaminate the dibromide.
Since even small amounts of an impurity affect the liquid-
crystalline behavior of the oligomers, we avoided the bromi-
nation of the fluorenyl trimer and higher oligomers in our
oligomer synthesis. The fluorenyl heptamer 17 was obtained
in 38% yield by cross-coupling reaction of 10 and 16.


Optical properties of oligofluorenes : Electronic absorption
spectra of monodisperse oligo(9,9-bis(2-ethylhexyl)fluorene-
2,7-diyl) compounds 5, 6, 13, 14, 15, and 17 in diluted
chloroform solution with the same fluorene unit concentra-
tion (1.0î10�5m) are shown in Figure 1 and the data are col-
lected in Table 1.


The oligofluorenes exhibit unstructured absorption bands,
as is also seen for polyfluorenes.[3] The absorption maximum
is red-shifted with increasing number (n) of fluorene units.
The molar extinction coefficients (e) of the oligofluorenes
show a good approximation of a linear increase with n from
dimer to heptamer, as seen in Table 1. The increment is
30.3î103 Lmol�1 cm�1 for each repeat unit. The plot of the
wave number of the maximum absorption versus 1/n follows


Figure 1. UV/Vis absorption of oligofluorenes (dimer to heptamer) in
chloroform solution at room temperature at a fixed concentration of flu-
orene repeat units of 1.0î10�5 moleL�1.


Table 1. Summary of UV/Vis absorption (nmax(abs)) and photoluminescence (nmax(PL)) spectra for the fluorene
oligomers and polymer, from chloroform solutions and solid films.[a]


Sample Solution Film
nmax(abs) emax nmax(PL) nmax(abs) nmax(PL)
[cm�1] [L mol�1 cm�1] [cm�1] [cm�1] [cm�1]


dimer 5 30580 49170 27400 25970 30400 27100 25770
trimer 6 28740 81330 25380 24100 28650 25130 23870
tetramer 13 27930 111500 24750 23470 27550 24390 23200
pentamer 14 27400 141700 24450 23150 27030 23980 22940
hexamer 15 27170 173000 24330 23040 26880 23810 22780
heptamer 17 26880 200300 24270 23040 26810 23700 22730
polymer 26110 ± 24100 22940 25910 23590 22570


[a] Since the resolution of the low-energy peak was too low at the temperature at which the data were record-
ed, only the nmax values of the two high-energy components are given.
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a linear fit, as shown in Figure 2. The polymer has a maxi-
mum absorption at 26110 cm�1 (383 nm);[3] hence, we can
estimate an effective conjugation length of 14 repeat units


from the plot in Figure 2, a figure that can be compared
with the reported value of 12 for poly(9,9-bis(n-hexyl)fluor-
ene-2,7-diyl).[11] The UV/Vis absorption spectra of thin films
of the oligofluorenes on quartz substrates are practically
identical to the solution data except for slight red-shifts in
the absorption maxima, as listed in Table 1.
Figure 3a shows the photoluminescence (PL) spectra of


the oligomers from dimer 5 to heptamer 17 in chloroform
with the same concentration of fluorene units (1.0î10�6m),
excited at the corresponding energy of maximum absorp-
tion. Similar to polyfluorenes, three well-resolved fluores-
cence bands are observed. They may be assigned to the 0±0,
0±1, and 0±2 intrachain singlet transitions.[22] The spectral
position and the intensity of the PL maximum changes with
the number of fluorene units, n. This is explained by the in-
crease of effective conjugation from dimer 5 up to heptamer
17. Notably, the relative intensity of the three emission
bands also changes with n. The relative intensity of the 0±0
transition increases with n, while that of the 0±2 transition
decreases. This may be related to an increase of the intra-
chain coupling interaction with the molecule×s length.
Normalized solid-state PL spectra of oligofluorenes 5, 6,


13, 14, 15, and 17 from thin films on a quartz plate excited
at the absorption maxima are shown in Figure 3b and the
key data are listed in Table 1. Relative to the PL spectra
measured in solution, red shifts in the emission maxima are
observed and the relative intensities of the 0±2 intrachain
singlet transition increase in all cases. Most importantly, the
green-band emission usually seen for the polymer[3] is
absent for all of the oligomers (Figure 3b). Even upon high-
temperature annealing (180 8C) in air, this green emission is
still negligible for the oligomers. This result casts doubt on
the widely discussed hypothesis that the green emission seen
with varable intensity in polymer samples (Figure 3b) origi-
nates from excimer formation by interchain interaction. It is


difficult to see why such interchain interactions should be
suppressed in the case of oligomers if this explanation was
true.


Phase transition characteristics of oligofluorenes : The DSC
traces shown in Figure 4 clearly exhibit the glass transition
temperatures for all of the oligomers in the low-temperature
range, followed by an endothermic transition for the tetram-
er 13, pentamer 14, hexamer 15, and heptamer 17 as the
temperature is increased. The latter transition is identified
as the liquid-crystalline to isotropic transition from the po-
larized optical microscopy study. The Schlieren texture and
the very small enthalpy value of the transition, as shown in
Table 2, indicate that the liquid-crystal structure is probably
of nematic character, but a further study on this topic is in
progress.
The isotropization temperature Tiso of this liquid-crystal-


line to isotropic transition extrapolates to a hypothetical
Tiso(Polymer) for n!¥ of 475 8C if plotted in the coordi-
nates Tiso=Tiso(n!¥)(1�KXE) where XE is the mole frac-


Figure 2. Plot of ñmax versus reciprocal degree of polymerization n.


Figure 3. a) Fluorescence spectra of oligofluorenes (dimer to heptamer)
in chloroform solution at room temperature at a fixed concentration of
fluorene repeat units of 1î10�6 moleL�1. b) Photoluminescence spectra
of thin films of the oligofluorenes (dimer to heptamer). The spectrum for
the polymer, also shown in this figure, was obtained for a sample an-
nealed at 180 8C for 1 h in air.
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tion of end groups and K is an empirical constant. This tem-
perature is well above the decomposition range of the high
polymer. In this regard, it is important to note that the poly-
mer exhibits a well-known ™melting∫ transition around
160 8C. Above 160 8C the polymer exists in a nematic liquid-
crystal phase; below that temperature another solid phase is
formed, the true nature of which is not yet understood. It
may be of higher order smectic type but of such a rigidity of
the packing that a transition to a glassy state is suppressed.
Whether this substantial difference in the phase structure
and nature of transitions has consequences for the electro-
optical properties of these materials needs to be studied fur-
ther.
The glass transition temperatures, listed in Table 2, tend


to level off as the chain length increases and exhibit n�1 de-
pendence of the type: Tg=64.0�174.7n�1.


Therefore, the extrapolated Tg for the polymer is estimat-
ed to be approximately 64 8C. The occurrence of this glass
transition is difficult, if not impossible, to see in the DSC
thermogram for the polymer (see Figure 4). This may be
due to the above-mentioned differences of the liquid-crystal
phases in the polymer and in the oligomers.


Conclusion


Oligofluorenes up to the heptamer can be synthesized on
the hundred-milligram scale by a stepwise route involving
Suzuki and Yamamoto coupling reactions. The synthesis of
the boronates for the Suzuki coupling is based on the Pd-
catalyzed transformation of aryl bromides into boronates, a
process that avoids strongly basic aryl lithium intermediates.
Therefore, this methodology has potential for the synthesis
of oligofluorenes containing a variety of functional groups.
The synthesis of mono- or dibrominated fluorenyl oligomers,
which are essential for expanding of the chain length, is
based on the much higher reactivity of aryl boronates over
aryl bromides in the Pd-catalyzed cross-coupling reaction
with aryl diazonium salts.
The pure oligomers as solid films do not show the unde-


sired green-band emission characteristics of the polymer.
Moreover, they are found to align more readily to form
monodomains on various surfaces, as will be published else-
where. The oligomers from tetramer to heptamer show a
liquid-crystal phase with clearly defined isotropization tem-
peratures; this allows extrapolation to the expected isotropi-
zation temperature of the polymer at around 475 8C, well
above the thermal decomposition temperature. Most impor-
tantly, the oligofluorenes do not show the same high-order
phase that the polymer exhibits below the melting tempera-
ture of approximately 160 8C. However, unlike the polymer,
the oligomers do show a glass transition temperature which
exhibits n�1 dependence and allows extrapolation to a hypo-
thetical glass transition of the polymer at around 64 8C. As
this glass transition refers to a freezing of a liquid-crystal
phase not seen for the polymer, it is not too surprising that
this phenomenon cannot be detected for the polymer.


Experimental Section


General remarks : Reactions requiring an inert gas atmosphere were con-
ducted under argon and the glassware was oven-dried (140 8C). Tetrahy-
drofuran (THF) was distilled from potassium prior to use. Commercially
available chemicals were used as received. 1H NMR and 13C NMR spec-
tra were recorded on Bruker DPX 250 or AC 300 spectrometers (250 and
300 MHz for 1H, 62.5 and 75.48 MHz for 13C). Chemical shifts are given
in ppm, referenced to residual proton resonances of the solvents. Thin-
layer chromatography was performed on aluminium plates precoated
with Merck 5735 silica gel 60 F254. Column chromatography was per-
formed with Merck silica gel 60 (230�400 mesh). Field desorption spec-
tra were recorded on a VG ZAB 2-SE FPD machine. Differential scan-
ning calorimetry was measured on a Mettler DSC 30 with a heating or
cooling rate of 10 Kmin�1. Polarization microscopy was performed on a
Zeiss Axiophot apparatus with a nitrogen-flushed Linkam THM 600 hot
stage. UV/Vis spectra were recorded at room temperature with a Perkin±
Elmer Lambda 9 UV/Vis/NIR spectrophotometer. Photoluminescence
spectra were obtained on a Spex Fluorolog II (212) apparatus. Optical
properties of solid thin films were normally obtained for samples spin-
coated on a quartz substrate from dilute chloroform solutions and dried
under vacuum. Elemental analysis were performed by the University of
Mainz. Melting points were measured with a Reichert hot-stage appara-
tus and are uncorrected.


2,7-Dibromo-9,9-bis(2-ethylhexyl)fluorene (1): 2-Ethylhexylbromide
(38.73 g, 185.18 mmol, 35.74 mL) was added to a mixture of 2,7-dibromo-
fluorene (25.0 g, 77.16 mmol) and triethylbenzylammonium chloride
(0.878 g, 3.86 mmol, 5 mol%) in DMSO (125 mL) and 50% aqueous


Figure 4. DSC traces for the oligofluorenes (dimer to heptamer; second
heating at 10 8Cmin�1). The DSC trace for the polymer is also shown for
comparison.


Table 2. Summary of glass transition temperature (Tg), isotropization
temperature (Tiso), and the enthalpy of isoptropization value (DHiso) for
the oligofluorenes.


Sample Tg [K] Tiso [K] DHiso [J g
�1]


dimer 5 252 ± ±
trimer 6 274 ± ±
tetramer 13 295 337 0.50
pentamer 14 301 399 0.47
hexamer 15 307 463 0.71
heptamer 17 315 519 0.74
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NaOH (31 mL). The reaction mixture was stirred at room temperature
for 5 h. An excess of diethyl ether was added, the organic layer was
washed with water, diluted HCl, and brine, then dried over MgSO4. The
solvent was removed under vacuum and the residue was purified by
column chromatography over silica gel with n-hexane as the eluent (Rf=


0.78) and solidified from EtOH at �30 8C to give 1 as a white solid
(36.21 g, 85.6%): M.p. 45±54 8C; 1H NMR (250 MHz, CD2Cl2): d=7.57±
7.43 (m, 6H), 1.94 (d, J=5.35 Hz, 4H), 0.89±0.68 (m, 22H), 0.55±0.41 (m,
8H) ppm; 13C NMR (62.5 MHz, CDCl3): d=152.3, 139.1, 130.1, 127.4,
121.0, 55.3, 44.3, 34.6, 33.6, 28.0, 27.1, 22.7, 14.0, 10.3 ppm; MS (FD):
m/z : 548.2 [M+].


2-Bromo-9,9-bis(2-ethylhexyl)fluorene (3): Compound 3 was prepared ac-
cording to the method used for 1 by using 2-ethylhexylbromide (43.3 g,
224.5 mmol, 39.9 mL), 2-bromofluorene (25.0 g, 102.0 mmol), triethylben-
zylammonium chloride (1.16 g, 5.10 mmol, 5 mol%), DMSO (165 mL),
and 50% aqueous NaOH (41 mL). Purification by column chromatogra-
phy over silica gel with n-hexane as the eluent (Rf=0.72) gave 3 as a col-
orless liquid (43.14 g, 90.1%): 1H NMR (250 MHz, CD2Cl2): d=7.70±7.26
(m, 7H), 1.97 (m, 4H), 0.90±0.43 (m, 30H) ppm; 13C NMR (62.5 MHz,
CDCl3): d=152.8, 150.0, 140.3, 129.8, 127.3, 126.9, 124.0, 120.9, 120.4,
119.6, 55.1, 44.4, 34.6, 33.6, 28.0, 27.0, 22.7, 14.0, 10.4 ppm; MS (FD):
m/z : 470.2 [M+].


2,7-Bis(4,4,5,5-tetramethyl[1.3.2]dioxaborolan-2-yl)-9,9-bis(2-ethylhexyl)-
fluorene (2): Under an argon atmosphere, 1 (2.43 g, 4.43 mmol), bis(pina-
colato)diboron (4.05 g, 15.94 mmol), KOAc (2.60 g, 26.57 mmol), and
Pd(dppf)Cl2 (0.226 g, 0.266 mmol) were dissolved in DMF (40 mL) and
heated to 60 8C overnight. After the reaction mixture was cooled to room
temperature, water and diethyl ether were added. The aqueous phase
was extracted with diethyl ether and the combined organic layers were
dried over MgSO4. The solvent was removed under vacuum and the resi-
due was purified by column chromatography over silica gel with petrole-
um ether/dichloromethane (3:1) as the eluent (Rf=0.34) and solidified
from EtOH at �30 8C to give 2 as a white solid (2.60 g, 91.5%): M.p.
85.5±87.6 8C; 1H NMR (250 MHz, CD2Cl2): d=7.84±7.69 (m, 6H), 2.00
(d, J=5.3 Hz, 4H), 1.36 (s, 24H), 0.86±0.50 (m, 22H), 0.48±0.45 (m,
8H) ppm; 13C NMR (62.5 MHz, CDCl3): d=150.1, 143.9, 133.5, 130.4,
119.2, 83.5, 54.7, 44.0, 34.6, 33.5, 27.8, 27.2, 24.8, 22.7, 14.1, 10.3 ppm; MS
(FD): m/z : 643.0 [M+].


2-(4,4,5,5-Tetramethyl[1.3.2]dioxaborolan-2-yl)-9,9-bis(2-ethylhexyl)fluor-
ene (4): Compound 4 was prepared according to the method used for 2
by using 3 (14.07 g, 30.0 mmol), bis(pinacolato)diboron (12.19 g,
48.0 mmol), KOAc (8.82 g, 90.0 mmol), and [Pd(dppf)Cl2] (1.23 g,
1.5 mmol) in DMF (300 mL). Column chromatography over silica gel
with petroleum ether/dichloromethane (4:1) as the eluent (Rf=0.59) af-
forded 4 as an oily product (14.78 g, 95.5%): 1H NMR (250 MHz,
CD2Cl2): d=7.82±7.64 (m, 4H), 7.36±7.21 (m, 3H), 2.0±1.86 (m, 4H),
1.34 (s, 24H), 0.86±0.65 (m, 22H), 0.50±0.43 (m, 8H) ppm; 13C NMR
(62.5 MHz, CDCl3): d=151.0, 149.5, 144.2, 141.1, 133.6, 130.3, 126.6,
124.1, 120.0, 118.8, 83.5, 54.8, 44.5, 44.1, 34.6, 33.5, 28.2, 27.8, 27.3, 26.8,
24.8, 22.7, 14.1, 10.5, 10.1 ppm; MS (FD): m/z : 516.7 [M+].


9,9,9’,9’-Tetrakis(2-ethylhexyl)-2,2’-bifluorene (5): A mixture of 4 (5.17 g,
10.0 mmol) and 3 (4.69 g, 10.0 mmol) in toluene (50 mL) and 2m aqueous
Na2CO3 solution (25 mL, 50 mmol) was degassed by pump and freeze
cycles (3î) and [Pd(PPh3)4] (0.577 g, 0.5 mmol) was added under argon.
The solution was heated to reflux with vigorous stirring for 20 h. After
the reaction mixture was cooled to room temperature, diethyl ether and
water were added. The organic layer was separated and washed with di-
luted HCl and brine, then dried over MgSO4. The solvent was removed
under vacuum and the residue was purified by column chromatograpy
over silica gel with petroleum ether as the eluent (Rf=0.47) to give 5
(7.08 g, 90.8%): 1H NMR (250 MHz, CD2Cl2): d=7.73±7.80 (m, 4H),
7.57±7.64 (m, 4H), 7.25±7.44 (m, 6H), 2.04±2.14 (m, 8H), 0.49±0.88 (m,
60H) ppm; 13C NMR (62.5 MHz, CDCl3):d=150.9, 150.6, 141.1, 140.4,
126.8, 126.3, 126.0, 124.1, 122.9, 119.6, 54.9, 44.5, 34.6, 33.8, 28.2, 26.9,
22.7, 14.0, 10.3 ppm; MS (FD): m/z : 779.4 [M+]; elemental analysis:
calcd for C58H82 (779.2): C 89.39, H 10.61; found: C 89.29, H 10.79.


9,9,9’,9’,9’’,9’’-Hexakis(2-ethylhexyl)-2,2’-7’,2’’-terfluorene (6): Compound
6 was prepared according to the method used for 5 by using 2 (2.0 g,
3.12 mmol), 3 (4.40 g, 9.36 mmol), and [Pd(PPh3)4] (0.36 g, 0.31 mmol) in
toluene (30 mL) and 2m Na2CO3 aqueous solution (15.6 mL, 31.2 mmol)


for 27 h. After cooling to room temperature, the mixture was diluted
with ethyl acetate and the organic layer was washed with diluted HCl
and brine, then dried over MgSO4. The solvent was removed under
vacuum and the residue was purified by column chromatography over
silica gel with petroleum ether as the eluent (Rf=0.22) to give 6 as a col-
orless viscous gum (2.32 g, 63.8%): 1H NMR (250 MHz, CD2Cl2): d=
7.83±7.73 (m, 6H), 7.61±7.66 (m, 8H), 7.44±7.25 (m, 6H), 2.13±2.05 (m,
12H), 0.90±0.49 (m, 90H) ppm; 13C NMR (62.5 MHz, CDCl3): d=151.2,
150.9, 150.6, 141.1, 140.4, 140.1, 126.8, 126.3, 126.0, 124.1, 122.9, 119.7,
119.6, 54.9, 44.6, 34.6, 33.8, 28.2, 27.1, 22.8, 14.0, 10.3 ppm; MS (FD): m/
z : 1168.2 [M+]; elemental analysis: calcd for C87H122 (1167.9): C 89.47, H
10.53; found: C 89.26, H 10.42.


2-Amino-7-bromo-9,9-bis(2-ethylhexyl)fluorene (7): Compound 7 was
prepared according to the method used for 1 by using 2-ethylhexylbro-
mide (7.78 g, 40.3 mmol, 7.2 mL), 2-amino-7-bromofluorene (5.0 g,
19.2 mmol), triethylbenzylammonium chloride (220 mg, 1 mmol, 5
mol%), DMSO (50 mL), and 50% aqueous NaOH (3.8 mL). The reac-
tion mixture was stirred for 2 h. Purification by column chromatography
over silica gel with n-hexane/dichloromethane (6.5:3.5) as the eluent
(Rf=0.47, 0.44, and 0.38; the title product separated into three spots, due
to the diaseteroisomers) gave 7 as a slightly yellow oily product (7.65 g,
82%): 1H NMR (300 MHz, CD2Cl2): d=7.46±7.37 (m, 4H), 6.70±6.63 (m,
2H), 3.81 (br s, 2H), 1.84±1.90 (m, 4H), 0.92±0.73 (m, 22H), 0.57±0.52
(m, 8H) ppm; 13C NMR (75 MHz, CDCl3): d=152.5±152.4 (three peaks,
2îC), 146.9±146.8 (three peaks), 141.4, 131.5±131.4 (three peaks), 129.8,
127.4±127.3 (three peaks), 120.9, 119.9, 118.7±118.5 (three peaks), 114.2,
110.9±110.8 (three peaks), 55.2, 44.9±44.8 (four peaks), 35.0, 33.9±33.7
(four peaks), 28.5±28.3 (four peaks), 23.2, 14.3, 10.6±10.4 (four
peaks) ppm; MS (FD): m/z : 484.0 [M+].


2-Bromo-9,9-bis(2-ethylhexyl)fluorenyl-7-diazonium tetrafluoroborate
(8): A solution of 7 (3.48 g, 7.18 mmol) in CH2Cl2 (10 mL) was slowly
added to BF3¥OEt2 (11.46 mmol, 1.42 mL) with stirring under an argon
athmosphere at �10 8C. After 10 min, a solution of butyl nitrite (1.18 mL,
10.01 mmol) in CH2Cl2 (4 mL) was slowly added and the mixture stirred
for additional 30 min at 0 8C. n-Pentane (200 mL) was added and the mix-
ture was stored at �20 8C overnight. The precipitate was filtered off,
washed with cold diethyl ether and dried in air to give 8 as a pale yellow
solid (3.39 g, 81%): 1H NMR (300 MHz, [D6]acetone): d=9.08 (m, 1H),
8.87 (m, 1H), 8.53 (m, 1H), 8.16 (m, 1H), 8.06 (s, 1H), 7.77 (m, 1H),
2.30±2.20 (m, 4H), 0.88±0.45 (m, 1H) ppm; 13C NMR (75 MHz, acetone-
d6): d=156.6, 154.2±153.9 (three peaks), 153.8, 137.9±137.8 (three peaks),
134.6, 132.6±132.5 (three peaks), 129.5±129.4 (three peaks), 129.0±128.8
(three peaks), 126.7, 125.8, 123.7±123.6 (three peaks), 111.9±111.6 (three
peaks), 57.6±57.5 (three peaks), 44.5±44.3 (four peaks), 35.9±35.8 (two
peaks), 34.7±33.9 (three peaks), 28.9±28.5 (three peaks), 28.0, 23.4±23.3
(two peaks), 14.3±14.2 (two peaks), 10.7±10.3 (three peaks) ppm; decom-
position temperature: 98 8C.


7-Bromo-9,9,9’,9’-tetrakis(2-ethylhexyl)-2,2’-bifluorene (9): A mixture of
4 (0.90 g, 1.74 mmol), 8 (1.12 g, 1.92 mmol), and Pd(OAc)2 (40 mg,
0.178 mmol) in ethanol (30 mL) was heated to 60 8C for 1 h (no addition-
al base was added). After cooling to room temperature, the mixture was
diluted with diethyl ether and the organic layer was washed with brine
and dried over MgSO4. The solvent was removed under vacuum and the
residue was purified by column chromatography over silica gel with pe-
troleum ether as the eluent (Rf=0.49) to give 9 as an oily product
(1.04 g, 70%): 1H NMR (250 MHz, CD2Cl2): d=7.80±7.26 (m, 13H),
2.14±2.04 (m, 8H), 0.88±0.52 (m, 60H) ppm; 13C NMR (62.5 MHz,
CDCl3): d=153.0, 151.0, 150.6, 141.0, 140.5, 140.1, 139.2, 129.9, 127.4,
126.8, 126.4, 126.0, 124.1, 122.9, 120.9, 120.3, 119.6, 54.9, 44.5, 34.6, 33.8,
28.2, 27.1, 22.7, 14.0, 10.3 ppm; MS (FD): m/z : 857.6 [M+].


2-[9,9,9’,9’-Tetrakis(2-ethylhexyl)-7,2’-bifluoren-2-yl]-4,4,5,5-tetrame-
thyl[1.3.2]dioxaborolan (10): Compound 10 was prepared according to
the method used for 2 by using 9 (970 mg, 1.1 mmol), bis(pinacolato)di-
boron (450 mg, 1.8 mmol), KOAc (326 mg, 3.3 mmol), and [Pd(dppf)Cl2]
(45 mg, 0.055 mmol) in DMF (10 mL). Column chromatography over
silica gel with n-hexane/CH2Cl2 (9:1) as the eluent (Rf=0.12) gave 10 as
an oily product (570 mg, 55.7%): 1H NMR (300 MHz, CD2Cl2): d=7.86±
7.73 (m, 6H), 7.65±7.60 (m, 4H), 7.41 (m, 1H), 7.36±7.27 (m, 2H), 2.09±
2.04 (m, 8H), 1.35 (s, 12H), 0.88±0.49 (m, 90H) ppm; 13C NMR (75 MHz,
CD2Cl2): d=152.8, 151.6, 151.3, 150.5±150.3, 144.6, 141.7, 141.1±140.6,
134.1, 131.1±130.9, 127.4, 127.0, 126.6±126.5, 124.8, 123.6±123.4, 120.8,
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120.3±120.2, 119.4, 84.2, 55.6±55.5, 45.1±44.5, 35.4±35.3, 34.4±34.3, 28.8±
28.5, 27.9±27.5, 25.3, 23.3, 14.5±14.4, 10.9±10.6 ppm; MS (FD): m/z : 904.2
[M+].


7-Bromo-9,9,9’,9’,9’’,9’’-hexakis(2-ethylhexyl)-2,2’-7’,2’’-terfluorene (11):
Method A: Compound 11 was prepared according to the method used
for 9 by using 10 (160 mg, 0.18 mmol), 8 (155 mg, 0.26 mmol), and
Pd(OAc)2 (4 mg, 0.018 mmol) in ethanol (10 mL). Column chromatogra-
phy over silica gel with n-hexane as the eluent (Rf=0.16) gave 11 as a
slightly yellow oily product (106 mg, 48%): 1H NMR (250 MHz, CD2Cl2):
d=7.84±7.73 (m, 5H), 7.64±7.57 (m, 10H), 7.50±7.26 (m, 4H), 2.12±2.05
(m, 12H), 0.90±0.53 (brm, 90H) ppm; 13C NMR (62.5 MHz, CDCl3): d=
153.0, 151.2, 150.9, 150.6, 141.1, 140.8, 140.3, 140.1, 139.2, 129.9, 127.4,
126.8, 126.4, 126.1, 124.0, 123.0, 120.9, 120.3, 119.8, 55.0, 44.5, 34.7, 33.8,
28.2, 27.1, 22.7, 14.0, 10.3 ppm; MS (FD): m/z : 1248.4 [M+].


Method B: Compound 11 was also prepared according to the method
used for 5 by using 12 (4.9 g, 5.24 mmol), 4 (1.69 g, 3.27 mmol), and
[Pd(PPh3)4] (0.189 g, 0.15 mmol) in toluene (16 mL) and 2m aqueous
Na2CO3 (15 mmol, 8.2 mL). The reaction took 16 h. After cooling to
room temperature, the mixture was diluted with diethyl ether (200 mL)
and the organic layer was washed with diluted HCl, brine, and water,
then dried over MgSO4. The solvent was removed under vacuum and the
residue was purified by column chromatography over silica gel with
hexane/dichloromethane (10:0.5) as the eluent (Rf=0.42) to give 11
(1.83 g, 45.0%).


7,7’-Dibromo-9,9,9’,9’-tetrakis(2-ethylhexyl)-2,2’-bifluorene (12): Br2
(3.15 g, 19.71 mmol) in CH2Cl2 (5 mL) was added to a solution of 5
(7.67 g, 9.85 mmol) in CH2Cl2 (20 mL) at room temperature. The solution
was heated to reflux for 1.5 h. After the reaction mixture was cooled to
room temperature, water and diethyl ether were added. The organic
layer was washed with Na2S2O3 solution, brine, and water, then dried
over MgSO4. The solvent was removed under vacuum and the residue
was recrystallized from ethanol to give 12 as a white solid (8.24 g,
89.5%): M.p. 71.5±72.8 8C; 1H NMR (250 MHz, CD2Cl2): d=7.78±7.46
(m, 12H), 2.08±2.03 (m, 8H), 0.88±0.55 (m, 60H) ppm; 13C NMR
(62.5 MHz, CDCl3): d=153.0, 150.6, 140.6, 140.0, 139.4, 130.0, 127.4,
126.2, 123.0, 121.0, 120.4, 119.9, 55.2, 44.5, 34.7, 33.7, 28.1, 27.1, 22.7, 14.0,
10.3 ppm; MS (FD): m/z : 939.2 [M+].


9,9,9’,9’,9’’,9’’,9’’’,9’’’-Octakis(2-ethylhexyl)-2,2’-7’,2’’-7’’,2’’’-tetrafluorene
(13): A schlenk tube was charged with Ni(COD)2 (101.2 mg, 0.55 mmol),
2,2’-bipyridine (57.5 mg, 0.55 mmol), 1,5-COD (39.8 mg, 0.55 mmol), and
DMF (3.0 mL) in a glove box. The mixture was stirred at 80 8C for 0.5 h
and then 9 (0.32 g, 0.37 mmol) in toluene (11 mL) was added to the blue
solution and stirred at 80 8C for 8 h. After cooling to room temperature,
the mixture was diluted with diethyl ether. The organic layer was washed
with diluted HCl, brine, and water, then dried over MgSO4. The solvent
was removed under vacuum and the residue was purified by column
chromatography over silica gel with petroleum ether/dichloromethane
(20:1) as the eluent (Rf=0.61) to afford 13 as a white waxy solid
(151 mg, 52.6%): 1H NMR (250 MHz, CD2Cl2): d=7.85±7.75 (m, 8H),
7.67±7.63 (m, 12H), 7.45±7.26 (m, 6H), 2.14±2.06 (m, 16H), 0.90±0.50 (m,
120H) ppm; 13C NMR (62.5 MHz, CDCl3): d=151.2, 150.9, 150.6, 141.1,
140.36, 140.1, 126.8, 126.4, 126.1, 124.1, 122.9, 119.7, 54.9, 44.4, 34.7, 34.0,
28.2, 27.1, 22.8, 14.0, 10.3 ppm; MS (FD): m/z : 1556.4 [M+], 778.2 [M2+];
elemental analysis: calcd for C116H162 (1556.5): C 89.51, H 10.49; found: C
89.22, H 10.35.


9,9,9’,9’,9’’,9’’,9’’’,9’’’,9’’’’,9’’’’-Decakis(2-ethylhexyl)-2,2’-7’,2’’-7’’,2’’’-7’’’,2’’’’-
pentafluorene (14): Compound 14 was prepared according to the method
used for 5 by using 2 (124.5 mg, 0.194 mmol), 9 (664.7 mg, 0.776 mmol),
and Pd(PPh3)4 (22.4 mg, 0.0194 mmol) in toluene (4 mL) and 1m aqueous
Na2CO3 (2.0 mL, 2.0 mmol). The reaction took 16 h. After cooling to
room temperature, the mixture was diluted with diethyl ether and the or-
ganic layer was washed with diluted HCl and brine, then dried over
MgSO4. The solvent was removed under vacuum and the residue was pu-
rified by column chromatography over silica gel with petroleum ether/di-
chloromethane (10:0.8) as the eluent (Rf=0.31) to afford 14 as a white
waxy solid (176.5 mg, 46.8%): 1H NMR (250 MHz, CD2Cl2):d=7.85±7.74
(m, 10H), 7.67 (brm, 16H), 7.45±7.26 (m, 6H), 2.14±2.06 (m, 20H), 0.92±
0.50 (m, 150H) ppm; 13C NMR (62.5 MHz, CDCl3): d=151.2, 150.9,
150.6, 141.1, 140.3, 140.1, 126.8, 126.3, 126.1, 124.1, 123.0, 119.8, 55.1,
44.5, 34.7, 34.0, 28.3, 27.1, 22.7, 14.0, 10.3 ppm; MS (FD): m/z : 1946.2


[M+], 973.3 [M2+]; elemental analysis: calcd for C145H202 (1945.1): C
89.53, H 10.47; found: C 89.41, H 10.35.


9,9,9’,9’,9’’,9’’,9’’’,9’’’,9’’’’,9’’’’,9’’’’’,9’’’’’-Dodecakis(2-ethylhexyl)-2,2’-7’,2’’-
7’’,2’’’-7’’’,2’’’’-7’’’’,2’’’’’-hexafluorene (15): Compound 15 was prepared ac-
cording to the method used for 13 by using 11 (370.0 mg, 0.300 mmol) in
toluene (10.0 mL) and Ni(COD)2 (82.5 mg, 0.45 mmol), 2,2’-bipyridine
(46.8 mg, 0.45 mmol), 1,5-COD (32.4 mg, 0.45 mmol), and DMF
(2.5 mL). After cooling to room temperature, the mixture was diluted
with diethyl ether and the organic layer was washed with diluted HCl
and brine, then dried over MgSO4. The solvent was removed under
vacuum and the residue was purified by column chromatography over
silica gel with hexane/dichloromethane (10/0.8) as the eluent (Rf=0.24)
to afford 15 as a white solid (183.0 mg, 52.4%): 1H NMR (250 MHz,
CD2Cl2): d=7.86±7.68 (m, 32H), 7.45±7.26 (m, 6H), 2.14±2.06 (m, 24H),
0.90±0.50 (m, 180H) ppm; 13C NMR (62.5 MHz, CDCl3): d=151.2, 150.9,
150.6, 141.1, 140.4, 140.2, 126.8, 126.3, 126.2, 124.1, 122.9, 119.8, 55.1,
44.6, 34.7, 34.0, 28.3, 27.1, 22.8, 14.0, 10.3 ppm; MS (FD): m/z : 2335.9
[M+], 1166.9 [M2+], 777.5 [M3+]; elemental analysis: calcd for C174H242


(2333.8): C 89.55, H 10.45; found: C 89.32, H 10.36.


7,7’’-Dibromo-9,9,9’,9’,9’’,9’’-hexakis(2-ethylhexyl)-2,2’-7’,2’’-terfluorene
(16): Compound 16 was prepared according to the method used for 9 by
using 2 (0.80 g, 1.25 mmol), 8 (1.82 g, 3.13 mmol), and Pd(OAc)2 (56 mg,
0.25 mmol) in ethanol (40 mL) at 60 8C for 2 h (no additional base was
added). After cooling to room temperature, the mixture was diluted with
diethyl ether and the organic layer was washed with brine and dried over
MgSO4. The solvent was removed under vacuum and the residue was pu-
rified by column chromatography over silica gel with n-hexane as the
eluent (Rf=0.16) to give 16 as an oily product (0.90 g, 54.4%): 1H NMR
(300 MHz, CD2Cl2): d=7.84±7.76 (m, 4H), 7.64±7.51 (m, 12H), 7.48 (m,
2H), 2.12±2.05 (m, 12H), 0.90±0.54 (m, 90H) ppm; 13C NMR (75 MHz,
CD2Cl2): d=154.9, 153.1, 152.5, 142.4±141.7, 141.1, 131.6, 129.3±129.1,
128.2±127.9, 124.7±124.5, 122.8, 122.3±122.1, 121.7, 57.1±56.9, 46.2±25.9,
36.5±36.4, 35.8±25.3, 30.0±29.7, 28.9, 24.6, 15.7±15.6, 12.0±11.9 ppm; MS
(FD): m/z : 1324.2 [M+].


9,9,9’,9’,9’’,9’’,9’’’,9’’’,9’’’’,9’’’’,9’’’’’,9’’’’’,9’’’’’’,9’’’’’’-Tetradecakis(2-ethylhexyl)-
2,2’-7’,2’’-7’’,2’’’-7’’’,2’’’’-7’’’’,2’’’’’-7’’’’’,2’’’’’’-heptafluorene (17): Compound
17 was prepared according to the method used for 5 by using 16
(369.0 mg, 0.278 mmol), 10 (756.0 mg, 0.835 mmol), and [Pd(PPh3)4]
(10 mg, 0.0087 mmol) in toluene (10 mL) and 2m aqueous Na2CO3


(5.0 mL, 10.0 mmol). The reaction took 24 h. After cooling to room tem-
perature, the mixture was diluted with diethyl ether and the organic layer
was washed with diluted HCl and brine, then dried over MgSO4. The sol-
vent was removed under vacuum and the residue was purified by column
chromatography over silica gel with n-hexane/CH2Cl2 (95:5) as the eluent
(Rf=0.1) to afford 17 as a pale yellow solid (287.0 mg, 38.0%): 1H NMR
(250 MHz, CD2Cl2): d=7.86±7.69 (m, 38H), 7.45±7.26 (m, 6H), 2.15±2.06
(m, 28H), 0.92±0.50 (m, 210H) ppm; 13C NMR (62.5 MHz, CDCl3): d=
151.2, 150.9, 150.6, 141.1, 140.4, 140.2, 126.8, 126.1, 124.1, 123.0, 119.8,
119.6, 55.1, 44.5, 34.7, 34.1, 28.3, 27.1, 22.8, 14.0, 10.4 ppm; MS (FD): m/
z : 2724 [M+], 1362 [M2+], 907 [M3+]; elemental analysis: calcd for
C203H282 (2722.4): C 89.56, H 10.44; found: C 89.43, H 10.38.


Synthesis of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl): The polymer
was prepared according to the well-known Yamamoto polycondensa-
tion[18] by using Ni(COD)2 (1.1 g, 4 mmol), 2,2’-bipyridine (623 mg,
4 mmol), and 1,5-COD (441 mg, 4 mmol) as the coupling agents for diha-
loaromatic compound 1 (953 mg, 1.74 mmol). The polymer was precipi-
tated by adding the reaction mixture into a mixture of methanol/acetone/
HCl (concentrated). The isolated polymer was dissolved in chloroform
and reprecipitated in methanol. This procedure was repeated twice to
give the polymer (480 mg, 75%): GPC (polystyrene internal standard,
THF): Mn 42000, Mw 84000.
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Photoinduced Electron Transfer in Multiporphyrinic Interlocked Structures:
The Effect of Copper(i) Coordination in the Central Site


Lucia Flamigni,*[a] Anna Maria Talarico,[a] Jean-Claude Chambron,[b, c] Valÿrie Heitz,[b]


Myriam Linke,[b, d] Norifumi Fujita,[b, e] and Jean-Pierre Sauvage*[b]


Introduction


Porphyrinic chromophores are among the most widely used
components in the preparation of synthetic arrays able to
undergo photoinduced energy and electron transfer process-
es.[1] Because of their remarkable spectroscopic and electro-
chemical properties,[2] which can be finely tuned by substitu-
tion or metalation, such chromophores have proven to be
versatile components able to act as energy donors or accept-
ors as well as electron donors and acceptors in a variety of
multicomponent arrays designed to achieve useful functions
triggered by light. In general, ZnII±porphyrin components
(energy of the lowest singlet excited state is about 2.1 eV
and the oxidation potential versus SCE is on the order of
0.7 V) have often been used as energy and electron donors.
Free base porphyrins have been mostly employed as energy
acceptors or electron donors (lowest singlet excited state
about 1.9 eV, oxidation potential 0.9 V versus SCE). AuIII±
porphyrins have been utilized by several groups as electron
acceptors (reduction potential versus SCE on the order of
�0.6 V).[3±5] The incorporation of porphyrins into photoac-
tive multicomponent assemblies as covalently linked
arrays[3] or architectures that assemble upon weak interac-
tions in solution[4] has been widespread over the last decade,
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Abstract: Photoinduced processes have
been determined in a [2]catenane con-
taining a zinc(ii) porphyrin, a gold(iii)
porphyrin, and two free phenanthroline
binding sites, Zn±Au+ , and in the cor-
responding copper(i) phenanthroline
complex, Zn±Cu+±Au+ . In acetonitrile
solution Zn±Au+ is present in two dif-
ferent conformations: an extended one,
L, which accounts for 40% of the total,
and a compact one, S. In the L confor-
mation, the electron transfer from the
excited state of the Zn porphyrin to
the gold±porphyrin unit (k = 1.3î
109 s�1) is followed by a slow recombi-
nation (k = 8.3î107 s�1) to the ground


state. The processes in the S conforma-
tion cannot be clearly resolved but a
charge-separated (CS) state is rapidly
formed and decays with a lifetime on
the order of fifty picoseconds. In the
catenate Zn±Cu+±Au+ , the zinc±por-
phyrin excited state initially transfers
energy to the CuI±phenantholine unit,
producing a metal-to-ligand charge-
transfer (MLCT) excited state localized
on the copper complex with a rate k =


1.4î109 s�1. From this excited state the
transfer of an electron to the gold±por-
phyrin unit takes place, producing the
CS state Zn±Cu2+±AuC, which decays
with a lifetime of 10 ns. The results are
discussed in comparison with the close-
ly related [2]rotaxane, in which a fur-
ther charge shift from the copper
center to the zinc±porphyrin unit leads
to the fully CS state. Even in the ab-
sence of such full charge separation, it
is shown that the lifetimes of the CS
states are increased by a factor of
about 2±2.5 over those of the corre-
sponding rotaxanes.


Keywords: catenanes ¥ charge sepa-
ration ¥ electron transfer ¥ photo-
chemistry ¥ porphyrinoids


Chem. Eur. J. 2004, 10, 2689 ± 2699 DOI: 10.1002/chem.200305655 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2689


FULL PAPER







whereas examples of photoactive, porphyrinic, interlocked
structures are rare.[5] The reason for this must mainly be as-
cribed to the limited availability of interlocked structures in
comparison with other types of arrays. Only recently, thanks
to synthetic strategies relying on several types of ™template
effect∫,[6] have catenanes and rotaxanes become accessible
chemical products, having been mostly chemical curiosities
for decades.[7] Inclusion of porphyrinic chromophores in
these structures offers the opportunity to test electronic in-
teractions between entities that are not chemically connect-
ed through the study of photoinduced energy- and electron-
transfer processes between components. This is, per se, an
important advancement of knowledge related to the fields
of physics, chemistry, and biology. Furthermore, this type of
architecture, characterized by mechanical linkages that force
the components to assume relatively fixed positions without
connecting them by direct chemical bonds, more closely
mimics the organization of the tetrapyrrolic pigments in the
complexes used for light energy collection (antennas) and
charge separation (reaction centers) in natural photosyn-
thetic systems.[8] In the latter case the porphyrinic chromo-
phores are embedded in a protein scaffold, which provides
both a precise arrangement in space and the necessary elec-
tronic coupling. Therefore, in the frame of a biomimetic ap-
proach to the conversion of light energy into chemical
energy, this type of structure offers an important opportuni-
ty to study the parameters affecting the efficiency of the
process.


Our groups have previously reported on photoinduced
electron transfer in a [2]rotaxane Zn2±Au+ , a gold±porphyr-
in-containing macrocycle threaded onto a dumbbell with
two zinc porphyrins as stoppers, and the corresponding
metalated Zn2±Cu+±Au+ , obtained by binding CuI to the
phenanthroline components of the macrocycle and the
dumbbell (Figure 1a).[5e] In the extended conformation of
the free rotaxane Zn2±Au+ , which accounts for 30% of the
total conformations, electron transfer from the lowest excit-
ed state of the zinc±porphyrin unit to the gold±porphyrin ac-
ceptor occurred, yielding a charge-separated state Zn2


+ C±
AuC, which is characterized by an oxidized zinc porphyrin


and a reduced gold±porphyrin radical and has a lifetime of
5.5 ns. In the copper-containing array, Zn2±Cu+±Au+ , the
excited state of the zinc porphyrin was postulated to transfer
energy to the copper complex unit first, yielding the excited
state Zn2±*Cu+±Au+ , which in turn could transfer an elec-
tron to the gold porphyrin to yield the charge-separated
state Zn2±Cu2+±AuC, characterized by a CuII unit and a re-
duced gold porphyrin. Subsequent charge shift from the
zinc±porphyrin unit, thermodynamically allowed because of
the unusually high oxidation potential of the bis(zinc±por-
phyrin)-substituted copper complex (ca. 1 V versus SCE),
yields the charge-separated state Zn2


+ C±Cu+±AuC, with oxi-
dized zinc±porphyrin termini and a reduced gold±porphyrin
end group characterized by a lifetime of 5 ns (Figure 1a).[5e]


In this report we examine the photoinduced processes in
the related catenanes[9] Zn±Cu+±Au+ and Zn±Au+ (Fig-
ure 1b, Scheme 1). We intend to assess 1) the effect, on the
electron-transfer rates, of increasing the center-to-center dis-
tance between the electron donor and the acceptor in the
free catenane Zn±Au+ (2.6 nm) compared with the case of
the rotaxane Zn2±Au+ (1.9 nm), and in the copper-contain-
ing structure Zn±Cu+±Au+ (2.6 nm) compared with Zn2±
Cu+±Au+ (1.9 nm); and 2) to test the effect of decreasing
the driving force for the postulated charge-shift reaction
that leads to the final charge-separated state in Zn±Cu+±
Au+ with respect to the Zn2±Cu+±Au+ case (see above).


Results and Discussion


Electrochemistry : The electrochemical data of the reference
compounds Cu+ , Au, and Zn, as well as those of the [2]cate-
nates Zn±Cu+ and Zn±Cu+±Au+ are gathered in Table 1.


The redox potentials of the [2]catenane Zn±Au+ are as-
sumed to be identical to those of its separated components,
macrocycles Zn and Au+ , since there is only very weak cou-
pling between the porphyrins, as evidenced in the absorp-
tion spectra (see below), and no stacking between the por-
phyrins, as evidenced by the NMR studies.[9] The reduction
of the gold(iii) porphyrin and the oxidation of the zinc(ii)
porphyrin in Zn±Cu+ and Zn±Cu+±Au+ occur nearly at the
same potential as for the models Zn or Au+ . In contrast, the
oxidation potential of copper(i) varies depending on stereoe-
lectronic factors, as already mentioned in the rotaxane seri-
es.[5e] In Zn±Cu+ , the CuI complex subunit is oxidized at +


0.14 V versus Fc+/Fc, as in Cu+ , but in Zn±Cu+±Au+ , the
same oxidation step is found at +0.29 V versus Fc+/Fc. The
150 mV anodic shift is attributed to an increase of positive


Table 1. Electrochemical data for the catenanes: V versus Fc+/Fc [mV,
DEp]; 0.1m tetrabutylammoniumhexafluorophosphate in butyronitrile.


Cu2+/Cu+ Zn+ C/Zn Au+/AuC Zn/Zn�C


Cu+ +0.14 (70)
Au+ �1.03 (50)
Zn +0.28 (70) �1.88 (70)
Zn±Cu+ +0.14 (65) +0.25 (70) �1.86 (70)
Zn±Cu+±Au+ +0.29 (80) +0.29 (80) �1.02 (60) �1.85 (65)


Figure 1. Schematic representation of a) photoinduced processes in the
[2]rotaxane; b) structure of the [2]catenanes. Both energy transfer and
electron transfer between porphyrinic units (rhombs) are reported, the
sequence of elementary steps is represented by arabic numbers. Cop-
per(i) atoms appear as gray circles.
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charge (presence of cationic gold(iii) porphyrin) in [2]cate-
nate Zn±Cu+±Au+ as compared with Zn±Cu+ . As a result,
the zinc porphyrin and the CuI complex subunits in Zn±Cu+


±Au+ have identical oxidation potentials (+0.29 V versus
Fc+/Fc) and there is no driving force for the CuII state to ox-
idize the zinc±porphyrin subunit in this [2]catenate.


Ground state absorption : The chemical structure of the
models Zn, Au+ , and Cu+ are collected in Scheme 1 togeth-
er with those of the catenanes Zn±Cu+ , Zn±Au+ , and Zn±
Cu+±Au+ . The macrocycles Zn and Au+ better represent
the units in the arrays compared with the simple ZnII and
AuIII 5,10,15,20-tetrakis(3’,5’-di-tert-butylphenyl)porphyrins.
The absorption spectra of the catenanes Zn±Cu+ , Zn±Cu+±
Au+ , and Zn±Au+ , reported in Figure 2 with the absorption
spectra of the model units, closely match the superposition
of the separate components, with only a very slight broaden-
ing of the bands and decrease of the molar absorption coef-
ficients with respect to the sum of the components. This
phenomenon, more evident in Zn±Au+ , is assigned to some
interaction between the units owing to the presence of a
conformation characterized by a close approach of the por-


Scheme 1. [2]catenanes and related models.


Figure 2. Absorption spectra, acetonitrile solutions, 298 K of: a) Zn±Cu+


(c), Zn (g) and Cu+ (d); b) Zn±Au+(c), Zn (g), Au+


(b); c) Zn±Cu+±Au+ (c), Zn (g), Au+ (b) and Cu+ (d).
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phyrinic units in the free catenane (see below). Nonetheless,
both spectroscopic and electrochemical determinations indi-
cate that the interactions are weak in all the arrays.


Luminescence : The luminescence properties of the models
in acetonitrile solutions, determined at 298 K and 77 K, are
collected in Table 2. At 298 K, excitation of the Zn porphyr-
in units in the catenanes at 558 nm resulted in the quench-
ing, to different extents, of the zinc-porphyrin-based lumi-


nescence in all the catenanes. In Figure 3, the emission spec-
tra of the catenanes compared with those of the model Zn
are shown, and the calculated emission quantum yields ff


are reported in Table 2. These make it appear that the Zn
porphyrin luminescence in Zn±Au+ is lower than in Zn±
Cu+ , which is in turn lower than in Zn±Cu+±Au+ .


The luminescence decays of the zinc porphyrin in the cat-
enanes (Figure 3) are satisfactorily fitted by a single expo-
nential corresponding to a lifetime of 320 ps for Zn±Cu+ ,


570 ps for Zn±Au+ , and 540 ps for Zn±Cu+±Au+ (Table 2).
The trend of the lifetimes does not parallel the luminescence
yield for all compounds and this is reflected by the calculat-
ed radiative rate constants (kr = ff/t) reported in Table 2.
Whereas the radiative rate constants for the catenanes Zn±
Cu+ and Zn±Cu+±Au+ are in agreement with those of the
related models, in the case of Zn±Au+ it is less than 50%
that of the model Zn. This apparent discrepancy can be ex-
plained on the basis of the existence of two different, ex-


treme conformations in the
flexible Zn±Au+ : an extended
one, with the gold and the zinc±
porphyrin nuclei at a large dis-
tance from one another (long
conformation, L) and a more
compact conformation, where
the porphyrinic components are
in close proximity (short con-
formation, S), Scheme 2. The
luminescence quenching in the
L conformation is expected to
be slower than in the S confor-
mation, in which the electron
donor and acceptor can react
immediately (static quenching).
Whereas the quenching due to
both conformations can be de-
tected in the steady-state lumi-
nescence experiments, in which
the emission is integrated over


the time, only the quenched lifetimes longer than our time
resolution (20 ps) can be measured in time-resolved experi-
ments. Since the time-resolved luminescence of Zn±Au+ in-
dicates a single lifetime of 570 ps, we have to assume that
the quenching process for the S conformation is faster than


Table 2. Luminescence properties at 298 K[a] and 77 K[b] , air-equilibrated solutions.


298 K 77 K
lmax t ff kr lmax E
[nm] [ns] [s�1] [nm] [eV]


Zn[c] 1Zn 607 2.1 0.070 3.3î107 608 2.04
3Zn 802 1.55


Au+ 3Au+ 718 1.73
Cu+ [d] *Cu+ 710 85 0.0003 3.5î103 700 1.77
Zn±Cu+ 1Zn±Cu+ 603 0.320 0.01 3.1î107 606 2.05


3Zn±Cu+ 800 1.55
Zn±Au+ 1Zn±Au+ 606 0.570 0.008 1.4î107[e] 606 2.05


3Zn±Au+ 802 1.55
Zn±3Au+ 716 1.73


Zn±Cu+±Au+ 1Zn±Cu+±Au+ 606 0.540 0.021 3.3î107 604 2.05
3Zn±Cu+±Au+ 796 1.56
Zn±Cu+±3Au+ 716 1.73


[a] In acetonitrile, except otherwise specified. [b] Butyronitrile. [c] Acetonitrile/butyronitrile (1/1). [d] From
reference [5e] . [e] Apparent radiative rate. This value is due to the presence of different conformations (see
text).


Figure 3. Fluorescence spectra of Zn (g), Zn±Cu+ (c), Zn±Au+


(b), and Zn±Cu+±Au+ (d) in acetonitrile solutions at 298 K upon
excitation at 558 nm, with the absorption adjusted to have the same
number of photons absorbed by the Zn porphyrin moiety. Luminescence
decays upon excitation with a 35 ps laser pulse at 532 nm are reported on
the right side.


Scheme 2. Extended or long conformation (L) and compact or short con-
formation (S) of Zn±Au+ .
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the 20 ps resolution. Assuming kr is constant over the series,
(3.4�0.4)î107 s�1, the fractions of the different conforma-
tion can be calculated on the basis of the following equa-
tion: ff = fStSkr + fLtLkr, in which fL and tL are the fraction
and the lifetime of the L conformation and fS and tS are the
fraction and the lifetime of the S conformation. By inserting
the experimental value for ff (0.008) and the lifetime values
for the S conformation, 0�tS�20 ps, and for the L confor-
mation, 570 ps into this equation, fractions of about 40%
and 60% are derived for the L and S components respec-
tively.


Energy level schemes : On the basis of the electrochemical
data (Table 1) and the spectroscopic data, which allow us to
derive the energy levels of the excited states (Table 2), it is
possible to derive the energy level schemes for the cate-
nanes, which are reported in Figure 4. It should be taken
into account that the Au+ unit has a singlet excited state
not reported in the energy level scheme, with an energy of
about 2.2 eV and a lifetime of 240 fs.[10] Given the extremely
short lifetime of this state, the gold±porphyrin singlet is not
relevant to the dynamics of photoinduced processes and is
therefore not taken into account here.


For Zn±Cu+ (Figure 4a), the most probable process for
quenching the singlet excited state localized on porphyrin,
1Zn±Cu+ , appears to be an energy transfer to the excited
state localized on the metal complex, Zn±*Cu+ . An alterna-
tive path, involving reductive quenching of the zinc±por-
phyrin excited state by the ground-state copper complex,
displays too low a driving force to compete, this view being
adequately supported in the following section. It should be
recalled that the above energy-transfer process is possible
because the lowest excited state localized on the copper
complex and indicated as Zn±*Cu+ is an equilibrium mix-
ture of a metal-to-ligand charge-transfer singlet excited state
(1MLCT) and the corresponding triplet (3MLCT).[11]


In contrast, for Zn±Au+ (Figure 4b) the only possible
process for quenching the zinc±porphyrin luminescence is an
electron transfer to the gold±porphyrin unit to yield a
charge-separated state (CS) Zn+ C±AuC. Energy transfer from
the zinc±porphyrin excited singlet to the gold±porphyrin ex-
cited triplet would be forbidden by spin selection rules.


For Zn±Cu+±Au+ (Figure 4c), starting from the excited
porphyrin unit 1Zn±Cu+±Au+ , both the following processes
are in principle thermodynamically allowed, 1) electron
transfer yielding the CS state Zn+ C±Cu+±AuC with a hole on
the zinc porphyrin and an extra electron on the gold por-
phyrin, and 2) energy transfer to Zn±*Cu+±Au+ . Kinetic pa-
rameters will cause one to prevail over the other, as detailed
below.


Transient absorption spectroscopy : The interpretation of the
transient absorption spectra of these catenanes is not
simple; at 532 nm (excitation wavelength of Nd-YAG laser)
most photons are absorbed by the Au±porphyrin component
(ca. 80% of photons are absorbed by the Au±porphyrin
component and ca. 20% by the Zn±porphyrin unit for both
catenanes). Therefore the prevalent excited state, formed in
less than 1 ps from the 1Au+ ,[10] is 3Au+ , which displays a
strong absorption band in a spectral region of interest
(550 nm±750 nm) and decays with a lifetime of 1.5 ns, over-
shadowing most of the faster phenomena.


Zn±Cu+ : Figure 5 depicts the spectra recorded for Zn±Cu+


at the end of a 35 ps pulse and 3 ns after the pulse. The end-
of-pulse spectrum is characterized by an intense absorbance
with a maximum around 460 nm. The stimulated emission
bands are around 605 nm and 660 nm, typical of the por-


Figure 4. Schematic energy level diagrams.


Figure 5. Differential transient absorption spectra registered after a 35 ps
laser pulse (532 nm, 2.5 mJ) in an acetonitrile solution of Zn±Cu+ . End-
of-pulse spectrum (*) and after 3 ns (*); the transient absorption decay
at 465 nm and relative fitting are reported in the inset.
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phyrin singlet, and overlay the bleaching of the ground state
absorption because of the Q bands at 560 nm and 600 nm.
The time evolution measured at 465 nm can be fitted by a
mono-exponential decay with a lifetime of 300 ps, (Figure 5,
inset) in good agreement with the 320 ps fluorescence decay.
The 1Zn±Cu+ decay is assigned to energy transfer to the
copper-phenanthroline unit (Figure 4 a), which leaves an ab-
sorption spectrum at 3 ns characterized by a band at
480 nm, typical of the triplet spectrum of the porphyrin, but
with a much lower absorbance than in the model porphyrin
Zn. This can be understood by considering that the product
of the energy-transfer process, Zn±*Cu+ , has a considerably
lower absorbance than both 1Zn±Cu+ and 3Zn±Cu+ .[12,13]


The spectroscopic evolution at longer times can be studied
by means of a flash-photolysis apparatus with nanosecond
resolution. The spectra of the catenane Zn±Cu+ , measured
at 30 and 60 ns after an 18 ns laser pulse at 532 nm in an
oxygen-free acetonitrile solution, are shown in Figure 6. A


rise in the spectra can be registered immediately after the
end of the pulse, which can be fitted by a mono-exponential
growth with a lifetime of 25 ns, assigned to the formation of
3Zn±Cu from the Zn-*Cu (Figure 6 inset). The increase in
absorbance over the whole spectral region is due to the fact
that the molar absorption coefficient of the porphyrin triplet
is considerably higher than the one of the excited state lo-
calized on the MLCT state of the copper complex at any
wavelength.[12,13] The yield of the porphyrin triplet in the
array, 3Zn±Cu+ , measured in air-purged solutions at 500 ns
delay, was identical to the triplet yield of the model Zn
(Table 3). This result is in agreement with the mechanism
outlined in Figure 4a, for which the triplet yield fT can be
calculated from Equation (1), in which hZn±*Cu+ indicates
the efficiency of the formation of Zn±*Cu+ from 1Zn±Cu+ ,
h3Zn±Cu+ is the efficiency of the formation of 3Zn±Cu+ from
the state Zn±*Cu+ , and hisc is the efficiency of formation of
3Zn±Cu+ from the singlet excited state 1Zn±Cu+ .


�T ¼ ðhZn�*CuþÞðh3Zn�Cuþ Þ þ hisc ð1Þ


The efficiencies of the elementary steps contributing to
the formation of 3Zn±Cu+ (Figure 4a) can be derived from


the lifetime of the state (ti) and the rate of the step (ki) ac-
cording to Equation (2).


�T ¼ ðk1t1Zn�Cuþ Þðk2tZn�*CuþÞ þ �T0t1Zn�Cuþ=t0 ð2Þ


From the lifetime and triplet yield of the model Zn, t0,
and fT0, which can be found with the other parameters in
Figure 4 and Table 2, a fT of 0.77 is derived. This is in per-
fect agreement with the experimentally determined fT =


0.79 reported in Table 3. The lifetime of the zinc±porphyrin
triplet was determined in conditions of low laser energy to
prevent triplet-triplet annihilation phenomena and was
measured to be 52 ms.


Zn±Au+ : The transient absorption spectra obtained at the
end of a 35 ps laser pulse for Zn±Au+ and the related
models Zn and Au+ are shown in Figure 7. The end-of-pulse
spectrum of Zn±Au+ shows the typical absorption bands of
1Zn (lmax = 460 nm) and 3Au+ (lmax = 630 nm). In addition,
some higher absorbance around 670 nm, a wavelength typi-


Figure 6. Transient absorption difference detected in air-free acetonitrile
solution of Zn±Cu+ measured at 30 ns (*) and 60 ns (*) after a 18 ns
laser pulse (532 nm, 13 mJ). In the inset the rise detected at 470 nm and
the fitting is reported with the instrumental profile.


Table 3. Transient absorbance data, air-free acetonitrile at 298 K.


State t/ns fT
[a]


Zn[b] 1Zn 2.1
3Zn 1.25î105 0.79


Au+ 3Au+ 1.5
Cu+ *Cu+ 110
Zn±Cu+ 1Zn±Cu+ 0.300


3Zn±Cu+ 5.2î104 0.79
Zn±*Cu+ 25


Zn±Au+ 1Zn±Au+ 0.430[c]


3Zn±Au+ 6.7î103 0.10
Zn±3Au+ 1.5 0.40
Zn+ C±AuC 12


Zn±Cu+±Au+ 1Zn±Cu+±Au+ 0.550
3Zn±Cu+±Au+ 7.2î103 0.39
Zn±Cu+±3Au+ 1.5 1.0
Zn±Cu2+±AuC 10


[a] Triplet formation quantum yields. [b] acetonitrile/butyronitrile (1:1).
[c] Contaminated by the presence of a fast decay, an analysis taking this
into account yields a lifetime of 570�50 ps (see text).


Figure 7. Transient absorption difference detected at the end of a 35 ps
laser pulse (532 nm, 2.5 mJ) for acetonitrile solutions of: Au+ (b), Zn
(c), and Zn±Au+ (*); differential transient absorbance measured at
3 ns after laser pulse is also reported for Zn±Au+ . The model absorbance
was adjusted to have the same number of photons absorbed by the unit
in the array. On the right side are decays and fittings for an acetonitrile
solution of Zn±Au+ at selected wavelengths.
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cal of the zinc±porphyrin cation,[14] is evident. The presence
of this band at the end of the pulse, before the luminescence
of the donor in the L conformation of the catenane starts to
decay (t = 570 ps, Table 2), indicates that this CS state orig-
inates from the S conformation. In this conformation, the
electron transfer reaction from the zinc±porphyrin donor to
the gold±porphyrin acceptor was found to be too fast to be
detected with a resolution of 20 ps in the luminescence ex-
periments (see above). The spectrum decays within the time
window of the experiments and the absorption changes at
the three more representatives wavelengths, 460 nm (1Zn),
630 nm (3Au+), and 670 nm (Zn+), are reported in Figure 7.
They show that the decay can be fitted by two exponentials
with a nonzero infinite absorbance. The shorter lifetime is
around 430 ps (remarkably shorter than the luminescence
decay of the zinc-porphyrin luminescence, which is 570 ps)
whereas the longer lifetime is 1.5 ns, coincident with the
decay of 3Au+ . It is therefore assigned to Zn±3Au+ , which is
formed by direct excitation of the gold±porphyrin moiety in
the catenane. We assign the apparent shortening of the ex-
cited 1Zn±Au+ with respect to the luminescence lifetime
decay t = 570 ps, to overlap with a faster process, which we
identify with the decay of the Zn+ C±AuC CS state formed in
the S conformation. In fact, the decay could be satisfactorily
fitted with a three-exponential decay with the same lifetime
at the different wavelengths, t1 = 50�20 ps, t2 = 570�
30 ps, and t3 = 1.5�0.1 ns, from which a lifetime of about
50 ps for the charge recombination of the S conformation
can be derived. As far as the CS state of the extended con-
formation L is concerned, its formation should have a rate
of 570 ps, as derived from the luminescence decay. However,
its observation by spectroscopic means is precluded by the
absorbance of the Zn±3Au+ , which displays a strong band in
the same spectral region. The yield of the gold±porphyrin-
localized triplet Zn±3Au+ is 0.4 relative to a yield of 1 for
the model Au+ . This indicates that only the L conformation
in Zn±Au+ yields a detectable triplet. In the S conformation
Zn±3Au+ reacts faster than our resolution, very likely by an
electron transfer reaction, as reported for similar systems.[5f]


At any rate, the spectrum recorded 3 ns after the laser pulse
in Zn±Au+ solutions shows the presence of some absorb-
ance around 670 nm (Figure 7), which can be better investi-
gated by nanosecond flash photolysis. In this experiment,
the spectrum obtained in air-free acetonitrile solutions of
Zn±Au+ at the end of an 18 ns pulse shows a pronounced
absorbance around 660 nm, ascribable to the CS state
formed by the L conformation (Figure 8). The Zn+ C±AuC CS
state derived by electron transfer in the L conformation
decays with an exponential law characterized by a lifetime
of 12 ns (Figure 8 inset). The residual absorbance is due to
the triplet 3Zn±Au+ , which decays with a lifetime of 6.8 ms
and has a yield of about 15% of the model Zn. The residual
triplet yield FT is in agreement with the one calculated from
the equation FT = 0.4 (FT0 t1Zn±Au+/t0), which corresponds
to an intersystem crossing reaction from a quenched singlet
state and the contribution from only about 40% of the
whole population, that is, the L conformation. This implies
that the fraction of S conformation, that is, 60%, does not
contribute to the triplet formation, as would be expected


from a very rapid quenching of the singlet excited state by
electron transfer in the compact conformation.


Zn±Cu+±Au+ : The transient absorption spectra registered
at the end of a 35 ps laser pulse for the catenate Zn±Cu+±
Au+ and for the related models Zn and Au+ , are reported
in Figure 9. The transient spectrum of the array is essentially


the superposition of the spectra of the models, without any
new spectral features. The kinetic traces taken at three rep-
resentative wavelengths (460 nm, 630 nm, 670 nm), reported
in Figure 9, can be fitted by a bi-exponential decay with life-
times of 550 ps and 1.5 ns. The shorter lifetime is in perfect
agreement with the 540 ps luminescence lifetime (Table 2)
and is therefore assigned to 1Zn±Cu+±Au+ , whereas the
longer one is typical of the gold±porphyrin triplet and is as-
signed to Zn±Cu+±3Au+ , which is formed by direct excita-
tion of the gold±porphyrin moiety. The measured yield of
the latter state is identical to that of the model Au+ . The re-
sidual spectrum at 3 ns in Figure 9 hardly shows any specific
absorbance around 670 nm, indicating the absence of a zinc±


Figure 8. Transient absorption difference detected in oxygen-free acetoni-
trile solution of Zn±Au+ measured at 30 ns (*) and 60 ns (*) after an
18 ns laser pulse at 532 nm, 12 mJ. In the inset the absorption decay de-
tected at 660 nm and the relative fitting are reported with the instrumen-
tal profile.


Figure 9. Differential transient absorbances at the end of a 35 ps laser
pulse (532 nm; 2.5 mJ) are reported for acetonitrile solutions of: Au+


(b), Zn (c), and Zn±Cu+±Au+ (*); differential transient absorb-
ance measured at 3 ns after laser pulse is reported for Zn±Cu+±Au+ . The
model absorbance was adjusted to have the same number of photons as
are absorbed by the same unit in the array. Decays and fittings at select-
ed wavelengths for an acetonitrile solution of Zn±Cu+±Au+ are reported
on the right side.
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porphyrin cation, as confirmed by a nanosecond laser flash
photolysis experiment reported in Figure 10. In this figure,
the spectra measured in oxygen-free acetonitrile solutions of
Zn±Cu+±Au+ at 25 and 50 ns after an 18 ns laser pulse are


shown. The initial spectrum has marked bands at 570 and
450 nm, which decay rapidly with a lifetime of 10 ns (inset
of Figure 10), leaving a strong residual absorbance after
50 ns, whose features are consistent with the triplet (lmax =


480 nm) localized on the Zn porphyrin chromophore 3Zn±
Cu+±Au+ , and which decays with a t = 7.2 ms. In contrast
with the case of Zn±Au+ , no pronounced band or fast decay
could be detected around 650±670 nm, typical of the zinc-
porphyrin cation absorbance. The bands around 570 and
450 nm could in principle be assigned to two intermediate
species of the reaction (Figure 4c), either the excited state
Zn±*Cu+±Au+ or the charge-separated state Zn±Cu2+±AuC,
which is characterized by an oxidized metal complex and a
reduced gold±porphyrin radical. Whereas the reduced gold±
porphyrin radical is known to have bands around 610 and
445 nm,[15] *Cu+ displays a band at 570 nm but has a bleach-
ing (increase of transmission) at 450 nm.[13] We therefore
assign the spectrum with the 10 ns decay to the charge-sepa-
rated state Zn±Cu2+±AuC.


The experimental yield of the Zn±porphyrin triplet, fT =


0.39, can be accounted for nearly completely[16] by a
reduced intersystem crossing from a quenched
singlet excited state 1Zn±Cu+±Au+ , according to the equa-
tion fT = fT0tZn±Cu+±Au+/t0 (see above for the meaning of the
symbols). In addition, the yield determined for 3Zn±Cu+±
Au+ seems to exclude Zn±*Cu+±Au+ as the transient spe-
cies with a 10 ns lifetime. In fact, a calculation of the yield
of 3Zn±Cu+±Au+ according to Equations (1) and (2), on the
assumption that the 10 ns species is Zn±*Cu+±Au+ convert-
ing quantitatively to 3Zn±Cu+±Au+ , would imply a fT on
the order of 1, which is quite different from the experimen-
tal value of 0.39.


The charge-separated state Zn±Cu2+±AuC is formed fol-
lowing the quenching of the zinc±porphyrin singlet state to
Zn±*Cu+±Au+ and subsequent electron transfer from the
excited copper complex to the gold porphyrin. This process


is not followed by a charge shift leading to the fully charge-
separated state Zn+ C±Cu+±AuC, since no trace of the zinc±
porphyrin radical absorbance is detected. Such behavior can
be understood from the energy scheme reported in Fig-
ure 4c. The charge shift reaction that moves an electron
from the zinc porphyrin to the copper complex, Zn±Cu2+±
AuC!Zn+ C±Cu+±AuC, has no driving force because both the
zinc±porphyrin unit and the copper phenanthroline complex
have the same oxidation potential (Table 1) and cannot
compete with the deactivation process, which leads to the
recombination of charges.


Photoinduced processes and comparison with the rotaxanes :
From the data discussed and reported in Tables 2 and 3, the
energy level scheme of Figure 4 can be completed with the
main reaction steps and the related rate constants, k, calcu-
lated from Equation (3), in which t and t0 are the lifetimes
of the state in the array and in the model, respectively.


k ¼ 1=t�1=t0 ð3Þ


The main deactivation of the excited porphyrin singlet
state in Zn±Cu+ is an energy transfer to the excited MLCT
manifold localized on the copper complex (DG0 =


�0.28 eV). This is supported by the spectral changes accom-
panying the reaction and by the final, quantitative conver-
sion to the 3Zn±Cu+ state. Reductive quenching of the zinc±
porphyrin singlet excited state by the copper(i) complex by
electron transfer, though thermodynamically feasible (DG0


= �0.05 eV), is not kinetically competitive with the energy-
transfer process.


In Zn±Au+ , the existence of two extreme conformations
L (40%) and S (60%) (Scheme 2) has been inferred from
the comparison of steady-state and time-resolved lumines-
cence quenching data and has been confirmed by the triplet
porphyrin yields. Whereas electron transfer in the S confor-
mation is too fast to be kinetically resolved by our experi-
ments (except the final recombination of the CS state, for
which a lifetime of the order of 50 ps is estimated), the proc-
esses in the L conformation could be resolved. Electron
transfer from the excited singlet zinc porphyrin to the gold
porphyrin has a rate of 1.3î109 s�1, lower than the rate (5î
109 s�1) previously reported for the corresponding reaction
in Zn2±Au+ (Figure 1). This is fully compatible both with
the decrease in the driving force (DG0 = �0.74 eV com-
pared with DG0 = �0.9 eV in Zn2±Au+) and with the in-
crease in distance between the reacting partners, from
1.9 nm in Zn2±Au+ to 2.6 nm in the present case. The dis-
tance parameter in addition to a more negative value of
DG0 for charge recombination (�1.31 eV in the case of Zn±
Au+ in comparison with �1.22 eV in Zn2±Au+), also affects
this rate, which is slowed down from 2î108 s�1 for Zn2±Au+


to about 9î107 s�1 in the present Zn±Au+ .
For Zn±Cu+±Au+ , the primary photoinduced step, energy


transfer from the singlet excited state localized on the zinc
porphyrin to the MLCT manifold localized on the copper
complex, is slower (k = 1.4î109 s�1) than the one occurring
in Zn2±Cu+±Au+ (k = 5î109 s�1). This is consistent with
the lower driving force for the reaction in Zn±Cu+±Au+ ,


Figure 10. Transient absorption difference detected in an air-free acetoni-
trile solution of Zn±Cu+±Au+ measured at 25 ns (*) and 50 ns (*) after
an 18 ns laser pulse (532 nm, 13 mJ). In the inset, the transient absorption
decay detected at 570 nm and the fitting are reported with the instrumen-
tal profile.
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DG0 = �0.28 eV, compared with DG0 = �0.35 eV for Zn2±
Cu+±Au+ , as well as with the larger distance between react-
ing partners in the present case. What is somewhat surpris-
ing is that the energy-transfer rate in Zn±Cu+±Au+ is nearly
half that determined for the same step in Zn±Cu+ , 2.7î
109 s�1 (Figure 4a), in spite of the similarity of the compo-
nents involved in the reaction. This could be explained by
the perturbation introduced by the second gold±porphyrin
substituent in proximity of the copper complex. After the
primary energy-transfer step, the Zn±*Cu+±Au+ state, with
the excitation localized on the copper complex unit, can
transfer an electron to the gold-porphyrin moiety to yield
the charge-separated state Zn±Cu2+±AuC, which is character-
ized by an oxidized copper complex center and a reduced
gold porphyrin (Figure 4c). A similar reaction occurs in the
rotaxane Zn2±Cu+±Au+ and in that case it is followed
within the 20 ps resolution by a charge shift, which yields
the fully charge-separated state Zn2


+ C±Cu+±AuC. This then
recombines to the ground state with a lifetime of 5 ns.[5e] For
the rotaxane Zn2±Cu+±Au+ , the DG8 for the charge shift
leading to the fully charge-separated state (Zn2±Cu2+±AuC!
ZnZn+ C±Cu+±AuC) is DG8 = �0.25 eV. By contrast, the
analogous process in the present catenane, corresponding to
the hypothetical reaction Zn±Cu2+±AuC!Zn+ C±Cu+±AuC,
has no driving force. The difference between the rotaxane
and the catenane is due to changes in the electrochemical
properties of both the potential electron acceptor CuII and
the potentially electron-donor zinc±porphyrin unit. In fact,
the b-substituted zinc porphyrins of the rotaxane have been
replaced by the less powerfully reducing meso-substituted
zinc porphyrin in the catenane, with oxidation potentials of
0.17 V[5e] and 0.28 V versus Fc+/Fc for the etio and the tet-
raryl derivatives, respectively. On the other hand the oxida-
tion of the CuI complex unit in Zn±Cu+±Au+ , 0.29 V versus
Fc+/Fc, though higher than the oxidation potential of the
model Cu+ (Table 1), is considerably lower than the 0.43 V
versus Fc+/Fc measured in Zn2±Cu+±Au+ .[5e]


In the rotaxane, oxidation of copper(i) to copper(ii)
occurs at a more positive potential than that of the two
zinc±porphyrin units. In other words, it becomes very diffi-
cult to oxidize CuI, since this complex is directly connected
to two powerful electron-withdrawing groups (Zn+ C radical
cation). By contrast, the oxidation of the central copper(i)
complex in the catenane takes place before or simultaneous-
ly to that of the zinc porphyrin, providing the CuI complex
with ™normal∫ redox properties and a much lower oxidation
potential than in the rotaxane. The sequence of oxidation
processes for both compounds is indicated in Equations (4)
(rotaxane) and (5) (catenane) below.


Zn2 � Cuþ � Auþ �2e�


þ0:18V
����!Znþ CZnþ C � Cuþ � Auþ �e�


þ0:43V
����!


Znþ CZnþ C � Cu2þ � Auþ
ð4Þ


Zn � Cuþ � Auþ �2e�


þ0:29V
����!Znþ C � Cu2þ � Auþ ð5Þ


It may seem paradoxical that in the rotaxane, although
the copper complex is directly bound to two etio zinc por-
phyrins (electron-rich substituents), its redox potential is
higher than the central copper complex of the catenane.


This high redox potential is simply due to the order of the
oxidation processes sequence, as indicated above.


Changes in redox properties of CuI bisphenanthroline de-
rivatives have often been discussed in the literature on the
basis of a steric argument. This is based on the fact that
bulky substituents at the 2 and 9 positions of the ligand in-
crease the oxidation potentials of CuI±bisphenanthroline de-
rivatives, characterized by a tetrahedral geometry, because
they resist rearrangement to the flatter structure that is
more appropriate for a CuII oxidation state.[17] This effect
does not seem to play any role in the present case; in fact,
molecular models show that the restriction to planarization
is essentially the same in the catenane and the rotaxane, in
agreement with the fact that the substituent at the 2 and 9
positions is, in both cases, a phenyl group.


In the catenanes, the increase in the energy level of the
fully charge-separated state Zn+ C±Cu+±AuC and the decrease
in the energy level of the primary charge-separated state
Zn±Cu2+±AuC thus lead to an essentially isoenergetic situa-
tion of the two states. Accordingly, the primary charge-sepa-
rated state Zn±Cu2+±AuC, formed by photoinduced electron
transfer from the sensitized copper-complex excited state,
recombines to the ground state with a rate of 108 s�1, with-
out proceeding further in charge separation. Notably, in
spite of the absence of a further charge separation step, the
lifetime of the present charge-separated state is longer than
that of the rotaxane Zn2


+ C±Cu+±AuC, in which the charges
are separated over the full distance of the array.


Conclusion


We have shown that in the present catenane structure, the
electron and energy-transfer steps originating from the ex-
cited zinc±porphyrin unit are slower than in the correspond-
ing rotaxanes, while the efficiencies are still remarkable (ca.
75%). A noticeable difference between the rotaxane Zn2±
Cu+±Au+ and the catenane Zn±Cu+±Au+ is that in the
latter case, the second electron transfer (charge shift) does
not take place. Nonetheless the lifetime of the charge-sepa-
rated state in the catenane Zn±Cu2+±AuC is twice as long as
that of the fully charge-separated state in the rotaxane Zn2


+


C±Cu+±AuC. An important and general result for the present
series is that the lifetimes of the final charge-separated
states are increased by a factor of 2±2.5 in all catenanes
compared with the corresponding rotaxanes.


Experimental Section


Synthesis : All reactions were performed under an atmosphere of argon,
using standard Schlenk techniques. CH2Cl2 was distilled from P2O5 and
DMF (analytical grade) was filtered through a pad of alumina prior to
use. Porphyrin 4,[9] phenanthroline 1,[5e] macrocycle Zn,[9] [Au]PF6,


[5e]


[2]catenate [Zn±Cu±Au](PF6)2,
[9] and [2]catenane [Zn±Au]PF6


[9] were
available from previous studies. Macrocycle 2,[18] [2]catenate [Cu]BF4,


[18]


and [Cu(CH3CN)4]PF6
[19] were prepared according to literature proce-


dures. All the compounds used in photophysical investigations were care-
fully checked and purified by chromatography when necessary. 1H NMR
spectra were obtained on a Bruker Avance 400 spectrometer. Chemical
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shifts in ppm are referenced downfield from tetramethylsilane. Labels of
the protons of [2]catenane Zn±Cu+ are provided in Scheme 1. Mass spec-
tral data were obtained on a ZAB-HF (FAB) spectrometer.


[2]catenane [Zn±Cu]PF6 was prepared in a two-steps procedure as previ-
ously described for related catenates.[18] The first step consists of the syn-
thesis of the copper(i) precatenate 3, which is converted in a second step
to the desired catenate. The precursors are represented in Scheme 3.


Precatenate 3 : A degassed solution of [Cu(CH3CN)4]PF6 (98.6 mg,
0.265 mmol) in CH3CN (7 mL) was added by cannula to a pale yellow de-
gassed solution of 1[5e] (178.1 mg, 0.265 mmol) and 2[18] (150.6 mg,
0.266 mmol) in CH2Cl2 (50 mL). The solution turned dark red immediate-
ly. After stirring for 3 h, the solvents were removed in vacuo, leaving a
quantitative amount of pure precatenate 3 as a red solid. 1H NMR
(300 MHz, CD2Cl2): d = 8.64 (d, 3J = 8.4 Hz, 2H; H4,7), 8.51 (d, 3J =


8.2 Hz, 2H; H4’,7’), 8.26 (s, 2H; H5,6), 8.08 (s, 2H; H5’,6’), 7.88 (d, 3J =


8.2 Hz, 2H; H3,8 or H3’,8’), 7.85 (d, 3J = 8.2 Hz, 2H; H3,8 or H3’,8’), 7.51 (d,
3J = 8.6 Hz, 4H; Ho), 7.32 (d, 3J = 8.6 Hz, 4H; Ho’), 6.09 (d, 3J =


8.6 Hz, 4H; Hm or Hm’), 6.00 (d, 3J = 8.6 Hz; Hm or Hm’), 3.88 (t, 3J =


6.2 Hz, 4H; Ha), 3.83 (s, 4H; He’), 3.88±3.73 (m, 16H; Ha’,b’,g’,d’), 3.32 (t, 3J
= 6.2 Hz, 4H; Hb).


[2]catenate [Zn±Cu]PF6 : A degassed solution of precatenate 3 (249.3 mg,
0.172 mmol) and zinc porphyrin 4[5e] (160.2 mg, 0.1713 mmol) in DMF
(16 mL) was added dropwise (1 drop/30 s) to a stirred suspension of
Cs2CO3 (212 mg, 0.651 mmol) in DMF (32 mL) at 55 8C under argon.
After the mixutre had been stirred for 19 h at 55 8C, the solvent was
evaporated under reduced pressure. The residue was taken up in CH2Cl2
and washed with water. The resulting organic layer was stirred with a
5% aqueous solution of KPF6 and then separated from the aqueous
phase. After evaporation of the solvent, the crude material was purified
by repeated column chromatography (SiO2, CH2Cl2/MeOH, 100:0.2) to
afford [Zn±Cu]PF6 in 14% yield (52 mg). 1H NMR (400 MHz, CD2Cl2):
d = 9.12 (d, 3J = 4.6 Hz, 2H; Hpy2), 9.04 (d, 3J = 4.3 Hz, 2H; Hpy3), 9.03
(s, 2H; Hpy4), 8.63 (s, 2H; Hpy1), 8.63 (d, 3J = 8.4 Hz, 2H; H4,7), 8.42 (d,
3J = 8.3 Hz, 2H; H4’,7’), 8.25 (d, 3J = 8.6 Hz, 4H; Ho™), 8.14 (s, 2H; H5,6),
8.11 (d, 4J = 1.8 Hz, 4H; Hop), 7.84 (d, 3J = 8.3 Hz, 2H; H3’,8’), 7.83 (d,
3J = 8.4 Hz, 2H; H3,8), 7.82 (t, 4J = 1.8 Hz, 2H; Hpp), 7.76 (s, 2H; H5’,6’),
7.48 (d, 3J = 8.6 Hz, 4H; Hm∫),7.35 (d, 3J = 8.7 Hz, 4H; Ho), 7.22 (d, 3J
= 8.7 Hz, 4H; Ho’), 6.28 (d, 3J = 8.7 Hz, 4H; Hm), 5.99 (d, 3J = 8.7 Hz,
4H; Hm’), 4.73 (t, 3J = 4.1 Hz, 4H; Hb), 4.17 (t, 3J = 4.2 Hz, 4H; Ha),
3.79 (s, 4H; He’), 3.65 (m, 8H; Ha’ and Hg’ or Hd’), 3.54 (m, 4H; Hg’ or


Hd’), 3.47 (m, 4H; Hb’), 1.54 (s, 36H; HtBu); FAB-MS: m/z : calcd 1977.7
[M�PF6


�]+ , found 1979.8.


Electrochemistry : A freshly opened bottle of butyronitrile (Acros, >


99%) was used as solvent. Tetra-n-butylammonium hexafluorophosphate
(puriss) was purchased from Fluka. Cyclic voltammetry experiments
were performed on an EG&G Princeton Applied Research Potentiostat/
Galvanostat model 273A equipped with an Ifelec IF 3802 recorder. A
silver wire served as the reference electrode (Ag/Ag+). A platinum disk
was used as working electrode and a platinum wire as counter-electrode.
All of the experiments were conducted under an argon atmosphere in a
Metrohm universal recipient, using 5 mL solutions containing
0.1 moldm�3 of supporting electrolyte. Ferrocene (1 mg) was added at
the end of each experiment as a potential reference.


Spectroscopic and photophysical measurements : The solvents used were
acetonitrile (C. Erba, spectroscopic grade) and butyronitrile (Fluka). Ab-
sorption spectra were recorded using a Perkin-Elmer Lambda 9 spectro-
photometer and uncorrected emission spectra were detected by a Spex
Fluorolog II spectrofluorimeter equipped with a Hamamatsu R-928 pho-
tomultiplier tube. Relative luminescence intensities were evaluated from
the area (on an energy scale) of the luminescence spectra corrected for
the photomultiplier response. The fluorescence quantum yields ff for the
components were obtained with reference to a standard, ZnII 5,10,15,20-
tetrakis(3’,5’-di-tert-butylphenyl)porphyrin in toluene with f= 0.08.[3f]


The phosphorescence spectra of the porphyrin triplets were detected by
the same spectrofluorimeter equipped with a phosphorimeter accessory
(1934D, Spex). The energies of the electronic levels of the various com-
pounds were derived from emission maxima of the luminescence bands
at 77 K.


Fluorescence lifetimes in the 20±2000 ps range were determined by an
apparatus based on a Nd:YAG laser (Continuum PY62±10) with a 35 ps
pulse at 10 Hz, 532 nm excitation, 1.5 mJ per pulse and a streak camera
with 2 ps resolution (Hamamatsu C1587 and M1952). The time profiles
were analysed by standard iterative methods. Fluorescence lifetimes
longer than 2 ns were detected by an IBH Time-Correlated Single-
Photon apparatus with excitation at 337 nm.


Transient absorption spectra in the picosecond time domain were meas-
ured by a pump and probe system. The second harmonic (532 nm) of a
Nd:YAG laser (Continuum PY62±10) with a 35 ps pulse was used to
excite samples with an energy of 2±3 mJ. Optical density of samples at
the excitation wavelength was between 0.1 and 0.6. Nanosecond laser
flash-photolysis studies were performed by using a Nd:YAG laser (18 ns
pulse; 532 nm E = 12±14 mJ) and an Hamamatsu R936 photomultipler
tube as detector coupled with a digital oscilloscope. The triplet lifetimes
were determined by a laser energy of 0.5 mJ, to prevent second order re-
actions. The instrumental response was determined from the rise and
decay of the 3Au+ signal at 630 nm.


Triplet yields are calculated with respect to the photons absorbed only by
the unit of interest in the array and were determined by comparing the
transient absorbance in the 600±650 nm region with that of ZnII or AuIII


5,10,15,20-tetrakis(3’,5’-di-tert-butylphenyl)porphyrin with fT = 0.72 and
1 for the zinc and the gold porphyrins, respectively.[3j] The yields of 3Zn
were determined in the nanosecond experiments at 100 ns delay from the
pulse, whereas for 3Au+ it was obtained by the picosecond experiments
at the end of the pulse, after correcting for the fast components of the
decays and the infinite absorbance.


Experimental uncertainties are estimated to be within 10% for lifetime
determination, 20% for quantum yields, 20% for molar absorption coef-
ficients, and 3 nm for emission and absorption peaks, unless otherwise
stated. The reported distances were estimated using CPK models.
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Scheme 3. Precursors for the synthesis of [Zn±Cu]PF6.
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Preparation and Reactions of 1,3-Diphosphacyclobutane-2,4-diyls That
Feature an Amino Substituent and/or a Carbonyl Group


Hiroki Sugiyama, Shigekazu Ito, and Masaaki Yoshifuji*[a]


Introduction


In recent years, the general character of radicals, which are
described as highly reactive and short-lived, has not been
found to apply to several biradicals, in particular, the heavi-
er main group elements such as phosphorus.[1] Niecke and
co-workers described the synthesis of an isolable, phospho-
rus-containing, four-membered cyclic biradical species, 2,4-
dichloro-1,3-diphosphacyclobutane-2,4-diyl 1, and its reac-
tions to afford several intriguing compounds.[2±4] For exam-


ple, ring-opening of the 1,3-diphosphacyclobutane-2,4-diyl
and formation of a diphosphabicylo[1.1.0]butane were re-
ported,[2,3,5] and very recently, the aniomesolytic cleavage of
a P�C(aryl) bond to afford the 1,3-diphosphacyclobutadi-
enediide was described.[6] On the other hand, Bertrand and
co-workers reported the synthesis of a boron-centered birad-
ical 2,[7,8] and recently, interest has been shown with regard
to the latest results of its radical-type reactivity[9] and the
structural conversion of the B2P2 biradical.


[10] These attempts
to obtain stable biradicals have had an impact on both main
group chemistry, as well as the chemistry of reaction inter-
mediates.


Very recently, we reported the formation of 1,3-diphos-
phacyclobutane-2,4-diyl 3 in the reaction of a bulky phos-
phaalkyne (Mes*C�P (4)) with tert-butyllithium and iodo-
methane. Compound 3 was stable at room temperature and
did not decompose up to a few days even in air.[11] More-
over, our method enables various kinds of nucleophiles and
electrophiles to be employed in the reaction of 4. Therefore,
we thought that it might be possible to prepare a number of
1,3-diphosphacyclobutane-2,4-diyl derivatives.


Herein we report the preparation and reactions of some
functionalized 1,3-diphosphacyclobutane-2,4-diyls prepared
from 4. We chose lithium diisopropylamide (LDA) and tert-
butyllithium as nucleophiles, while iodomethane and benzo-


[a] H. Sugiyama, Dr. S. Ito, Prof. M. Yoshifuji
Department of Chemistry, Graduate School of Science
Tohoku University
Aoba, Sendai 980-8578 (Japan)
Fax: (+81)22-217-6562
E-mail : yoshifj@mail.tains.tohoku.ac.jp


Abstract: The preparation and proper-
ties of a 1-amino-1,3-diphosphacyclo-
butane-2,4-diyl and a 1-benzoyl-1,3-di-
phosphacyclobutane-2,4-diyl, which can
be regarded as functionalized cyclic bi-
radical derivatives, were investigated.
Hydrolysis of 1-diisopropylamino-3-
methyl-2,4-bis(2,4,6-tri-tert-butylphen-
yl)-1,3-diphosphacyclobutane-2,4-diyl
(7), which is formed by reaction of
Mes*C�P (4 ; Mes*=2,4,6-tBu3C6H2)
with lithium diisopropylamide and io-
domethane, resulted in ring-opening of
the 1,3-diphosphacyclobutane-2,4-diyl
skeleton, as well as de-aromatization of
one of the Mes* rings. 3-Oxo-1,3-di-


phosphapropene 8 and 7-phosphabicy-
clo[4.2.0]octa-1(8),2,4-triene 9 were the
resultant products, and these were sub-
sequently characterized. Isomerization
and oxidation of 7 occurred in the pres-
ence of TEMPO (2,2,6,6-tetramethyl-1-
piperidinoxy) to give the first example
of a cyclic dimethylenephosphorane
derivative, namely 3-oxo-1,3-diphos-
pha-1,4-diene 10. 1-Benzoyl-3-tert-
butyl-2,4-bis(2,4,6-tri-tert-butylphenyl)-


1,3-diphosphacyclobutane-2,4-diyl (12)
was isolated and characterized from
the reaction of 4 with tert-butyllithium
and benzoyl chloride. Compound 12
was subsequently heated and under-
went rearrangement of the benzoyl
group and ring-expansion to afford 1-
oxo-1H-[1,3]diphosphole 13. Reaction
of 4 with lithium diisopropylamide and
benzoyl chloride afforded the 2H-
[1,2,4]oxadiphosphinine 15, which was
probably formed through the 1,3-di-
phosphacyclobutane-2,4-diyl intermedi-
ate 14. Thermolysis of 15 afforded 1-
oxo-1H-[1,3]diphosphole 16 in an Ar-
buzov-type rearrangement.


Keywords: heterocycles ¥ phos-
phaalkenes ¥ phosphaalkynes ¥ pro-
tecting groups ¥ radicals
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yl chloride were employed as electrophiles. Benzoyl chloride
was used in the hope that the carbonyl moiety would act as
an electron-withdrawing group that would interact with the
P2C2 biradical skeleton. Moreover, we anticipated that the
amino group on the phosphorus might affect the 1,3-diphos-
phacyclobutane-2,4-diyl moiety in such a way that it would
undergo a number of novel reactions. We found that 1,3-di-
phosphacyclobutane-2,4-diyls that bear an amino group un-
dergo isomerization and ring-opening, while the 1,3-diphos-
phacyclobutane skeleton that bears a benzoyl group under-
goes ring-expansion.


Results and Discussion


Preparation of phosphaalkyne[12] 4 and its precursor : Phos-
phaalkyne 4 was prepared by a Fritsch±Buttenberg±Wie-
chell-type [1,2] rearrangement using 2,2-dibromo-1-(2,4,6-
tri-tert-butylphenyl)-1-phosphaethene (Mes*P=CBr2 (5))
and a nickel catalyst in the manner previously de-
scribed,[11,13] while dibromophosphaethene 5[14] was prepared
from (2,4,6-tri-tert-butylphenyl)phosphonous dichloride
(Mes*PCl2)


[15] and bromoform in the presence of LDA.[16]


Formation and reactions of 1-diisopropylamino-3-methyl-
1,3-diphosphacyclobutane-2,4-diyl (7): Phosphaalkyne 4 was
allowed to react with 0.5 equivalents of LDA to give the re-
sultant intermediate 6, the structure of which was deter-
mined by 31P NMR spectroscopy (dP=258, 56 ppm;
2J(P,P)=102 Hz) (Scheme 1).[11,17] The reaction mixture was


then treated with iodomethane to afford 7 as a deep blue
compound in almost quantitative yield. In contrast to 3,
compound 7 was found to decompose in air probably be-
cause of the instability of the P�N bond. In addition, 7 un-
derwent slow decomposition in solution even at �20 8C. In
the 31P NMR spectrum, the P�N(iPr2)2 phosphorus atom dis-
played a higher chemical shift than that of the PMe moiety
and a larger coupling constant (2J(P,P)=433.7 Hz) than that


observed for 3.[11] This might indicate that a considerable in-
teraction arises between the phosphorus atoms and the
amino group as a result of a p-donating effect.


Attempts to isolate 7 for X-ray crystallographic studies
were unsuccessful. However, in the course of these studies
several derivatives of 7 were isolated and characterized. In
particular, when compound 7 was kept for 0.5 h in a ben-
zene/water mixture, the subsequent 31P NMR spectrum dis-
played eight major peaks that corresponded to new prod-
ucts, some of which were not able to be identified. The two
major products 8 and 9 were isolated by chromatographic
purification, each as a mixture of two diastereomers, and
these were then recrystallized and analyzed by X-ray crys-
tallography. Figure 1 shows an ORTEP drawing of the mo-


lecular structure of 8, which corresponds to the product of a
ring-opening reaction of the 1,3-diphosphacyclobutane skel-
eton followed by addition of water. The six-membered ring
(C3±C8) is not aromatic. It contains two double bonds at
C5=C6 and C7=C8 and an exo double bond at C3, two
single bonds at C3�C4 and C4�C5, and two additional
single bonds at C6�C7 and C3�C8 whose bond lengths are
characteristic of the central C�C diene bond. The nitrogen
atom is planar (S(angles)=3608) and the N�P1�C1�P2
skeleton is coplanar (V=2.2(5)8). Figure 2 displays an
ORTEP drawing of 9. Although the structure of 9 suggests
that it is also the product from the ring-opening of 7, in con-
trast to 8, the P(NiPr2) phosphorus is bonded to C3 to form
a bicyclic structure.[18] As in compound 8, the six-membered
ring (C2±C7) is not aromatic. Three asymmetric centers are
present in 9, and the diisopropylamino group is trans to the
C3 tBu group so that steric congestion is minimized. It is
likely that compounds 8 and 9 are formed by ring-opening


Scheme 1.


Figure 1. Molecular structure of 8. All hydrogen atoms except for H1 and
H2, and those found in the solvent (dichloromethane), are omitted for
clarity. Selected bond lengths [ä] and angles [8]: P1�N 1.646(4), P1�C1
1.670(5), P2�O 1.486(3), P2�C1 1.820(4), P2�C2 1.798(4), P2�Me
1.804(5), C1�Mes* 1.508(6), C2�C3 1.357(6), C3�C4 1.521(6), C4�C5
1.500(6), C5�C6 1.338(6), C6�C7 1.470(6), C7�C8 1.346(6), C3�C8
1.487(6); N-P1-C1 115.5(2), O-P2-C1 114.9(2), O-P2-C2 116.2(2), O-P2-
Me 109.8(2), C1-P2-C2 108.0(2), C1-P2-Me 105.6(2), C2-P2-Me 101.0(2),
P1-C1-P2 110.3(2), P1-C1-Mes* 138.2(3), P2-C1-Mes* 111.3(3), P2-C2-C3
130.9(4), C2-C3-C4 122.2(4), C2-C3-C8 122.0(4), C4-C3-C8 115.6(4), C3-
C4-C5 109.6(4), C3-C4-tBu 115.2(4), C5-C4-tBu 110.4(4), C4-C5-C6
123.0(4), C5-C6-C7 117.4(4), C6-C7-C8 124.1(4), C3-C8-C7 116.1(4).
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of a 1,3-diphosphacyclobutene intermediate upon hydrolysis
of 7 in the manner displayed in Scheme 2. Hydrolysis of the
C2P2 four-membered ring might occur to generate the corre-
sponding intermediary 1-hydroxy-1l5,3l3-diphosphacyclobu-


tenes, and then these subsequently undergo rearrangement
and de-aromatization of the Mes* ring to give 8 and 9. Al-
though the reason for this facile hydrolysis and ring-opening
is unclear, the increased reactivity of the aromatic ring
might arise as a result of steric hindrance caused by distor-
tion. Under similar conditions, compound 3 did not undergo
this kind of hydrolysis; this suggests that the electronic
effect of a diisopropylamino group in the C2P2 system facili-
tates these ring-opening reactions.


Reaction of 7 with 2,2,6,6-tetramethyl-1-piperidinoxy
(TEMPO) gave rise to markedly different results than those
mentioned above. When a solution of 7 and TEMPO in
THF was irradiated with light, the color of the solution
turned from blue to red. Subsequent recrystallization of the


residue obtained upon removal of the solvent afforded cy-
clodimethylenephosphorane 10 as a red solid (Scheme 1).
The 31P and 13C NMR data were similar to those of a previ-
ously reported aminodimethylenephosphorane (Me2N�
P(=CTMS2)2: TMS=SiMe3: dP=167 ppm; dC(P=C)=


55.6 ppm, 1J(P,C)=71.3 Hz).[19] The molecular structure of
10 (Figure 3) reveals that the four-membered ring is almost


planar (V(C1-P1-C2-P2)=1.6(2)8), and the nitrogen atom
also has an almost planar coordination (S(angles)=359.98).
The P2�C1 and P2�C2 distances indicate that these are
phosphorus±carbon double bonds, while the sum of the
angles around P2 (359.88) suggests that it has a l5s3 coordi-
nating mode.[12,19] Although the mechanism of formation for
compound 10 is still uncertain, irradiation may induce the
1,3-diphosphacyclobutane-2,4-diyl moiety in 7 to undergo
valence isomerization, while the P=O group generated by
subsequent TEMPO oxidation stabilizes the dimethylene-
phosphorane[12b] structure. Indeed, compound 10 was not
formed when a mixture of 7 and TEMPO were stirred in
the dark or when a solution of 7 was irradiated in the ab-
sence of TEMPO.[20] Theoretical calculations predicted that
the cyclic phosphorane compound 11B, which is a possible


valence isomer of 1,3-diphosphacyclobutane-2,4-diyl, is
slightly less stable than structure 11A, but is much more
stable than bicyclo[1.1.0]butane 11C or the planar isomer
11D.[4] In contrast to what was observed for 7, compound 3
did not react in the presence of TEMPO upon irradiation,
and only 3 was recovered.


Figure 2. Molecular structure of 9. All hydrogen atoms except for those
in the methylene group (C20) and the solvent (dichloromethane) are
omitted for clarity. Selected bond lengths [ä] and angles [8]: P1�O
1.482(3), P1�N 1.646(4), P1�C1 1.790(5), P1�C3 1.877(5), P2�C1
1.828(5), P2�C20 1.860(5), P2�Me 1.847(6), C20�Mes* 1.521(6), C1�C2
1.375(6), C2�C3 1.531(6), C2�C7 1.464(6), C3�C4 1.501(7), C4�C5
1.347(5), C5�C6 1.465(7), C6�C7 1.354(7); O-P1-N 109.8(2), O-P1-C1
121.0(2), O-P1-C3 118.8(2), N-P1-C1 111.5(2), N-P1-C3 114.9(2), C1-P1-
C3 77.7(2), C1-P2-C20 100.1(2), C1-P2-Me 99.3(2), C20-P2-Me 98.8(2),
P1-C1-P2 133.1(3), P1-C1-C2 92.1(3), P2-C1-C2 134.6(4), C1-C2-C3
104.6(4), C1-C2-C7 137.3(4), C3-C2-C7 117.5(4), P1-C3-C2 84.1(3), P1-
C3-C4 120.7(4), P1-C3-tBu 113.0(3), C2-C3-C4 111.6(4), C2-C3-tBu
115.4(4), C4-C3-tBu 110.0(4), C3-C4-C5 119.8(4), C4-C5-C6 119.1(4), C5-
C6-C7 125.9(5), C6-C7-C2 113.7(4).


Scheme 2.


Figure 3. Molecular structure of 10. All hydrogen atoms are omitted for
clarity. Selected bond lengths [ä] and angles [8]: P1�O 1.479(3), P1�C1
1.837(4), P1�C2 1.822(4), P1�Me 1.814(4), P2�N 1.612(4), P2�C1
1.656(4), P2�C2 1.669(4), C1�Mes* 1.497(5), C2�Mes* 1.499(5); C1-P1-
C2 88.3(2), C1-P2-C2 100.1(2), P1-C1-P2 85.7(2), P1-C2-P2 85.8(2), P1-
C1-Mes* 125.3(3), P2-C1-Mes* 146.5(3), P1-C2-Mes* 143.9(3), P2-C2-
Mes* 128.8(3).
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Preparation and reactions of 1-benzoyl-1,3-diphosphacyclo-
butane-2,4-diyls : We allowed 4 to react with 0.5 equivalents
of tert-butyllithium and benzoyl chloride, in a manner simi-
lar to that employed for 3, to afford the corresponding 1-
benzoyl-1,3-diphosphacyclobutane-2,4-diyl 12 as a dark-
green solid (Scheme 3). Compound 12 did not decompose


below 20 8C and could be handled in air for several minutes.
The structure of 12 was determined from spectroscopic data.
In the 13C NMR spectrum, a peak for the ring carbon atom
was observed at dC=97.7 ppm. In the UV/Vis spectrum, 12
displayed an absorption at 664 nm; this constitutes a batho-
chromic shift, and indicates that the HOMO±LUMO gap is
smaller than that for 3.[11]


When 12 was heated at 100 8C for 10 min, 1-oxo-1H-
[1,3]diphosphole 13 was obtained in 39% yield as a yellow
solid. The structure of 13 (Figure 4) reveals that the C3P2


five-membered ring is almost planar, the largest deviation
being 0.132 ä, and the P1�C1 distance indicates the pres-
ence of a phosphorus±carbon double bond.[12] The structure
of 13 is similar to the calculated structure of 1,3-diphos-
phole,[21] which has not as yet been synthesized experimen-
tally.[22]


Compound 4 was also allowed to react first with
0.5 equivalents of LDA and then benzoyl chloride at �78 8C
to give 2H-[1,2,4]oxadiphosphinine 15. Although the color
of the reaction mixture turned deep blue when LDA was al-
lowed to react with 4, and indicates that compound 14 is
being generated, the biradical 14 was not observed in the
spectra (Scheme 3). Furthermore, upon addition of benzoyl
chloride to the reaction, the mixture turned deep red in sev-
eral seconds. The isolated product was subsequently recrys-
tallized and suitable crystals were used for X-ray crystallo-
graphic studies. Figure 5 displays the molecular structure of


15, and reveals a six-membered ring, namely the 2H-
[1,2,4]oxadiphosphinine skeleton. The six-membered ring
displays a boat-type conformation in which the P1 atom is
located at the ™bow∫ position (V(C1�P1�O�C3)=76.0(7)8).
The sum of the angles around the nitrogen atom is 356.68.
The sp2 phosphorus atom, the phosphino group, and the sp2


carbon atom were identified by NMR spectroscopy.
Upon being heated, 15 underwent an Arbuzov-type rear-


rangement to afford 1-oxo-1H-[1,3]diphosphole 16
(Scheme 3), and indicates that a stability difference arises
between 15 and 16. In contrast, the formation of 1-oxo-1H-
[1,3]diphosphole 13 from 12 was probably the result of a
tBu group substituent effect. The structure of 16 was unam-
biguously determined by X-ray crystallography (Figure 6).


Although several mechanisms for the reactions described
in Scheme 4 are feasible, it is plausible that the isomeriza-
tions that afford compounds 13, 15, and 16 include a [1,2] re-
arrangement of the benzoyl group, in a manner similar to
the Fries-type rearrangement.[23] Subsequently, the carbonyl
group might play a role in the 1,3-diphosphacyclobutane
skeleton undergoing expansion to afford a five- or six-mem-


Scheme 3.


Figure 4. Molecular structure of 13. All hydrogen atoms are omitted for
clarity. Selected bond lengths [ä] and angles [8]: P1�C1 1.680(2), P1�C2
1.856(3), P2�O 1.486(2), P2�C1 1.836(3), P2�C3 1.838(2), P2�tBu
1.862(3), C2�C3 1.346(3), C1�Mes* 1.510(3), C2�Mes* 1.517(3), C3�Ph
1.488(3); C1-P1-C2 99.5(1), O-P2-C1 111.6(1), O-P2-C3 113.2(1), O-P2-
tBu 109.2(1), C1-P2-C3 98.0(1), P1-C1-P2 111.5(1), P1-C2-C3 116.2(2),
P2-C3-C2 113.7(2), P1-C1-Mes* 129.5(2), P2-C1-Mes* 118.4(2), P1-C2-
Mes* 119.7(2), C3-C2-Mes* 123.7(2), P2-C3-Ph 119.6(2), C2-C3-Ph
126.3(2), C1-P2-tBu 115.0(1), C3-P2-tBu 109.5(1).


Figure 5. Molecular structure of 15. Hydrogen atoms and the solvents (di-
chloromethane) are omitted for clarity. As the p-tBu groups are disor-
dered, only the atoms with predominant occupancy factors (0.58 for C1�
Mes*, 0.52 for C2�Mes*) are displayed. Selected bond lengths [ä] and
angles [8]: P1�O 1.724(8), P1�N 1.639(9), P1�C1 1.85(1), P2�C1
1.708(10), P2�C2 1.81(1), O�C3 1.36(1), C2�C3 1.38(2), C1�Mes*
1.53(1), C2�Mes* 1.51(1), C3�Ph 1.51(2); O-P1-N 100.7(5), O-P1-C1
96.3(5), N-P1-C1 110.2(5), C1-P2-C2 107.0(5), P1-O-C3 113.4(7), P1-C1-
P2 110.4(6), P1-C1-Mes* 125.4(7), P2-C1-Mes* 124.0(8), P2-C2-C3
121.4(8), P2-C2-Mes* 113.7(9), C3-C2-Mes* 122.8(9), O-C3-C2 121.1(9),
O-C3-Ph 109.7(10), C2-C3-Ph 129.1(9).


Chem. Eur. J. 2004, 10, 2700 ± 2706 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2703


Preparation and Reactions of 1,3-Diphosphacyclobutane-2,4-diyls 2700 ± 2706



www.chemeurj.org





bered heterocyclic system. Alternatively, as is the case for 1,
ring-opening of the four-membered ring in compound 12 or
14 by cleavage of the P�C bond might occur to generate a
nucleophilic phosphinocarbene intermediate.[2] Migration of
the benzoyl group then takes place, and allows the residual
5-oxo-1,3-diphosphapropene derivatives that bear a P=C�
P=C�C=O skeleton to undergo cyclization to give a 2H-
[1,2,4]oxadiphosphinine ring. Studies are in progress to clari-
fy the reaction mechanism for the ring-expansion of 12 and
intermediary 14.


Conclusion


In summary, we have prepared some functionalized 1,3-di-
phosphacyclobutane-2,4-diyls that bear a diisopropylamino
and benzoyl group on the four-membered biradical skeleton,
and showed the first examples of these diyls undergoing


ring-opening, valence isomerization, and ring-expansion re-
actions to afford novel organophosphorus compounds. In-
corporation of functional groups in the 1,3-diphosphacyclo-
butane-2,4-diyl moiety is a useful manner by which to tune
the properties of the C2P2 ring, as well as to construct novel
heterocyclic structures.


Experimental Section


General : All the experiments described here were carried out under an
atmosphere of argon using dry solvents, unless otherwise specified. Melt-
ing points were determined with a Yanagimoto micro melting-point appa-
ratus MP-J3, and are not corrected. Microanalyses were performed at the
Instrumental Analysis Center of Chemistry, Graduate School of Science,
Tohoku University. 1H and 13C NMR spectra were recorded on a Bruker
AVANCE400 spectrometer and 31P NMR spectra were obtained with a
Bruker AC200P or AVANCE400 spectrometer using 85% H3PO4 as an
external standard. NMR spectra were recorded at 25 8C unless otherwise
noted. MS spectra were taken on a JEOL HX-110 or a Hitachi M-2500S
spectrometer. FT-IR and UV/Vis spectra were taken on a Horiba FT-300
and a Hitachi U-3210 spectrometer, respectively.


Compound 5 : LDA (ca. 36 mmol, prepared from diisopropylamine and
butyllithium in THF at 0 8C) was added to a stirred solution of Mes*PCl2
(5.2 g, 15 mmol) and bromoform (17 mmol) in THF (60 mL) at �78 8C.
The reaction mixture was stirred at �78 8C for 15 min and was then al-
lowed to warm to room temperature. The solvent was removed under
vacuum, the residue was dissolved in hexane (200 mL), and the organic
layer was washed with water. The solution was dried with MgSO4 and
concentrated. The residual solid was recrystallized from ethanol to afford
5 (4.6 g, 67%). The spectroscopic data were identical to those from the
literature.[14]


Compound 7: LDA (ca. 0.56 mmol) was added to a solution of 4 (300 mg,
1.04 mmol) in THF (6 mL) at �78 8C. The reaction mixture was stirred at
�78 8C for 15 min and was then stirred for 1 h at room temperature. Io-
domethane (0.64 mmol) was added to the mixture and the solvent was re-
moved under vacuum. The residue was extracted with hexane and the
solution was concentrated to afford almost pure 7 as a deep blue solid in
almost quantitative yield (0.36 g). Attempts to crystallize 7 were not suc-
cessful because of its slight instability. The sp2 radical center could not be
identified in the 13C NMR spectrum as a result of slow decomposition.
31P{1H} NMR (162 MHz, CDCl3): d=15.1 (d, 2J(P,P)=433.7 Hz; PMe),
�18.4 ppm (d, 2J(P,P)=433.7 Hz; PNiPr2);


1H NMR (400 MHz, CDCl3):
d=7.54 (s, 2H; m-Mes*), 7.36 (s, 2H; m-Mes*), 3.11 (sept, 3J(H,H)=
6.6 Hz, 2H; CHMe2), 1.84 (d, 2J(P,H)=10.0 Hz, 3H; PMe), 1.73 (s, 18H;
o-tBu), 1.72 (s, 18H; o-tBu), 1.40 (s, 18H; p-tBu), 0.68 ppm (d, 3J(H,H)=
6.6 Hz, 12H; CHMe2).


Reaction of 7 with water : A solution of 7 (0.36 g, 0.52 mmol) in wet ben-
zene (10 mL) was stirred in air at room temperature for 0.5 h. The sol-
vent was then removed under vacuum and the residue was purified by
silica-gel column chromatography (hexane/EtOAc) to afford 8 (177 mg,
48%) and 9 (156 mg, 42%), respectively, each as a mixture of two iso-
mers. Recrystallization of each isolated compound from dichloromethane
at 0 8C afforded single isomers of 8 and 9.


Compound 8 : (Isomer A): Colorless plates, m.p. 127±129 8C (decomp);
31P{1H} NMR (162 MHz, CDCl3): d=282.3 (d, 2J(P,P)=174.4 Hz; P=C),
31.6 ppm (d, 2J(P,P)=174.4 Hz; P=O); 1H NMR (400 MHz, CDCl3): d=
7.48 (d, 4J(H,H)=2.0 Hz, 1H; m-Mes*), 7.39 (d, 4J(H,H)=2.0 Hz, 1H;
m-Mes*), 6.06 (dd, 2J(P,H)=21.7 and 5J(H,H)=1.2 Hz, 1H; P(O)CH),
6.04 (pseudo-t, [5J(H,H) + 5J(H,H)]/2=2.6 Hz, 1H; =CH), 5.78 (dd,
3J(H,H)=5.8 and 5J(H,H)=2.6 Hz, 1H; =CH), 4.58 (d, 3J(H,H)=5.8 Hz,
1H; CH), 4.45 (sept, 3J(H,H)=6.3 Hz, 1H; NCH), 3.56 (sept, 3J(H,H)=
7.0 Hz, 1H; CHMe2), 1.65 (s, 9H; o-tBu), 1.54 (s, 9H; o-tBu), 1.37 (d,
3J(H,H)=7.0 Hz, 6H; CHMe2), 1.32 (s, 9H; tBu), 1.31 (s, 9H; p-tBu),
1.13 (d, 2J(P,H)=12.6 Hz, 3H; PMe), 1.07 (s, 9H; tBu), 1.07 (m, 6H;
CHMe2), 0.99 ppm (s, 9H; tBu); 13C{1H} NMR (101 MHz, CDCl3): d=
160.2 (d, 3J(P,C)=4.6 Hz; C=C), 149.7 (pseudo-t, [3J(P,C) + 4J(P,C)]/2=
4.9 Hz; o-Mes*), 147.5 (pseudo-t, [3J(P,C) + 4J(P,C)]/2=4.9 Hz; o-Mes*),


Figure 6. Molecular structure of 16. Hydrogen atoms and the solvents
(benzene) are omitted for clarity. Selected bond lengths [ä] and angles
[8]: P1�O 1.482(3), P1�N 1.658(3), P1�C1 1.839(3), P1�C3 1.843(4), P2�
C1 1.679(3), P2�C2 1.875(3), C2�C3 1.353(5), C1�Mes* 1.514(4), C2�
Mes* 1.512(4), C3�Ph 1.491(5); O-P1-N 110.8(1), O-P1-C1 109.9(2), O-
P1-C3 112.7(2), N-P1-C1 116.2(2), N-P1-C3 109.0(2), C1-P1-C3 97.8(2),
C1-P2-C2 99.5(2), P1-C1-P2 111.5(2), P1-C1-Mes* 118.0(2), P2-C1-Mes*
130.1(3), P2-C2-C3 115.6(3), P2-C2-Mes* 118.8(2), C3-C2-Mes* 125.3(3),
P1-C3-C2 113.8(3), P1-C3-Ph 119.0(2), C2-C3-Ph 126.7(3).


Scheme 4.
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147.1 (d, 4J(P,C)=2.8 Hz; C=C), 145.1 (d, 2J(P,C)=16.7 Hz; C=C), 144.0
(s; p-Mes*), 132.4 (dd, 1J(P,C)=81.7 and 53.8 Hz; P=C), 130.2 (s; C=C),
130.1 (s; C=C), 126.2 (dd, 2J(P,C)=39.0 and 2.7 Hz; ipso-Mes*), 125.3
(dd, 1J(P,C)=101.2 and 3J(P,C)=5.6 Hz; P(O)C=C), 123.1 (s; m-Mes*),
122.8 (s; m-Mes*), 51.7 (d, 4J(P,C)=12.9 Hz; o-CMe3), 47.2 (d, 4J(P,C)=
24.1 Hz; o-CMe3), 46.3 (d, 4J(P,C)=5.6 Hz; CMe3), 40.1 (s; CMe3), 39.6
(s; CMe3), 38.7 (d, 2J(P,C)=4.5 Hz; NCH), 38.7 (d, 2J(P,C)=5.6 Hz;
NCH), 36.0 (s; o-CMe3), 35.8 (s; p-CMe3), 35.6 (s; o-CMe3), 34.4 (s;
CMe3), 32.6 (s; CMe3), 31.6 (s; p-CMe3), 29.7 (s; CMe3), 28.7 (s;
NCHMe2), 28.7 (s; NCHMe2), 27.3 (d, 3J(P,C)=15.8 Hz; CH), 20.1 ppm
(dd, 1J(P,C)=80.2 and 3J(P,C)=9.7 Hz; P(O)Me); IR (KBr): ñ=1174 and
1159 cm�1 (P=O); elemental analysis calcd (%) for
C45H77NOP2¥1.5CH2Cl2: C 66.69, H 9.63, N 1.67; found: C 67.08, H 10.25,
N 1.77. (Isomer B): 31P{1H} NMR (162 MHz, CDCl3) d=287.8 (d,
2J(P,P)=156.4 Hz; P=C), 33.8 ppm (d, 2J(P,P)=156.4 Hz; P=O).


Compound 9 : (Isomer A): Pale yellow powder, m.p. 164±165 8C
(decomp); 31P{1H} NMR (162 MHz, CDCl3): d=35.4 (d, 2J(P,P)=5.0 Hz;
P=O), �24.6 ppm (d, 2J(P,P)=5.0 Hz; PMe); 1H NMR (400 MHz,
CDCl3): d=7.31 (s, 1H; m-Mes*), 7.26 (s, 1H; m-Mes*), 6.34 (d,
5J(P,H)=2.2 Hz, 1H; =CH), 6.10 (d, 3J(P,H)=14.5 Hz, 1H; =CH), 4.40
(dd, 2J(P,H)=13.4 and 3J(P,H)=7.4 Hz, 1H; CHH), 3.78 (pseudo-t,
{2J(P,H) + 3J(P,H)}/2=12.9 Hz, 1H; CHH), 3.27 (sept, 3J(H,H)=6.9 Hz,
2H; CHMe2), 1.58 (s, 9H; o-tBu), 1.42 (m, 12H; CHMe2), 1.38 (s, 9H;
tBu), 1.31 (s, 9H; o-tBu), 1.15 (s, 9H; tBu), 1.07 (s, 9H; tBu), 0.71 ppm
(d, 2J(P,H)=5.7 Hz, 3H; PMe); 13C{1H} NMR (101 MHz, CDCl3, selected
data): d=165.5 (dd, 2J(P,C)=17.6 and 12.1 Hz; C=C), 150.1 (dd,
1J(P,C)=61.7 and 46.9 Hz; C=C), 145.0 (dd, 2J(P,C)=43.6 and 4J(P,C)=
2.8 Hz; C=C), 144.3 (d, 3J(P,C)=12.0 Hz; C=C), 132.3 (d, 4J(P,C)=
7.4 Hz; C=C), 125.6 (d, 3J(P,C)=13.0 Hz; C=C), 78.3 (dd, 1J(P,C)=64.0
and 3J(P,C)=3.7 Hz; PC), 24.0 ppm (m; CH2); IR (KBr): ñ=1153 and
1126 cm�1 (P=O); elemental analysis calcd (%) for
C45H77NOP2¥0.4CH2Cl2: C 73.29, H 10.53, N 1.88; found: C 73.80, H
10.86, N 1.83. (Isomer B): 31P{1H} NMR (162 MHz, CDCl3): d=33.8 (d,
2J(P,P)=7.0 Hz; P=O), �26.9 ppm (d, 2J(P,P)=7.0 Hz; PMe).


Compound 10 : A mixture of 7 (ca. 0.52 mmol) and TEMPO (0.52 mmol)
in THF (25 mL) was irradiated with a medium-pressure Hg lamp
(100 W) at �10 8C for 1 day. The mixture was then warmed to room tem-
perature and the solvent was removed under vacuum. The residue was
purified by silica-gel column chromatography (hexane/EtOAc) to afford
10 (79 mg, 45%). Recrystallization from hexane/dichloromethane at 0 8C
afforded single crystals of dark orange plates. M.p. 192±194 8C; 31P NMR
(162 MHz, CDCl3): d=121.8 (dt, 2J(P,P)=183.2 and 3J(P,H)=12.6 Hz;
PNiPr2), 25.4 ppm (dq, 2J(P,P)=183.2 and 3J(P,H)=12.9 Hz; PMe);
1H NMR (400 MHz, CDCl3): d=7.42 (s, 2H; m-Mes*), 7.34 (s, 2H; m-
Mes*), 3.22 (sept, 3J(H,H)=6.8 Hz, 2H; CHMe2), 2.00 (d, 2J(P,H)=
12.9 Hz, 3H; PMe), 1.74 (s, 18H; o-tBu), 1.60 (s, 18H; o-tBu), 1.32 (s,
18H; p-tBu), 1.11 ppm (d, 3J(H,H)=6.8 Hz, 12H; CHMe2);
13C{1H} NMR (101 MHz, CDCl3): d=155.6 (dd, 3J(P,C)=10.0 and 3.9 Hz;
o-Mes*), 152.5 (dd, 3J(P,C)=8.7 and 4.3 Hz; o-Mes*), 147.4 (dd,
5J(P,C)=3.9 and 2.2 Hz; p-Mes*), 126.8 (dd, 2J(P,C)=3.4 and 1.7 Hz;
ipso-Mes*), 123.3 (dd, 4J(P,C)=3.4 and 1.7 Hz; m-Mes*), 123.2 (dd,
4J(P,C)=3.4 and 1.7 Hz; m-Mes*), 56.0 (dd, 1J(P,C)=110.7 and 68.4 Hz;
P(=C)2), 51.4 (s; o-CMe3), 51.4 (s; o-CMe3), 39.0 (d, 2J(P,C)=25.0 Hz;
CHMe2), 35.0 (s; p-CMe3), 34.8 (s; o-CMe3), 34.5 (s; p-CMe3), 31.7 (s; o-
CMe3), 24.5 (d, 3J(P,C)=3.4 Hz; CHMe2), 20.6 ppm (dd, 1J(P,C)=77.4
and 3J(P,C)=24.7 Hz; PMe); IR (KBr): ñ=1186 cm�1 (P=O); elemental
analysis calcd (%) for C45H75NOP2: C 76.34, H 10.68, N 1.98; found: C
76.17, H 10.90, N 1.86.


Compound 12 : To a solution of 4 (300 mg, 1.04 mmol) in THF (8 mL) at
�78 8C was added tert-butyllithium (0.52 mmol, 1.6m solution in pen-
tane). The mixture was warmed to room temperature, benzoyl chloride
(0.52 mmol) was added, and after several minutes the solvent was re-
moved under vacuum. The residue was extracted with hexane and the
solution was concentrated. The residual solid was washed with ethanol to
obtain 12 (257 mg, 67%) as deep green crystals. M.p. 134±136 8C;
31P{1H} NMR (162 MHz, CDCl3): d=73.2 (d, 2J(P,P)=215.1 Hz; PtBu),
25.2 ppm (d, 2J(P,P)=215.1 Hz; PC(O)Ph); 1H NMR (400 MHz, CDCl3):
d=7.46 (s, 2H; m-Mes*), 7.44 (s, 2H; m-Mes*), 7.42 (m, 2H; o-Ph), 7.31
(t, 3J(H,H)=7.5 Hz, 1H; p-Ph), 7.04 (pseudo-t, [3J(H,H)+ 3J(H,H)]/2=
7.5 Hz, 2H; m-Ph), 1.70 (br s, 18H; o-tBu), 1.45 (br s, 18H; o-tBu), 1.37
(s, 18H; p-tBu), 1.05 ppm (d, 3J(P,H)=15.4 Hz, 9H; PtBu); 13C{1H} NMR


(101 MHz, CDCl3, selected data): d=207.1 (dd, 1J(P,C)=94.2 and
3J(P,C)=31.1 Hz; C=O), 97.7 ppm (dd, 1J(P,C)=25.0 and 16.7 Hz; CP2);
IR (KBr): ñ=1637 cm�1 (C=O); UV/Vis (hexanes) lmax(e)=664 (1500),
370 (13200), 329 nm (17600).


Compound 13 : A solution of 12 (ca. 1.04 mmol) in toluene (8 mL) was
heated at 100 8C for 10 min, after which time it was cooled to room tem-
perature and the solvent was removed under vacuum. The residue was
purified by silica-gel column chromatography (hexane/EtOAc) and the
resultant solid was recrystallized from a mixture of hexane and dichloro-
methane at 0 8C to give 13 (150 mg, 39%) as orange prisms. M.p. 199±
201 8C; 31P{1H} NMR (162 MHz, CDCl3): d=313.7 (d, 2J(P,P)=36.9 Hz;
P=C), 75.7 ppm (d, 2J(P,P)=36.9 Hz; P=O); 1H NMR (400 MHz, CDCl3):
d=7.54 (br s, 1H; m-Mes*), 7.52 (d, 4J(H,H)=2.0 Hz, 1H; m-Mes*), 7.44
(d, 3J(H,H)=7.1 Hz, 2H; o-Ph), 7.35 (br s, 1H; m-Mes*), 7.24 (d,
4J(H,H)=2.0 Hz, 1H; m-Mes*), 7.05 (t, 3J(H,H)=7.1 Hz, 1H; p-Ph),
6.99 (pseudo-t, [3J(H,H) + 3J(H,H)]/2=7.1 Hz, 2H; m-Ph), 1.72 (s, 9H;
o-tBu), 1.71 (s, 9H; o-tBu), 1.60 (s, 9H; o-tBu), 1.34 (s, 9H; p-tBu), 1.32
(s, 9H; p-tBu), 1.20 (s, 9H; o-tBu), 0.54 ppm (d, 3J(P,H)=15.0 Hz, 9H;
PtBu); 13C{1H} NMR (101 MHz, CDCl3): d=179.9 (dd, 1J(P,C)=52.5 and
1J(P,C)=44.5 Hz; P=C), 155.1 (dd, 1J(P,C)=46.4 and 3J(P,C)=33.4 Hz;
C=C), 152.4 (dd, 2J(P,C)=10.2 and 3J(P,C)=5.6 Hz; ipso-Mes*), 149.7 (s;
o-Mes*), 149.4 (br s; o-Mes*), 149.3 (s; o-Mes*), 148.3 (d, 3J(P,C)=
2.8 Hz; o-Mes*), 146.9 (pseudo-t, [2J(P,C) + 2J(P,C)]/2=7.0 Hz; ipso-
Mes*), 143.9 (d, 5J(P,C)=2.7 Hz; p-Mes*), 143.1 (d, 5J(P,C)=2.8 Hz; p-
Mes*), 132.1 (dd, 2J(P,C)=21.3 and 14.8 Hz; C=C), 129.3 (d, 4J(P,C)=
4.6 Hz; o-Ph), 128.7 (d, 3J(P,C)=13.0 Hz; ipso-Ph), 127.4 (s; m-Ph), 125.5
(d, 4J(P,C)=1.9 Hz; m-Mes*), 125.5 (s; m-Mes*), 122.2 (s; m-Mes*),
122.1 (d, 4J(P,C)=2.1 Hz; m-Mes*), 41.7 (s; o-CMe3), 39.4 (s; o-CMe3),
38.8 (d, 1J(P,C)=8.3 Hz; PCMe3), 37.0 (s; o-CMe3), 36.4 (s, o-CMe3), 36.0
(s; o-CMe3), 35.6 (s; o-CMe3), 35.5 (s; o-CMe3), 35.3 (s; o-CMe3), 35.1 (s;
p-CMe3), 34.9 (s; p-CMe3), 31.8 (s; p-CMe3), 31.8 (s; p-CMe3), 25.5 ppm
(s; PCMe3); IR (KBr): ñ=1161 cm�1 (P=O); elemental analysis calcd
(%) for C49H72OP2: C 79.63, H 9.82; found: C 79.67, H 9.91.


Compound 15 : LDA (0.52 mmol) was added to a solution of 4 (300 mg,
1.04 mmol) in THF (8 mL) at �78 8C. The mixture was warmed to room
temperature, benzoyl chloride (0.52 mmol) was added, and the solvent
was removed under vacuum. The residue was extracted with hexane and
the solution was concentrated. The resultant solid was recrystallized from
dichloromethane at 0 8C to give 15 (253 mg, 62%, based on 4) as orange
crystals. M.p. 102±104 8C (decomp); 31P{1H} NMR (162 MHz, CDCl3):
d=294.7 (d, 2J(P,P)=46.9 Hz, P=C), 122.3 ppm (d, 2J(P,P)=46.9 Hz,
PNiPr2);


1H NMR (400 MHz, CDCl3): d=7.62 (br s, 1H; m-Mes*), 7.56
(br s, 1H; m-Mes*), 7.54 (br s, 1H; m-Mes*), 7.49 (br s, 1H; m-Mes*),
7.34 (d, 3J(H,H)=7.0 Hz, 2H; o-Ph), 7.20 (t, 3J(H,H)=7.0 Hz, 1H; p-
Ph), 7.13 (pseudo-t, [3J(H,H) + 3J(H,H)]/2=7.0 Hz, 2H; m-Ph), 3.48 (m,
2H; CHMe2), 1.72 (s, 9H; o-tBu), 1.61 (s, 9H; o-tBu), 1.52 (s, 9H; o-
tBu), 1.41 (s, 9H; o-tBu), 1.40 (s, 9H; p-tBu), 1.35 (s, 9H; p-tBu),
0.68 ppm (m, 12H; CHMe2);


13C{1H} NMR (101 MHz, CDCl3, selected
data): d=179.5 (dd, 1J(P,C)=77.2 and 53.7 Hz, P=C), 153.1 (m, C=C),
123.0 ppm (pseudo-t, [1J(P,C) + 1J(P,C)]/2=25.4 Hz, C=C).


Compound 16 : A solution of 15 (0.36 mg, 0.52 mmol) in toluene (10 mL)
was heated at 100 8C for 12 h, and was then cooled to room temperature
and concentrated. The residue was purified by silica-gel column chroma-
tography (hexane/EtOAc) to give 16 (400 mg, ca. 100%) as an orange
amorphous solid. 31P{1H} NMR (162 MHz, CDCl3): d=281.2 (d, 2J(P,P)=
36.6 Hz; P=C), 56.0 ppm (d, 2J(P,P)=36.6 Hz; PNiPr2);


1H NMR
(400 MHz, CDCl3): d=7.62 (br s, 1H; m-Mes*), 7.61 (br s, 1H; m-Mes*),
7.51 (br s, 1H; m-Mes*), 7.42 (br s, 1H; m-Mes*), 7.40 (d, 3J(H,H)=
7.0 Hz, 2H; o-Ph), 7.05 (br s, 1H; p-Ph), 7.04 (br s, 2H; m-Ph), 3.14 (m,
2H; CHMe2), 1.77 (s, 9H; o-tBu), 1.74 (s, 9H; o-tBu), 1.70 (s, 9H; o-
tBu), 1.40 (s, 9H; o-tBu), 1.39 (s, 9H; p-tBu), 1.26 (s, 9H; p-tBu),
0.77 ppm (dd, 3J(P,H)=7.0 and 3J(H,H)=7.0 Hz, 12H; CHMe2);
13C{1H} NMR (101 MHz, CDCl3, selected data): d=182.8 (dd, 1J(P,C)=
71.2 and 48.5 Hz; P=C), 151.5 (pseudo-t, [1J(P,C) + 1J(P,C)]/2=29.3 Hz;
C=C), 122.1 ppm (d, 1J(P,C)=28.8 Hz; C=C); IR (KBr): ñ=1159 cm�1


(P=O); elemental analysis calcd (%) for C51H77NOP2¥2C6H6: C 80.64, H
9.56, N 1.49; found: C 80.50, H 9.86, N 1.48.


X-ray crystallography : Single crystals were obtained by recrystallization
from a mixture of hexane and dichloromethane at 0 8C. A Rigaku
RAXIS-IV imaging plate detector (for 8, 9, 10, 15, and 16) or a Rigaku
MSC Mercury CCD detector (for 13) with graphite-monochromated
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MoKa radiation (l=0.71070 ä) was used. The structures were solved by
direct methods (SIR92),[24] expanded by using Fourier techniques
(DIRDIF94),[25] and then refined by full-matrix least squares. The data
were corrected for Lorentz polarization effect. Structure solution, refine-
ment, and graphical representation were carried out using the teXsan
package.[26]


Compound 8 : C45H75NOP2¥CH2Cl2, Mr=794.99, pale yellow prisms,
0.15î0.15î0.10 mm3, triclinic, P1≈ (no. 2), a=16.040(2), b=16.570(1), c=
9.689(1) ä, a=100.729(1), b=101.232(2), g=102.225(5)8, V=


2398.1(4) ä3, Z=2, 1calcd=1.101 gcm�3, F(000)=868, m=0.234 mm�1, T=


150 K, 17793 reflections measured (2qmax=55.08), 9882 observed (Rint=


0.041), R1=0.074 [I>3.0s(I)], Rw=0.095 (all data), S=1.79 (785 parame-
ters).


Compound 9 : C45H75NOP2¥1.5CH2Cl2, Mr=879.92, pale yellow prisms,
0.25î0.25î0.20 mm3, triclinic, P1≈ (no. 2), a=12.344(1), b=22.569(2), c=
9.856(1) ä, a=101.930(6), b=92.154(2), g=105.444(6)8, V=


2576.9(4) ä3, Z=2, 1calcd=1.134 gcm�3, F(000)=952, m=0.324 mm�1, T=


150 K, 19257 reflections measured (2qmax=55.08), 10635 observed (Rint=


0.037), R1=0.089 [I>3.0s(I)], Rw=0.238 (all data), S=1.89 (496 parame-
ters).


Compound 10 : C45H75NOP2, Mr=708.04, red prisms, 0.30î0.20î
0.15 mm3, orthorhombic, P212121 (no. 19), a=9.7452(7), b=17.211(1), c=
25.8268(9) ä, V=4331.8(5) ä3, Z=4, 1calcd=1.086 gcm�3, F(000)=1560,
m=0.133 mm�1, T=130 K, 36734 reflections measured (2qmax=55.08),
5099 observed (Rint=0.047), R1=0.051 [I>3.0s(I)], Rw=0.130 (all data),
S=1.35 (443 parameters).


Compound 13 : C48H72OP2, Mr=727.04, yellow prisms, 0.20î0.20î
0.05 mm3, monoclinic, P21/n (no. 14), a=18.864(2), b=13.344(4), c=
19.525(6) ä, b=115.370(4)8, V=4440(2) ä3, Z=4, 1calcd=1.087 gcm�3,
F(000)=1592, m=0.130 mm�1, T=173 K, 34457 reflections measured
(2qmax=55.08), 9769 observed (Rint=0.035), R1=0.038 [I>3.0s(I)], Rw=


0.041 (all data), S=0.81 (469 parameters).


Compound 15 : C51H77NOP2¥2CH2Cl2, Mr=951.99, yellow prisms, 0.25î
0.25î0.20 mm3, monoclinic, P21/n (no. 14), a=9.7433(9), b=18.122(1),
c=30.773(5) ä, b=94.431(4)8, V=5417.2(8) ä3, Z=4, 1calcd=


1.167 gcm�3, F(000)=2048, m=0.313 mm�1, T=120 K, 39325 reflections
measured (2qmax=55.08), 12276 observed (Rint=0.152), R1=0.098 [I>
3.0s(I)], Rw=0.137 (all data), S=2.12 (546 parameters).


Compound 16 : C51H77NOP2¥2C6H6, Mr=938.35, orange prisms, 0.30î
0.20î0.20 mm3, triclinic, P1≈ (no. 2), a=14.526(1), b=15.555(1), c=
14.349(1) ä, a=114.314(4), b=89.923(4), g=100.728(6)8, V=


2892.7(4) ä3, Z=2, 1calcd=1.077 gcm�3, F(000)=1024, m=0.114 mm�1,
T=223 K, 20616 reflections measured (2qmax=55.08), 11662 observed
(Rint=0.040), R1=0.071 [I>3.0s(I)], Rw=0.098 (all data), S=1.81 (604
parameters).


CCDC-223665 (8), 223666 (9), 222766 (10), 222765 (13), 222764 (15), and
224391 (16) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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The Effect of Pressure on Hydrogen Transfer Reactions with Quinones


Frank Wurche,[a] Wilhelm Sicking,[a] Reiner Sustmann,[a] Frank-Gerrit Kl‰rner,*[a] and
Christoph R¸chardt[b]


Introduction


Quinones are important oxidizing reagents in synthetic[1,2]


and biological processes.[3] For example, the oxidation of hy-
droarenes by quinones such as 2,3-dichloro-5,6-dicyano-1,4-
quinone (DDQ, 1a) or p-chloranil (1b) is frequently used
for the synthesis of aromatic compounds.[1,2] Five mecha-
nisms for the quinone oxidation of hydroarenes have been
proposed (Scheme 1):


1) Direct hydride transfer, leading to a pair of ions from
which the observed products can be formed by proton
transfer.[1,2]


2) Hydrogen atom transfer, leading to a pair of free radi-
cals in the rate-determining step, followed by fast reac-
tions such as disproportionation of the free radicals or
single-electron transfer (SET) and subsequent proton
transfer, producing the observed arene and hydroqui-
none.[4,5]


3) SET from the hydroarene to the quinone, followed by a
proton transfer, producing the same pair of radicals as
the hydrogen atom transfer, which reacts further as de-
scribed under (2).[6]


4) A pericyclic ene reaction, leading to a covalently bound
adduct, which is subsequently cleaved by a retro-ene re-
action to yield the observed products after keto±enol
tautomerization.[7]


5) Finally, a pericyclic dyotropic hydrogen transfer.[8] This is
limited, however, to hydroarenes possessing two vicinal
C�H bonds that can both be cleaved in the product-de-
termining step.[9]


[a] Dr. F. Wurche, Dipl.-Ing. W. Sicking, Prof. Dr. R. Sustmann,
Prof. Dr. F.-G. Kl‰rner
Institut f¸r Organische Chemie der Universit‰t Duisburg-Essen
Universit‰tsstrasse 5, 45117 Essen (Germany)
Fax: (+49)201-183-4252
E-mail : frank.klaerner@uni-essen.de


[b] Prof. Dr. C. R¸chardt
Institut f¸r Organische Chemie und Biochemie
der Universit‰t Freiburg
Albertstrasse 21, 79104 Freiburg i. Br. (Germany)


Abstract: The effect of pressure on the
oxidation of hydroarenes 3±9 with 2,3-
dichloro-5,6-dicyano-1,4-quinone
(DDQ; 1a) or o-chloranil (10), leading
to the corresponding arenes, has been
investigated. The activation volumes
were determined from the pressure de-
pendence of the rate constants of these
reactions monitored by on-line UV/Vis
spectroscopic measurements in an opti-
cal high-pressure cell (up to 3500 bar).
The finding that they are highly nega-
tive and only moderately dependent on
the solvent polarity (DV� = �13 to
�25 in MTBE and �15 to
�29 cm3mol�1 in MeCN/AcOEt, 1:1)
rules out the formation of ionic species
in the rate-determining step and is
good evidence for a hydrogen atom
transfer mechanism leading to a pair of


radicals in the rate-determining step, as
was also suggested by kinetic measure-
ments, studies of kinetic isotope effects,
and spin-trapping experiments. The
strong pressure dependence of the ki-
netic deuterium isotope effect for the
reaction of 9,10-dihydroanthracene 5/5-
9,9,10,10-D4 with DDQ (1a) can be at-
tributed to a tunneling component in
the hydrogen transfer. In the case of
formal 1,3-dienes and enes possessing
two vicinal C�H bonds, which have to
be cleaved during the dehydrogenation,
a pericyclic hydrogen transfer has to
considered as one mechanistic alterna-


tive. The comparison of the kinetic
deuterium isotope effects determined
for the oxidation of tetralin 9/9-1,1,4,4-
D4/9-2,2,3,3-D4/9-D12 either with DDQ
(1a) or with thymoquinone 1c indi-
cates that the reaction with DDQ (1a)
proceeds in a stepwise manner through
hydrogen atom transfer, analogously to
the oxidations of 1,4-dihydroarenes,
whereas the reaction with thymoqui-
none 1c is concerted, following the
course of a pericyclic hydrogen trans-
fer. The difference in the mechanistic
courses of these two reactions may be
explained by the effect of the CN and
Cl substituents in 1a, which stabilize a
radical intermediate better than the
alkyl groups in 1c. The mechanistic
conclusions are substantiated by DFT
calculations.


Keywords: DFT calculations ¥ iso-
tope effects ¥ kinetics ¥ oxidation ¥
quinones ¥ radicals
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From the observations that the oxidation of hydroarenes
with quinones follows second-order kinetics, that the rate of
reaction is enhanced by increasing solvent polarity but only
moderately, and that products of carbenium ion rearrange-
ments are occasionally observed, Braude, Linstead, et al.[1]


have proposed the direct hydride transfer (1) as the most
probable mechanism. Further support for this proposal,
widely accepted even today,[10] is provided by the lack of
rate effects when free radical initiators or inhibitors were
added. This, indeed, excludes free radical chain reactions
quite safely, but certainly not a stoichiometric non-chain ho-
molytic process as discussed for the hydrogen atom transfer
(mechanism (2)).[4] The findings that the effect of solvent
polarity on the rate of reaction is small[11] and comparable
to the effects observed for free radical reactions[12] and that
xanthene 6 reacts more rapidly than 5 with DDQ (1a) only
by a factor of 16 at 25 8C (DDG� = 2 kcalmol�1)[4] is good
evidence in favor of the hydrogen atom transfer and against
the direct hydride transfer, in which the carbenium ions de-
rived from 5 and 6 would have to be generated in the rate-
determining step. Because of the large difference in the sta-


bilities of these cations[13] a
huge difference in the reactivity
of 5 and 6 would be expected in
the case of the direct hydride
transfer, contrary to the experi-
mental observations.[4] The
large primary kinetic isotope ef-
fects (kH/kD = 8.3 and 7.85)
measured for the reactions of
5/5-9,9,10,10-D4 and 6/6-9,9-D2,
respectively, at 50 8C[4] indicate
that the hydrogen is transferred
in the rate-determining transi-
tion state and rule out a single-
electron transfer in the rate-de-
termining step preceding the
proton transfer in a fast subse-
quent process. A distinction be-
tween a hydrogen atom transfer
and a proton-coupled electron
transfer, as discussed for the
benzyl/toluene, methoxy/metha-
nol, and phenoxy/phenol self-
exchange reactions,[14] is not ex-
perimentally feasible, so we do
not consider this possibility
below. Further evidence for the
hydrogen atom transfer is pro-
vided by spin-trapping experi-
ments. In the reactions of 5 and
6 with DDQ (1a), intermediary
radicals could be trapped by ni-
trosobenzene, producing the
more stable radicals 12 and 13
detected by ESR spectrosco-
py.[4]


To gain further insight into the mechanism of the quinone
oxidation we investigated the effects of pressure on the re-
actions of the hydroarenes 3±9 (Scheme 2) with DDQ (1a)
and o-chloranil (10) and on the primary kinetic isotope
effect kH/kD in the reaction of 5/5-9,9,10,10-D4 with 1a.
Compounds 1a and 10 are reduced to 2a and 11 in the reac-
tion. Comparison between the kinetic isotope effects kH/kD


in the reactions of the tetralin derivatives 9/9-1,1,4,4-D4/9-
D12 either with 1a, previously unknown and first reported
here, or with thymoquinone 1c, which have been studied by
Brower et al. ,[9] allows a distinction to be made between the
potential mechanisms (2) and (5).


The effect of pressure on quinone dehydrogenations: deter-
mination of volumes of activation and reaction : Pressure in


Scheme 1. Mechanistic alternatives for quinone dehydrogenation of hydroaromatic compounds: 1) direct hy-
dride transfer, 2) hydrogen atom transfer, 3) single-electron transfer, 4) ene and retro-ene reaction, and 5) peri-
cyclic dyotropic hydrogen transfer.
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the range of 1±20 kbar influences the rate and equilibrium
position of many chemical reactions.[15] Processes accompa-
nied by a decrease in volume–such as association, ioniza-
tion, and cyclization–are accelerated by pressure (volume
of activation DV�<0) and the equilibria are shifted toward
the side of the products (volume of reaction: DV<0). The
reverse reactions–such as homolytic dissociation, neutrali-
zation of charges, and cycloreversion–lead to an increase in
volume. In these reactions, pressure induces a deceleration
and a shift of equilibrium toward the side of the reactants
(DV�, DV>0). The overall change in the molar volume
during a reaction, as determined experimentally from the
volumes of activation and of reaction, consists of the
changes in the intrinsic volumes of the reacting molecules
DVW (VW = van der Waals volume) and of the changes in
the empty space between the molecules (void and expansion
volume),[16] which is required for thermally induced motions
and collisions in the liquid state. How important it is to con-
sider the whole ensemble of molecules and not single mole-
cules for the explanation of the pressure effect can be dem-
onstrated in the effect of electrostriction,[17] which we also
need for the explanation of the pressure effects reported
here. In a heterolytic bond dissociation, the attractive inter-
action between the newly generated ions and the solvent
molecules leads to a contraction of volume generally much


larger than the expansion of
volume resulting from the dis-
sociation. Thus, the overall
effect, called electrostriction,
leads to negative volumes of ac-
tivation and reaction.[17] In asso-
ciative formation of ions–in
the alkylation of pyridine deriv-
atives (Menshutkin reaction)[18]


or in the polar [2+2] cycloaddi-
tion of a vinyl ether to tetracya-
noethylene (TCNE),[19] for ex-
ample–both effects are
volume-contracting and sum to
give highly negative volumes of
activation and reaction, which
are strongly dependent on the
solvent polarity. In nonpolar
solvents the volume contraction
caused by the effect of electro-
striction is larger than in polar
solvents. For example, the acti-
vation volume of the [2+2] cy-
cloaddition of n-butyl vinyl
ether to TCNE involving a
zwitterionic intermediate was
determined to be less negative
in acetonitrile (DV� =


�23 cm3mol�1) than in CCl4
(DV� = �44 cm3mol�1).[19] Sim-
ilar results were obtained for
the alkylation of pyridine with
benzyl bromide (DV� =


�29.2 cm3mol�1 in acetonitrile
and DV� = �39.1 cm3mol�1 in toluene).[18] To distinguish
between the mechanistic alternatives of the quinone dehy-
drogenation–the direct hydride transfer leading to a pair of
ions (comparable to the intermediary zwitterion in the polar
[2+2] cycloaddition) and the hydrogen atom transfer lead-
ing to a pair of non-charged radicals (Scheme 1: mecha-
nisms (1) and (2), respectively)–we determined the activa-
tion volumes of the reactions of DDQ (1a) with the hydro-
arenes 3±9 and of o-chloranil (10) with 5 and 6 in MTBE
(tert-butyl methyl ether: ET = 34.7, e = 4.5 D) and in the
more polar mixture (1:1) of acetonitrile (ET = 45.6, e =


35.5 D) and ethyl acetate (ET = 38.1, e = 6.0 D) as sol-
vents. The low solubilities of some of the hydroarenes did
not allow us to use pure acetonitrile as solvent. The rate
constants k1 of the reactions of the quinones 1a and 10 with
the hydroarenes 3±9 over the 1±3500 bar pressure range
were determined under pseudo-first-order kinetics condi-
tions with an excess of the hydroarene by on-line UV/Vis
monitoring of the decrease in the quinone concentration in
an optical 4 kbar high-pressure cell. For the example of the
reaction of o-chloranil (10) with 6, the order of the reaction
was determined by measurement of the dependence of the
pseudo-first-order rate constant kobs on the hydroarene con-
centration of 6 to be, indeed, second order. Details of the
determination of pressure-dependent rate constants k1 are


Scheme 2. The hydroaromatic compounds used as hydrogen or deuterium donors: a) formal 1,4-dienes,
b) formal 1,3-dienes, c) formal enes, and d) the quinones used as oxidizing reagents and the resulting hydroqui-
nones.
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described in the Experimental Section. Since the slope of
lnk1 against pressure (p) is not linear in the range of 1 to
3500 bar investigated here, as illustrated for the pressure de-
pendence of the dehydrogenation of 1,4-cyclohexadiene (3)
with DDQ (1a) in Figure 1, the activation volumes were de-
termined from the slopes of these curves at p = 0 by use of
the quadratic Equation (3) given in the Experimental Sec-
tion.


The activation volumes of the dehydrogenation of the hy-
droarenes 3±9 with DDQ (1a) or o-chloranil (10) are listed
in Table 1, together with the other activation parameters en-
thalpy (DH�), entropy (DS�), and Gibbs enthalpy (DG�) of
activation, which were taken from the literature.[20] The un-
known parameters for the reaction of 5 and 6 with 10 were
obtained from the temperature dependence of the rate con-
stants at atmospheric pressure measured in this work.
The complete volume profile for the reaction between


DDQ (1a) and 1,4-cyclohexadiene (3) was determined as a
representative example (Figure 2). The partial molar vol-
umes (V) of the reactants (1a, 3) and products (2a, benzene
(15)) were obtained from density measurements in MTBE
and in an MeCN/AcOEt mixture (1:1), the solvents also
used for determination of the activation volumes. The reac-
tion volume (DV = (V(2a)+V(15))�(V(1a)+V(3)) and
(within the scope of Eyring transition state theory) also the


partial molar volume of the transition state (V� = (V(1a)+
V(3)+DV�) can be calculated from these partial molar vol-
umes and the activation volume. The van der Waals volumes
(VW


[22]) of the starting and transition structures involved in
this reaction (defined by the space occupied by the van der
Waals spheres of the atoms) were calculated from the Carte-
sian coordinates of the molecular structures predicted by
quantum mechanical calculations (vide infra). The ratio
VW/V or VW


�/V� is defined as the packing coefficient of a
starting or transition structure(h and h�) and provides infor-
mation about the packing of the molecular structures in the
liquid state, and hence of how much empty space is between
the molecules.[16]


DFT calculations on the mechanism of hydrogen transfer :
Density functional calculations (B3LYP) were performed on
the mechanism of the hydrogen transfer reactions from 1,4-
cyclohexadiene (3) to DDQ (1a) and o-chloranil (10). Gaus-
sian 98[23] was used with two basis sets (6±31G* and
6±31G**), and restricted or unrestricted calculations were
carried out where appropriate. Ground states and transition
structures (TSs) were characterized by vibrational analysis
and in each case correspond to minima or maxima (one
imaginary frequency) on the potential energy surface.
Table 2 displays the enthalpies (298.15 K), dipole moments,
and DH values relative to starting materials. Two transition
structures were considered in each case (Figure 3 and
Figure 4), one showing an extended (TS1) and the other one
a compact structure (TS2). For each reaction, TS2 is lower in
energy: by 1.6 kcalmol�1 (1a and 6±31G**) and
0.8 kcalmol�1 (10 and 6±31G**), respectively. Similar differ-
ences, but slightly higher in absolute values, are obtained
with the 6±31G* basis set. The preference for the compact
structures might reflect favorable p±p interactions of the p-
electrons of the electron-deficient quinone with those of 1,4-
cyclohexadiene. Alternatively, it might be argued that the
structure of TS2 enables stabilizing CH±p interactions of
one of the hydrogen atoms of the CH2 group of cyclohexa-
diene with the p-electrons of the quinone. The closest
CH¥¥¥Csp2 distance is 3.08 pm, and the angle C�H¥¥¥Csp2 is
1498. This arrangement is typical for CH±p interactions.[24]


Another interesting feature concerns the increases in the
dipole moments of the transition structures in relation to
those of the starting materials. While 3 has no dipole
moment, the calculated m of 1a (DDQ) is 4.0 D and of 10


Figure 1. Pressure dependence of the second-order rate constants k1 of
the dehydrogenation of 3 with 1a in tert-butyl methyl ether (MTBE) and
in acetonitrile/ethyl acetate (MeCN/AcOEt) at 25.1 8C.


Table 1. Volumes of activation (DV�) and activation parameters of the dehydrogenation of hydroarenes to the corresponding arenes by DDQ (1a) and
by o-chloranil (10) (MTBE = tert-butyl methyl ether, MeCN = acetonitrile, AcOEt = ethyl acetate).


Quinone H-donor T DV�


MTBE DV�


MTBE=AcOEt DH�[a] DS�[a] DG�


25 oC
[a]


[8C] [cm3mol�1] [cm3mol�1] [kcalmol�1] [E.U.] [kcalmol�1]


DDQ (1a) 3 25.1 �24.4�0.2 �29.5�0.5 11.7�0.1 �28.2�0.4 20.1�0.1
4 25.0 �24.8�0.2 �28.9�0.4 10.8�0.1 �28.7�0.7 19.4�0.2
5 25.1 �25.9�0.3 �26.9�0.8 11.7�0.1 �28.1�0.3 20.1�0.1
7 39.9 �25.3�0.4 �28.4�0.5 12.9�1.2[b] �29.9�3.6[b] 22.6 �1.2[b]


8 39.9 �25.1�0.5 �29.4�0.5 16.2�0.8 �25.6�2.4 23.8�0.9
9 64.9 ± �26.7�0.4[c] ± ± ±


5±9,9-Me2 39.9 �20.0�0.3 �22.9�0.2 ± ± ±
10 5 25.1 �16.4�0.3 �18.1� 0.5[c] 13.3�0.3[d] �24.0�1.0[d] 20.4�0.3[d]


6 25.1 �13.0�0.2 �15.5�0.3[c] 12.1�0.3[d] �25.6�1.0[d] 19.7�0.3[d]


[a] Ref.[20], solvent dioxane. [b] Ref.[21]. [c] In acetonitrile. [d] This work.
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3.4 D. Whereas the transition structures for hydrogen trans-
fer to o-chloranil (10) show increases in m of about 1 D
((3+10)TS1 and (3+10)TS2), these increases are more than
4 D ((1a+3)TS2) and more than 6 D ((1a+3)TS1) in the
case of DDQ (1a). This indicates a net electron flow be-
tween the reactants, in particular in the case of the more
electron-deficient DDQ. Natural population analysis (NPA)
of the charge distributions for (1a+3)TS1 and (1a+3)TS2
indicates surpluses of negative charge on 1a of �0.5 to


�0.6 electrons and deficiencies
of corresponding magnitude of
electrons in 3. If, however, the
charge of +0.4 on the migrat-
ing hydrogen atom is attributed
to DDQ and taken away from
3, then the overall process does
not show hydride transfer char-
acter, but, in contrast, hydrogen
atom transfer character. An im-
portant property of the transi-
tion structures is the position of
the transferred hydrogen atom.
According to the DFT calcula-
tions the C�H bond length of
the CH2 hydrogen atoms in 1,4-
cyclohexadiene is 1.10 ä, while
this bond is stretched to 1.33 ä
for (3+10)TS1 and 1.37 ä for
(1a+3)TS1. The elongation of
the C�H bond length is more
pronounced in TS2, being
1.41 ä both in (3+10)TS2 and
in (1a+3)TS2. The OH bonds
undergoing formation are
1.27 ä in (3+10)TS1 and
1.22 ä in (1a+3)TS1, being
shorter and identical (1.19 ä)
in the compact TS2s. The 6±
31G** basis set provides com-
parable, sometimes slightly
smaller distances (see Figure 3
and Figure 4). The conclusion is


that the hydrogen atom is midway between starting materi-
als and products. In all the transition structures, the negative
vibration corresponds to the transfer of the hydrogen atom
from 3 to 1a or 10. Although CAS(2,2) is approximate and
crude,[25] we determined the biradical characters (BRCs) of
the transition structures (see Table 2). Depending on the
basis set, the values range from 16 to 34%. As observed in
other examples,[26] such low BRCs also yield closed-shell
wave functions (S2 = 0) when determined by unrestricted


Figure 2. Volume profile[a] of the reaction between 1,4-cyclohexadiene (3) and DDQ (1a). The van der Waals
volumes VW were calculated from the Cartesian coordinates of the ground and transition structures resulting
from quantum mechanical calculations by use of the MOLVOL computer program.[22]


Table 2. B3LYP DFT calculations on the mechanism of hydrogen transfer; basis sets 6±31G* (A) and 6±31G** (B).


H (298.15 K) DH�[a] m %BRC 3E�1E H (298.15 K) DH�[a] m %BRC 3E�1E
[a.u.] [kcalmol�1] [D] CAS(2,2)/6±31G* [kcalmol�1] [a.u.] [kcalmol�1] [D] CAS(2,2)/6±31G* [kcalmol�1]


Structure A B


1a �1485.0185[b] 4.0 �1485.0185[b] 4.0
3 �233.2897[b] 0.0 �233.3022[b] 0.0


(1a+3)TS1 �1718.2868[c] 13.4 10.6 34 8.2 �1718.3024[c] 11.5 10.4 30 8.9
(1a+3)TS2 �1718.2893[c] 11.9 8.5 23 14.6 �1718.3050[c] 9.9 8.3 21 15.3


10 �2219.7395[b] 3.4 �2219.7395[b] 3.4
(3+10)TS1 �2453.0069[c] 14.0 4.7 30 7.3 �2453.0223[c] 12.2 4.7 25 8.3
(3+10)TS2 �2453.0077[b] 13.5 4.9 18 19.0 �2453.0236[b] 11.4 4.9 16 19.7


16 �232.6783[c] 0.4 �232.6894[c] 0.4
17a �1485.6153[c] 7.3 �1485.6210[c] 7.3
17b �1485.6151[c] 5.0 �1485.6206[c] 5.0
18a �2220.3480[c] 0.8 �2220.3535[c] 0.8
18b �2220.3378[c] 3.3 �2220.3434[c] 3.3


[a] Energy relative to reactants. [b] RB3LYP. [c] UB3LYP.
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DFT calculations. Further support for the closed-shell char-
acter of the transition structures is provided by the differen-
ces between the singlet and triplet biradical energies. These
range from 7 to about 20 kcalmol�1 (Table 2), depending on
basis set and the quinone under consideration. Such big dif-
ferences are a measure of the closed-shell character of the
systems.[26] Products of the hydrogen transfer are radicals
(16, 17 (Figure 3), and 18 (Figure 4)). Radicals 17 and 18
may exist in two conformations with respect to the orienta-
tion of the OH bond (a and b in the formulas). While the
enthalpy difference between 17a and 17b is marginally in
favor of 17a (0.1 kcalmol�1 (6±31G*) and 0.3 kcalmol�1 (6±
31G**)), the difference between 18a and 18b amounts to
6.4 kcalmol�1 (6±31G*) or 6.3 kcalmol�1 (6±31G**) in favor
of 18a. This is due to a strong intramolecular OH¥¥¥O hydro-
gen bond. If the enthalpy of reaction is calculated for 1+
3!16+17, values of 9.2 or 9.3 kcalmol�1 (6±31G*) or 6.5 or
6.8 kcalmol�1 (6±31G**) are obtained. The same calculation
on the basis of the more stable structure 18a for the reac-
tion 1+10!16+18a gives an enthalpy of reaction of
1.8 kcalmol�1 (6±31G*) or �0.8 kcalmol�1 (6±31G**). On
the basis of the less stable structure, these values have to be
corrected by about +6 kcalmol�1. The reactions are there-
fore slightly endothermic or thermoneutral, with activation
enthalpies of slightly above 10 kcalmol�1. Final product for-


mation, consisting of the disproportionation of the radicals
to benzene and the corresponding hydroquinones, is a
strongly exothermic process. A 6±31G* calculation, per-
formed for the disproportionation of 16 and 17, provides
�45.6 kcalmol�1. No TS could be located for this process.


Discussion


The oxidation of the hydroarenes 3±9 with DDQ (1a) or o-
chloranil (10) is accelerated by pressure, indicating negative
activation volumes (Table 1). Similar results have been ob-
tained by Brower et al. for the dehydrogenation of 1,4-cyclo-
hexadiene (3) and tetralin (9) by thymoquinone (1c) (DV�


= �33 (75 8C)[9] and �28 cm3mol�1 (175 8C)[27] , respective-
ly). The negative volumes of activation indicate an associa-
tion in the rate-determining steps of these oxidations. The
values of DV� determined in this work, however, are only
moderately dependent on the solvent polarity and even
slightly more negative in the more polar medium (MeCN/
AcOEt) than in MTBE, contrary to expectations for the for-
mation of charged species. These observations are good evi-
dence against the mechanisms of direct hydride transfer and
single-electron transfer in the rate-determining step
(Scheme 1 mechanisms (1) and (3)) and are further strong


Figure 3. Calculated structures of the hydrogen transfer reaction from
1,4-cyclohexadiene (3) to DDQ (1a): [1] (U)B3LYP/6±31G*,
[2] (U)B3LYP/6±31G**.


Figure 4. Calculated structures of the hydrogen transfer reaction from
1,4-cyclohexadiene (3) to o-chloranil (10): [1] (U)B3LYP/6±31G*.
[2] (U)B3LYP/6±31G**.
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support for the hydrogen atom
transfer (mechanism (2)). The
complete volume profile shown
for the reaction of 1a with 3 in
Figure 2 indicates that the partial
molar volume of the transition
state (calculated from the partial
molar volumes of the reactants
and the activation volume within
the scope of the Eyring transition
state theory) is the same within
1 cm3mol�1 in both solvents, sug-
gesting that there is no significant
effect of electrostriction in the
rate-determining transition state.
Experimentally determined


values of activation enthalpies
for hydrogen transfer are report-
ed in Table 1 and may be com-
pared with the DFT results
shown in Table 2. The DH� value
of 11.7 kcalmol�1 for the reaction of DDQ (1a) with 1,4-cy-
clohexadiene (3) is almost identical to the 6±31G*-calculat-
ed value for the compact (1a+3)TS2; the 6±31G** result
for the same structure is 9.9 kcalmol�1. A compact structure
is also suggested by the measurement of the highly negative
activation volumes. The calculated activation enthalpy via
the stretched transition structure is higher and deviates from
the experimentally ascertained value more strongly. There
are no experimental data for the reaction of 3 with o-chlora-
nil (10). However, results for the reaction of 9,10-dihydroan-
thracene (5) are presented in Table 1. Compound 5 shows
the same activation energy as 3 in the reaction with DDQ.
Thus, it may be assumed that the dehydrogenation of 3 by
10 should provide an identical value to the reaction of 5
with 10. The conclusion is that 10 is less reactive than DDQ.
Indeed, the DFT calculations yielded a higher DH� for the
hydrogen transfer to o-chloranil, comparable to the experi-
mentally established difference in activation energy for the
reaction of 5. The DFT results are compatible with the acti-
vation volume measurements (i.e., with a hydrogen atom
transfer mechanism). There is a polar component in the
mechanism, for which the increase in dipole moment in the
TS of the reaction of DDQ with 3 is evidence. As this is
much less pronounced for the reaction with o-chloranil, it
may be concluded that the actual mechanism might also be
dependent on the specific system. Therefore, systems in
which a mechanism other than hydrogen atom transfer may
be followed might exist. In the quinone oxidation of N-
alkyl- or N-aryldihydronicotinamides with p-chloranil (1b),
for example (Scheme 3), an intermediate–most likely the
complex resulting from an electron transfer–could be de-
tected in the UV/Vis spectrum of the mixture of N-phenyl-
dihydronicotinamide (19) with p-chloranil (1b) in acetoni-
trile (lmax = 448 nm).[28] At 37 8C this complex disappears
within 60 min and 20 and 21 are formed as final products, as
described in the Experimental Section.
The findings that the reaction of DDQ (1a) with 9,10-di-


hydroanthracene (5) is not significantly slower than that


with 1,4-cyclohexadiene (3) and that the activation parame-
ters of both reactions at 1 bar are the same rule out the ene-
retro-ene mechanism (Scheme 1, mechanism 4)). In the hy-
pothetical ene reaction of 1a with 5, the aromaticity of one
of the benzene rings in 5 has to be given up. Therefore, this
reaction should be retarded and its activation barrier should
be substantially higher than that of the corresponding reac-
tion of 1a with 3 ; comparable, for example, to the electrocy-
clic ring-closures of (E,Z,E)-2,4,6-octatriene[29] and the cor-
responding 4,5-benzo-anellated derivative,[30] which differ in
the temperature of reaction by 100 8C and in the enthalpy of
activation by DDH� = 3.7 kcalmol�1.
The large primary kinetic isotope effect observed for


DDQ oxidation of the hydroarenes 5 and 6 suggested an in-
vestigation of its pressure dependence. For the reaction of
9,10-dihydroanthracene 5/5-9,9,10,10-D4 with DDQ (1a) at
25 8C and 1 bar in MTBE the kinetic isotope effect was de-
termined to be kH/kD = 10.8, decreasing to kH/kD = 5.0 at
3000 bar and 25 8C (Figure 5). Accordingly, the volume of


Scheme 3. a) Formation of the electron transfer complex of N-phenyldihydronicotinamide (19) with p-chlora-
nil (1b), and b) the products of the hydrogen transfer reaction.


Figure 5. Effect of pressure on the kinetic isotope effect (kH/kD) of hydro-
gen transfer reactions: a) reaction of leuco crystal violet with p-chloranil
in acetonitrile at 26.5 8C,[31] b) reaction of DDQ (1a) with 5 in MTBE at
25 8C, c) proton transfer from benzoic acid to diphenyldiazomethane at
26.5 8C.[31]
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activation of the oxidation of 5-9,9,10,10-D4 with 1a was cal-
culated from the pressure dependence of the rate constants
(Table 3) to be DV� = �38.6�0.5 cm3mol�1, substantially


more negative than that of undeuterated 5 (DV� =


�25.9 cm3mol�1). Similar results were obtained by Isaacs
et al.[31] for the oxidation of leuco crystal violet with p-chlor-
anil (1b), in which the kinetic isotope effect decreases from
kH/kD = 11 at 1 bar to nearly 8 at 2000 bar (DV� = �25
(H) and �35 cm3mol�1 (D)).
Contrary to these findings, the
kinetic isotope effect on the re-
action of benzoic acid and di-
phenyldiazomethane (proceed-
ing by a rate-determining
proton transfer) is almost pres-
sure-independent (kH/kD = 4.5
(1 bar) and 4.7 (1090 bar) and
the activation volumes for the
two isotopic species are essen-
tially identical (DV� =


�13 cm3mol�1).[31] This finding
indicates that the ordinary ki-
netic isotope effect is not signif-
icantly pressure-dependent. The
strong pressure dependence of
the kinetic isotope effect ob-
served for the quinone oxida-
tions of 9,10-dihydroanthracene
5/5-9,9,10,10-D4 and leuco crys-
tal violet can be attributed to a
tunneling component in the hy-
drogen transfer and can be used as a criterion for tunneling,
in addition to the known kinetic indicators such as large ki-
netic isotope effects[32] and nonlinear Arrhenius plots[33]


(large differences in the preexponential factors and activa-
tion energies for H vs. D transfer).
The activation volumes (DV�) of the reactions of 9,10-di-


hydroanthracene (5) and xanthene (6) with o-chloranil (10)
are substantially less negative than those of the correspond-
ing reactions with DDQ (1a) (Table 1). The tendency of the
solvent dependence of DV� of the reactions of 10, however,
is similar to that observed for the reactions of 1a, indicating


that also in these reactions no ionic intermediates are
formed in the rate-determining step and that they proceed
through hydrogen atom transfer, comparably to the DDQ


oxidations. In the oxidation of
5-9,9-Me2 and 6 with quinones
1a or 10, the aromatization of
the intermediary radicals 22
and 23 by H atom transfer is
blocked by the methyl groups
or the ring oxygen atom
(Scheme 4). The finding of 9,9-
dimethylanthrone 26 and xan-
thone 27 as final products in
the presence of traces of water
suggests that the cations 24
and 25 are involved as inter-
mediates in these reactions. In
the reactions of 5-9,9-Me2 with
1a and of 6 with 10, spin-trap-
ping experiments with nitroso-


benzene produced the long-living nitroxide radicals 13 and
14, which could be characterized by ESR (Experimental
Section). These results are further evidence that hydrogen
atom transfer also occurs in the rate-determining steps in
these reactions, producing the radicals 22 and 23, which can


either be trapped by nitrosobenzene or, in the absence of a
trapping reagent, can react further with excesses of the qui-
nones to produce the cations 24 or 25, which are converted
into the final products 26 or 27 by water addition and qui-
none oxidation. Accordingly, oxidations of both hydroarenes
either with DDQ (1a) or o-chloranil (10) follow the same
mechanistic course. The less negative activation volumes of
the o-chloranil oxidations may be explained by quantum
mechanical calculations performed for the reactions of 1,4-
cyclohexadiene (3) with either DDQ (1a) of o-chloranil
(10). Accordingly, the dipole moment of the transition state


Table 3. Pressure-dependent second-order rate constants k2 (in 10�2m�1 s�1) for the reaction of 1a with various
hydrogen donors in tert-butyl methyl ether.[a]


P 3 5 5±9,9,10,10-D4 5±9,9-Me2 4 7 8
[kbar] k2 k2 k2 k2 k2 k2 k2


1 3.28 3.81 0.35 0.561 15.0 0.253 0.0435
500 5.37 6.73 0.80 0.76 25.2 0.417 0.0735
1000 8.2 10.7 1.52 1.10 37.5 0.627 0.112
1500 12.1 15.5 2.53 1.44 58.2 0.988 0.157
2000 18.8 23.0 4.05 1.88 82.6 1.51 0.224
2500 27.5 31.4 6.06 2.29 113 2.20 0.329
3000 37.7 43.1 8.63 2.63 144 3.15 0.425
3500 49.6 58 195


T [8C] 25.1 25.1 25.0 39.9 25.0 39.9 39.9


[a] Initial concentrations: [1a] = 1.15±1.17î10�3m ; [3] = 1.87î10�2m ; [5] = 3.03î10�2m ; [5±9,9,10,10-D4] =


3.04î10�2m ; [5±9,9-Me2] = 1.01î10�1m ; [4] = 1.45î10�2m ; [7] = 1.04î10�1m ; [8] = 2.04î10�1m.


Scheme 4. The oxidation of 5-9,9-Me2 with 1a and 6 with 10, in which the aromatization by H transfer in the
secondary reaction step is blocked, with spin trapping of the intermediary radicals 15 and 16 by nitrosoben-
zene.
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of the reaction of 3 with 10 is calculated (Table 2)–with m


= 4.7 D and 4.9 D, respectively–to be substantially smaller
than that of the reaction of 3 with 1a (m = 10.6 D and
8.5 D, respectively). Thus, the contraction of volume caused
by the effects of electrostriction, and hence the activation
volume, would be expected to be smaller in the reaction of
3 with 10.
Finally, in the case of the oxidation of the formal dienes 7,


8 and ene 9, a pericyclic hydrogen transfer has to be consid-
ered as a potential mechanism in addition to the possibility
of the hydrogen atom transfer, as already discussed in the
Introduction (Scheme 1, mechanisms (2) and (4)). Accord-
ing to the findings obtained for pericyclic and stepwise cy-
cloadditions (the latter involving diradical intermediates),
the activation volume of the pericyclic hydrogen transfer
would be expected to be more negative than that of a step-
wise hydrogen atom transfer. The activation volumes of the
DDQ oxidations of the formal 1,4-dienes 3±5 and the
formal 1,3-dienes 7, 8 and ene 9 do not show any significant
difference (Table 1). This finding suggests the conclusion
that all oxidations studied here follow the same mechanistic
course. Independent support for this conclusion comes from
an investigation of the kinetic isotope effect observed in the
DDQ oxidation of the tetralin derivatives 9/9-1,1,4,4-D4 and
9-D12. Heesing et al.[34] have carefully studied the stereo-
chemical course and the kinetic isotope effects for the oxi-
dation of 1,2-dihydronaphthalene (7) and 1,3-cyclohexa-
diene (28) with the deuterated derivatives shown in
Scheme 5 and various quinones such as 1a and 10. The oxi-
dation of cis- and trans-7-1,2-D2 and �28-5,6-D2 proceeds
with 90% and 98% cis stereoselectivity, respectively. These


results already rule out the pericyclic hydrogen transfer as
the only mechanism. Competition between a stereospecific
pericyclic reaction and a non-stereoselective stepwise reac-
tion is one mechanistic possibility. However, the observed
stereoselectivity could be also explained if the subsequent
hydrogen transfer were to proceed rapidly in the pair of rad-
icals (generated in the first step) in relation to its dissocia-
tion from the solvent cage. Also, the kinetic isotope effects
observed for the oxidation of the deuterated 1,2-dihydro-
naphthalene derivatives with 1a and 10 (Scheme 5) do not
allow clear-cut conclusions concerning the mechanism of
these reactions. The finding that the reactions of both deriv-
atives 7-1,1-D2 and 7-2,2-D2 show primary isotope effects
and that the effects observed for the reactions of 7-1,1,2,2-
D4 are larger than those found with 7-1,1-D2 or 7-2,2-D2 is
in accord with a pericyclic reaction in which both C�H
bonds are cleaved in the rate-determining step. The struc-
tures of two potential radical intermediates 29 and 30
(which can be obtained from 7 through H atom transfer) are
both resonance-stabilized, however, so the H atom transfer
from 7 may be not selective, yielding both radicals. This
would also explain why the kinetic isotope effects observed
for the oxidation of 7-1,1-D2 and 7-2,2-D2 with DDQ (1a)
and o-chloranil (10) are quite different from each other.
Evidently, the less reactive 10 is more selective, leading to
the radical 30 preferentially, whereas the more reactive 1a is
less selective, leading to the two radicals 29 and 30 in nearly
equal amounts (Scheme 6). The experimental data thus do
not allow an unambiguous conclusion as to whether the qui-
none oxidation of 1,2-dihydronaphthalene proceeds concert-
edly by a pericyclic hydrogen transfer or in stepwise manner
with a hydrogen atom transfer in the first step .


In the case of the oxidation of tetralin 9 with thymoqui-
none 1c on one hand and with DDQ (1a) on the other
(leading to 1,2-dihydronaphthalene 7 as the primary isolable
product), a distinction between the two mechanistic alterna-
tives on the basis of the kinetic deuterium isotope effects
was feasible.[35] The hydrogen atom transfer would be ex-
pected here to lead exclusively to the benzyl resonance-sta-
bilized radical 31 through C1�H bond cleavage and not to
the ordinary secondary alkyl radical 32 through C2�H bond
cleavage, whereas in the pericyclic hydrogen transfer both
adjacent C�H bonds have to be cleaved. Brower et al.[9]


Scheme 5. Specifically deuterated 1,2-dihydronaphthalene, 1,3-cyclohexa-
diene, and tetralin derivatives used for investigation of the stereochemi-
cal course and the kinetic isotope effect of the quinone oxidation of
formal 1,3-dienes (n. d. = not determined).


Scheme 6. Potential radical intermediates involved in the quinone oxida-
tion of 1,2-dihydronaphthalene 7 and tetralin 9.
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found primary deuterium isotope effects of kH/kD = 3.0 and
2.3 for the reaction of thymoquinone 1c with the two deu-
terated tetralin derivatives 9-1,1,4,4-D4 and 9-2,2,3,3-D4, re-
spectively, and a larger value of kH/kD = 5.7 for the reaction
of perdeuterated tetralin 9-D12, as would be expected for
the cleavage of both C�H bonds in the rate-determining
step. In contrast with these results, we found the deuterium
isotope effect of the reactions of DDQ (1a) with 9-1,1,4,4-
D4 and 9-D12 to be nearly identical, indicating that only the
C1�H bond is broken in the rate-determining step in this re-
action. This surprising finding suggests that the reaction of
tetralin 9 with the less reactive thymoquinone 1c (which re-
quires a temperature of reaction 100 8C higher than that
with DDQ (1a)) proceeds via a pericyclic hydrogen transfer,
whereas stepwise hydrogen atom transfer occurs in the reac-
tion with DDQ (1a) (Scheme 7). The different behavior of


thymoquinone 1c and DDQ (1a) may be explained by the
different stabilities of the radicals derived from 1c and 1a
after the hypothetical hydrogen atom transfer from 9 to 1c
or 1a. The radical derived from 1a should experience addi-
tional resonance stabilization by the CN and Cl,[36] substitu-
ents absent from the radical derived from 1c. This also ex-
plains, inter alia, the high reactivity of DDQ (1a) in relation
to all other quinones. A similar substituent effect is ob-
served for the cyclodimerizations of 1,3-butadiene and chlo-
roprene.[37] The [4+2] cyclodimerization of 1,3-butadiene
proceeds at 120 8C predominantly in a concerted fashion,
whereas in the cyclodimerization of chloroprene–occurring
readily at room temperature–a stepwise [4+2] cycloaddi-
tion involving a diradical intermediate competes with con-
certed pathways. Evidently, the Cl substituent stabilizes the


diradical intermediate, so that in the case of the chloroprene
cyclodimerization the stepwise process is competitive with
the concerted pathways. The different reactivity and course
of reaction observed for DDQ (1a) and thymoquinone 1c
can be explained in terms of a substituent effect, analogous-
ly to the cyclodimerizations of 1,3-butadiene and chloro-
prene.


Conclusion


The highly negative activation volumes and their moderate
dependence on solvent polarity observed for oxidation of
hydroarenes with DDQ (1a) and o-chloranil (10) are good
evidence for a hydrogen atom transfer mechanism, as also
suggested from kinetic measurements, studies of kinetic iso-


tope effects, and spin-trapping
experiments.[4,20] The strong
pressure dependence of the ki-
netic deuterium isotope effect
found for the reaction of 9,10-
dihydroanthracene 5/5-1,1,4,4-
D4 with DDQ (1a) can be used
as a criterion for tunneling. Fi-
nally, comparison of the kinetic
deuterium isotope effects deter-
mined for the oxidation of tet-
ralin 9/9-1,1,4,4-D4/9-2,2,3,3-D4/
9-D12 either with DDQ (1a) or
with thymoquinone 1c[9] indi-
cates that the reaction with
DDQ (1a) proceeds in stepwise
fashion through hydrogen atom
transfer in the rate-determining
first step, whereas the reaction
with thymoquinone 1c is con-
certed, following the course of
a pericyclic dyotropic hydrogen
transfer (Scheme 7). The differ-
ence in the mechanistic courses
of these two reactions may be
explained by the effect of the
CN and Cl substituents in 1a,
which stabilize a radical inter-


mediate better than the alkyl groups in 1c. DFT calculations
on the hydrogen transfer from 3 to DDQ (1a) and o-chlor-
anil (10) are in agreement with these conclusions.


Experimental Section


IR: Bio-Rad FTS 135. UV: J&M Tidas FG/Cosytec/RS 422. 1H NMR, 13C
NMR: Bruker DRX 500, Varian XL 200; the undeuterated proportion of
the solvent was used as an internal standard. MS: Fisons Instruments
VG ProSpec 3000. High-pressure equipment: up to 14 kbar: A. Hofer,
M¸lheim a. d. Ruhr; A. W. Birks, Department of Mechanical and Indus-
trial Engineering at the Queen×s University of Belfast; up to 4 kbar: Die-
ckers, Willich; Sitec round optical cell with sapphire windows, Z¸rich.
GC: Hewlett Packard 5890 Series II equipped with DB1 (25 m) and
OV 17 (30 m) capillary columns (d. 0.32 mm; film 0.25 mm, 2 mLmin�1


Scheme 7. Potential mechanisms of the dehydrogenation of tetralin 9 with a) thymoquinone 1c and b) DDQ
(1a), respectively, suggested from kinetic isotope effects.
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He flow FID); preparative GC: Varian Aerograph P 90 with WLD
(Varian), column: 1.7 m, i. d. 1 cm, packed with OV17 on Volaspher A2,
carrier gas: He (90 mLmin�1), 200 8C.


Chemicals : 9,10-Dihydroanthracene (1a), xanthene (6), DDQ, and o-
chloranil (10) were obtained from Aldrich and purified by repeated crys-
tallization from acetone/water 1:1 for 1a, ethanol for 6, and glacial acetic
acid for DDQ and 10, respectively, and additional sublimation under re-
duced pressure. Samples used for kinetic measurements had melting
points in agreement with published values. 1,4-Cyclohexadiene (3), 1,2-di-
hydronaphthalene (7), 9,10-dihydrophenanthrene (8), and tetralin (9) (all
from Aldrich) were purified by distillation under reduced pressure and
stored under Argon. No significant impurities were detected by GC.


Synthesis


1,4-Dihydronaphthalene (4): Naphthalene was reduced with sodium in
ethanol by the procedure described by Pajak and Brower.[9] The crude
product (14.0 g), consisting of a mixture of naphthalene, 1,4-dihydronaph-
thalene (4), and 1,2-dihydronaphthalene (7) (12.5%:82.3%:4.8% GC),
was dissolved in diethyl ether (130 mL) and added dropwise to a solution
of mercury(ii) acetate (34.2 g) and 25 drops of glacial acetic acid in water
(130 mL). After the mixture had been stirred for 24 h, the precipitated
addition product was filtered off. The residue was washed with water
(400 mL) and ether (250 mL). A stirred suspension of the product in pe-
troleum ether (200 mL) was heated under reflux for four hours. After fil-
tration the product was dried under reduced pressure to give 25.5 g. To
recover 4, hydrochloric acid (30%, 350 mL) was added to the stirred mix-
ture of the addition product (25.5 g) in dichloromethane (400 mL), and
the mixture was stirred at room temperature for two hours. The precipi-
tated colorless solid was removed by filtration. The aqueous phase was
extracted with three portions (150 mL) of diethyl ether. The combined
organic layers were washed with saturated aqueous NaHCO3 (200 mL)
and water (200 mL) and dried (MgSO4). After evaporation of the sol-
vents in vacuo, the yellow solid was purified by column chromatography
(150 g silica gel, dichloromethane) and distillation in vacuo (25 mbar) to
give pure 4 (5.1 g, m.p. 26 8C, ref.[38] m.p. 26±27 8C). GC analysis: 98.5%
of 4 and 1.5% of naphthalene. 1H NMR (200 MHz; CDCl3): d = 3.38 (s,
4H; H-1, H-4); 5.90 (s, 2H; H-2, H-3); 7.05±7.25 ppm (m, 4H; H-Ar).


9,9-Dimethylanthrone (26): This compound was obtained by methylation
of anthrone with methyl iodide as described by Herberg.[39] The crude
product was purified by column chromatography (silica gel, cyclohexane/
dichloromethane 2:1, yield: 12%). m.p. = 101 8C; 1H NMR (200 MHz;
CDCl3): d = 1.74 (s, 6H; �CH3), 7.42 (td,


3J = 7.5 Hz, 4J = 1.3 Hz, 2H;
H-3,6), 7.64 (td, 3J = 7.5 Hz, 4J = 1.3 Hz, 2H; H-2,7), 7.69 (dd, 3J =


7.7 Hz, 4J = 1.4 Hz, 2H; H-1,8), 8.36 ppm (dd, 3J = 7.9 Hz, 4J = 1.5 Hz,
2H; H-4,5); IR (KBr): ñ = 1656 (s) (C=O), 1597 cm�1 (s) (ArC=C).


9,9-Dimethyl-9,10-dihydroanthracene (7): Sublimed AlCl3 (8.2 g,
61.3 mmol) was dissolved at 0 8C in diethyl ether (20 mL). After the addi-
tion of LiAlH4 (1.2 g, 31.1 mmol), a solution of 26 (3.9 g, 17.5 mmol) in
diethyl ether (30 mL) was added, and the reaction mixture was heated
under reflux for 20 minutes. After cooling to room temperature, the
green colored reaction mixture was quenched with water. The water
layer was extracted three times with diethyl ether, the combined organic
layers were dried over MgSO4, and the solvent was removed in vacuo.
The crude product was purified by column chromatography (silica gel,
CCl4) and recrystallized twice from ethanol at 5 8C to give 7 (1.0 g, 27%).
m.p. 49 8C; 1H NMR (500 MHz; CDCl3): d = 1.64 (s, 6H;�CH3), 4.11 (s,
4H; H-10), 7.21±7.56 ppm (m, 8H; H�Ar); 13C NMR (126 MHz; CDCl3):
d = 28.8 (�CH3), 35.8 (C-10), 39.2 (C-9), 124.1 (C-1), 125.8, 126.4 (C-
2,3), 127.8 (C-4), 135.6 (C-4a), 144.9 ppm (C-8a).


9,10-Dihydroanthracene-9,9,10,10-[D4] (5-9,9,10,10-D4) and xanthene-9,9-
[D2] (6-9,9-D2): These were prepared by catalytic hydrogen/deuterium
exchange in [D1]ethanol/sodium ethoxide as described by Gerst and R¸-
chardt.[40]


a) 5±9,9,10,10-D4 : M.p. 106 8C, yield: 97%. The degree of deuteration in
5±9,9,10,10-D4 was determined from the intensities (I) of the 1H NMR
signals of the deuterated 6 corrected by means of the intensities meas-
ured for the corresponding signals of the undeuterated 5 at d = 3.94±
3.96 (m, H2±9, 10, I = 0.0359), 7.20±7.22 (m, H-1, 4, 5, 8, I = 1.0000),
7.29±7.32 ppm (m, H-2, 3, 6, 7, I = 0.9881). From these intensities the
content of deuterium at C-9, 10 was calculated to be 96.4% (estimated
error 2%). Exact mass spectroscopic analysis of the content of deuterium


in 6 was not feasible because of hydrogen/deuterium exchange occurring
during measurement at 20 eV.


b) 6±9,9-D2 : m.p. 101 8C, yield: 73%. The degree of deuteration in 6-9,9-
D2 was determined in the same way as described for 5-9,9,10,10-D4: d =


4.05 (s, H2±9, I = 0.0336), 7.02±7.07 (m, H-1, 3, 6, 8, I = 1.0000), 7.17±
7.23 ppm (m, H-2, 4, 5, 7, I = 0.9826). From these intensities the content
of deuterium at C-9 was calculated to be 96.6% (estimated error 2%).


1,2,3,4-Tetrahydronaphthalene-1,1,4,4-[D4] (9±1,1,4,4-D4): This compound
was prepared by repetitive treatment of 9 with NaH in [D6]DMSO by
the method described by Bergman et al.[41] The product was purified by
distillation under reduced pressure and preparative GC (tR = 10 min).
The degree of deuteration in 9-1,1,4,4-D4 was determined in the same
way as described for 5-9,9,10,10-D4: d = 1.52 (s, H-2, 3, I = 1.9861), 2.56
(s, H-1, 4, I = 0.0670), 6.94±6.96 (m, H-5, 8, I = 1.000), 7.01±7.03 ppm
(m, H-6, 7, I = 1.0067). From these intensities the content of deuterium
at C-1, 4 was calculated to be 96.7% (estimated error 2%).


1,2,3,4-Tetrahydronaphthalene-1,1,2,2,3,3,4,4,5,6,7,8-[D12] (9-D12): This
compound was prepared according to the synthesis of 1,2,3,4-tetrahydro-
naphthalene from naphthalene as described by Blum et al.[42] A mixture
of RhCl3¥3H2O (0.1 g), Aliquat-336 (methyltridecylammonium chloride,
0.22 g), D2O (10 mL), and 1,2-dichloroethane (5 mL) was vigorously
shaken in a Paar hydrogenation apparatus at 30 8C under a deuterium
pressure of 1 bar for 60 min. After addition of a solution of [D8]naphtha-
lene (Aldrich, 5.0 g, 98% D) in 1,2-dichloroethane (10 mL), the mixture
was shaken for an additional 72 h under a deuterium pressure of 1 bar at
30 8C. The reaction mixture was extracted twice with 20 mL portions of
1,2-dichloroethane, and the combined organic layers were washed twice
with 50 mL portions of water and dried over MgSO4. After distillation
under reduced pressure, the product was further purified by preparative
GC (tR = 10 min). The degree of deuteration in 9-D12 was determined
from the intensities (i) of the 1H NMR signals of the deuterated 9-D12


(0.327m in [D6]benzene) relative to the intensities of the signals of the in-
ternal standard dioxane (0.520m). d = 1.49 (s, H-2, 3, I = 0.3270), 2.53
(s, H-1, 4, I = 0.3183), 3.35 (dioxane, I = 8.000), 6.95 (m, H-6, 7, I =


0.0511), 7.03 (m, H-6, 7, I = 0.1006). From these intensities the content
of deuterium at C-1, 4 was calculated to be 87.9%, at C-2, 3 87.6%, C-5,
8 95.8%, and at C-6, 7 91.7% (estimated error 2%).


Kinetic measurements : The rate constants of the oxidation of the hydro-
aromatic compounds 3±9 with DDQ (1a) and o-chloranil (10) were de-
termined by UV/Vis spectroscopy under pseudo-first-order conditions
with at least 16-fold molar excess of the hydroaromatic compound. The
conversion of 1a to DDQ-H2 (2a) during the reaction with the hydroaro-
matic compounds could be monitored by the decreases in the UV/Vis ab-
sorptions of 1a and 10, respectively, at wavelengths of l = 400 nm and l


= 450 nm, at which 2a or 1,2,3,4-tetrachloro-5,6-dihydroxybenzene (11)
do not absorb light, as illustrated for 1a and 2a in Figure 6.


Equation (1) was used to calculate pseudo-first-order rate constants kobs


and the bimolecular rate constant k2, from kobs and the initial concentra-
tion of the hydroarene, which can be assumed to be constant due to the
large excess of the hydroarene.


ln ðA=A0Þ ¼ kobst with kobs ¼ k2½H-donor� ð1Þ


Figure 6. UV/Vis spectra of DDQ (1a) and DDQ-H2 (2a) (each c = 6î
10�4m) in tert-butyl methyl ether.


Chem. Eur. J. 2004, 10, 2707 ± 2721 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2717


Hydrogen Transfer Reactions 2707 ± 2721



www.chemeurj.org





In the reaction of 1,4-cyclohexadiene (3) with DDQ (1a) the decrease in
the absorption A at three different wavelengths (400, 415, and 430 nm)
with time was used to calculate the pseudo-first-order rate constants, by
use of Equation (1), as kobs = (1.548�0.005) s�1 at 400 nm, (1.540�
0.004) s�1 at 415 nm, and (1.544�0.004) s�1 at 430 nm ([3] = 1.87î
10�2m, [1a] = 1.16î10�3m), which agree within limits of experimental
error. All other rate constants of the reactions of 3±9 with 1a were calcu-
lated only from the decrease in the absorption at 430 nm and those with
10 at 437 nm.


The reaction order was determined by measurement of kobs at various H-
donor concentrations. From a plot of log kobs versus log [H-donor] ac-
cording to Equation (2), a slope of one indicates that the reaction order
is one in terms of the H-donor following second order kinetics, as shown
for the reaction of xanthene (6) with 10 as example (Figure 7).


log kobs ¼ log k2 þ xlog ½H-donor� ð2Þ


The pressure dependence of the rate constants was measured in a high-
pressure optical cell (pmax = 4 kbar, SITEC) which was connected to a
4 kbar vessel, heated by an external oil bath thermostated to �0.2 8C,
and pressurized by a motor-driven press (Dieckers). To follow the time
dependence of the reactions of the quinones 1a and 10 with one of the
hydrocarbons 3±9 and of 1b with N-phenyldihydronicotinamide (19) at
elevated pressures and temperatures, pre-thermostated solutions of the
quinone and the hydrocarbon were mixed and immediately transferred
into the high-pressure optical cell, which was connected to a diode-array
UV/Vis spectrometer by a fiber optic link. With this equipment, the sche-
matic cross section of which is depicted in Figure 8, the decrease in the
quinone concentration could be monitored on-line continuously, as illus-
trated in Figure 9 for the reaction of 3 with 1a in tert-butyl methyl ether
at 25.1 8C and 500 bar.


For the reaction of 1b with 19 at 37.0 8C, the time-dependent decrease in
the absorption of the electron transfer complex at 448 nm is depicted in
Figure 10. The first spectrum was obtained one minute after mixing of
the reaction solutions of 1b (c = 1.05î10�3m) and 19 (c = 2.21î10�2m)
in acetonitrile in the high-pressure optical cell. From the time depen-
dence of the decrease in the UV/Vis absorption at 37 8C and 1 bar, the
pseudo-first-order rate constant was ascertained to be kobs = (3.9�0.2)î
10�2 s�1. Because of the high sensitivity of the reaction to the presence of
small amounts of oxygen in the high-pressure optical cell it was not possi-
ble also to determine the pressure dependence of the pseudo-first-order
rate constants of the oxidation reaction with the required accuracy to
obtain the volume of activation of the reaction.


For kinetic measurements at atmospheric pressure, a thermostated
tandem quartz cell, which allowed thermostating of the separate solutions
of the reactants, was used. The tandem quartz cell was connected to a
diode-array UV/Vis spectrometer by a fiber optic link. The temperature
of the reaction solution, both in the high-pressure cell and in the tandem
quartz cell, was checked by a calibrated resistance thermometer PT-100.


Since the slope of the plot of ln k2 against pressure p is not linear in the
1±3500 bar range investigated here (Figure 11), the volumes of activation
(DV�) were determined from the pressure dependence of the rate con-
stants k2 at a constant temperature T by use of the quadratic Equa-
tion (3).


ln kp ¼ aþ bpþ cp2 and DV� ¼ DV�


0 ¼ �bRT ð3Þ


Results are listed in Table 3, Table 4, Table 5, and Table 6


ESR spin-trapping: For the spin-trapping experiments, solutions of H-
donor, quinone, and nitrosobenzene in benzene were prepared (2.0î


Figure 7. Plot of log kobs versus log [6] for the reaction of xanthene (6)
with o-chloranil (10). The slope was determined to be x = 1.03�0.03.


Figure 8. Schematic view of the high-pressure optical cell with pressure
vessel: 1) high-pressure optical cell, 2) volume 2.2 mL, optical path
14 mm, 3) lid, 4) thermocouple, 5) sapphire windows, optical width =


6 mm, 6) heating system filled with water, 7) quartz lenses, 8) optical
fiber link to the UV/Vis spectrometer, 9) heating insulation, 10) enclosed
volume, 11) antiextrusion ring (Cu/Be alloy), 12) O-ring, 13) nut,
14) PTFE seal, 15) coupling for the PTFE tube, 16) PTFE tube with reac-
tion mixture, 17) hydraulic liquid: isooctane/decalin (1:1), 18) pressure
vessel (pmax = 7 kbar, volume = 25 mL), 19) heating system, filled with
silicon oil, 20) thermocouple, and 21) connection to the motor-driven
press, which keeps the pressure constant (�1 bar) during the experiment.


Figure 9. Array of 290 UV/Vis spectra of the reaction of DDQ (1a) (c =


1.15î10�3m) with 1,4-cyclohexadiene (3 ; c = 1.89î10�2m) in tert-butyl
methyl ether at 25.1 8C and 500 bar.
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10�1m 5±9,9-Me2, 7.8î10
�2
m 1a, and 7.8î10�2m nitrosobenzene for trap-


ping of the 9,9-dimethyl-9-hydroanthranyl radical (22), and 1.9î10�1m 6,
7.8î10�1m 10, and 7.8î10�1m nitrosobenzene for trapping of the xanthyl
radical (23)). Equal aliquots were mixed and degassed by use of several
freeze-pump-thaw cycles. The spectra of the spin adducts were recorded


at room temperature immediately
after mixing. Without the addition of
the quinones, but under otherwise
identical conditions, no ESR spectrum
was observed. For results see Table 7
and Figure 12.


Molar volumes : For each substance,
the densities of solutions of seven dif-
ferent concentrations were deter-
mined. Measurements were performed
in a temperature range from 20 to
50 8C in steps of 5 8C. For each temper-
ature, the value of fV (apparent molar
volume of a substance at a given con-
centrations) was calculated by using
Equation (4), with c [molL�1] = con-
centration of the solution, M [gmol�1]
= molar mass of the solute, d [gcm�3]
= density of the solution, and d0


[gcm�3] = density of the pure solvent.


� ¼ M
d0


� 1000
c


d�d0


d0
ð4Þ


The partial molar volume (V) is calcu-
lated by linear extrapolation of fV to a
concentration c = 0 [Eq. (5)].


V ¼ lim
c!0


�v ð5Þ


The van der Waals volumes VW of 1a and 3 were calculated by use of the
MOLVOL[22] computer program with the van der Waals radii of hydrogen
(1.17 ä), carbon (1.8 ä), nitrogen (1.8 ä), oxygen (1.53 ä), and chlorine
(1.8 ä).


The packing coefficients of the start-
ing and the transition structures, h and
h�, were calculated by using Equa-
tions (6) and (7).


h ¼ Vw=V ð6Þ


h� ¼ V�


W ð7Þ


Acknowledgement


This work was supported by the Deut-
sche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie.


Figure 10. Array of UV/Vis spectra of the reaction of N-phenyldihydroni-
cotinamide (19 ; c = 2.21î10�2m) with p-chloranil (1b ; c = 1.05î10�3m)
in acetonitrile at 37.0 8C.


Figure 11. Pressure dependence of the rate constants k2 of the oxidation of the hydroarenes 3±9 with 1a in
tert-butyl methyl ether (left) and in MeCN/AcOEt (right).


Table 4. Pressure-dependent second-order rate constants k2 (in 10�2m�1 s�1) for the reaction of 1a with various
hydrogen donors in MeCN/AcOEt.[a]


P 3 5 5±9,9,Me2 10 7 8 9[b]


[kbar] k2 k2 k2 k2 k2 k2 k2


1 3.76 2.52 0.293 6.25 0.428 0.053 0.101
500 6.6 4.86 0.428 10.7 0.732 0.096 0.169
1000 12.4 7.21 0.61 19.4 1.19 0.164 0.264
1500 18.6 11.6 0.80 27.3 1.55 0.239 0.371
2000 25.7 16.2 1.00 43.0 2.16 0.364 0.533
2500 36.4 25.9 1.12 55.9 2.84 0.529 0.711
3000 52.6 36.2 1.21 80.9 3.26 0.773 1.05
3500 68.6 1.32


T [8C] 25.1 25.1 39.9 25.0 39.9 39.9 64.9


[a] Initial concentrations: [1a] = 1.15±1.17î10�3m ; [3] = 1.87î10�2m ; [5] = 3.03î10�2m ; [5±9,9-Me2] =


1.01î10�1m ; [4] = 1.43î10�2m ; [7] = 1.04î10�1m ; [8] = 2.04î10�1m ; [9] = 4.59î10�1m. [b] In pure acetoni-
trile.


Table 5. Pressure-dependent second-order rate constants k2 (in
10�2M�1 s�1) for the reactions of 10 with 5 and 6 in tert-butyl methyl
ether (MTBE) and acetonitrile (MeCN).[a]


p 5
MTBE 5


MeCN 6
MTBE 6


MeCN


[kbar] k2 k2 k2 k2


1 0.67 0.40 2.36 1.87
500 0.98 0.52 3.17 2.47
1000 1.26 0.76 3.94 3.53
1500 1.69 1.01 4.86 4.31
2000 2.09 1.39 6.32 5.95
2500 2.58 1.80 7.37 7.42
3000 ± 2.60 9.40 9.84
3500 3.22 ± 10.9 11.8


T [8C] 25.1 25.1 25.2 25.2


[a] Initial concentrations: [10] = 1.05î10�3m ; [5] = 9.73î10�2m ; [6] =


2.21î10�2m.
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Enantioselective Total Syntheses of the Ipecacuanha Alkaloid Emetine, the
Alangium Alkaloid Tubulosine and a Novel Benzoquinolizidine Alkaloid by
Using a Domino Process


Lutz F. Tietze,*[a] Nils Rackelmann,[a] and I. M¸ller[b]


Dedicated to Prof. Johann Mulzer on the occasion of his 60th birthday


Introduction


The Ipecacuanha alkaloid emetine (1) and the Alangium al-
kaloid tubulosine (2) belong to the group of tetrahydroiso-
quinoline alkaloids that are formed in nature from dopa-
mine and the monoterpene secologanin. Emetine (1) was
isolated from Radix Ipecacuanha and the roots of Psychotria
Ipecacuanha and Cephalis acuminata[1] and possesses multi-
fold interesting biological activity. It shows antiprotozoic
properties[2] and activity in the treatment of lymphatic leu-
kaemia;[3] furthermore, it used to be applied as an emetic.
Nowadays, emetine (1) is not used as a drug anymore due to
its considerable toxicity. Tubulosine (2) was isolated from
the dried fruits of Alangium lamarckii[4] and the sap of Po-
gonopus speciosus.[5] It is remarkably active against several


cancer cell lines[5,6] and has been studied for various other
biological activities, such as inhibition of protein biosynthe-
sis[7] and HIV reverse transcriptase inhibitory activities.[8]


Here we describe the first enantioselective total syntheses
of 1[9] and 2[9e,10] by means of a three-component domino
process[11] that combines a Knoevenagel reaction and a cy-
cloaddition followed by a solvolysis, a condensation and a
hydrogenation.[12] The stereogenic centres C-11b and C-1’ in
1 and 2 were introduced by an enantioselective transfer hy-
drogenation of the corresponding imines by using a chiral
ruthenium catalyst. This type of catalyst-controlled hydroge-
nation has recently been used by us for a stereochemical
combinatoric as a new approach in combinatorial chemis-
try.[13]


Results


The retrosynthesis of 1 and 2 leads to the amines 3 and 5,
respectively and the benzoquinolizidine 4, which can be ob-
tained starting from the isoquinolineacetaldehyde (1S)-7,
Meldrum×s acid 6 and the enol ether 8 (Scheme 1). An im-
portant aspect of modern syntheses is the formation of
enantiopure products, whereby the first stereogenic centre
should be introduced by a catalytic process. This was ach-
ieved upon the synthesis of (1S)-7. For this purpose racemic
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Abstract: The first enantioselective
syntheses of the Ipecacuanha alkaloid
emetine (1) and the Alangium alkaloid
tubulosine (2) is described employing a
domino Knoevenagel/hetero-Diels±
Alder reaction and an enantioselective
catalytic transfer hydrogenation of
imines as key steps. Thus, hydrogena-
tion of the imine 15 with the catalyst
(R,R)-16 gives the tetrahydroisoquino-
line 14 with 95% ee which was trans-
formed into the aldehyde (1S)-7. The


three-component domino reaction of
(1S)-7 with 6 and 8 led to 19, which in
a second domino process was treated
with K2CO3 in methanol followed by a
hydrogenation to give the benzoquino-
lizidine 4 together with the diastereo-
mers 22 and 23 in a overall yield of


66%. Further transformation of 4 with
the amines 3 and 5 yielded enantiopure
emetine (1) and tubulosine (2), respec-
tively. In addition, starting from 19 the
novel benzoquinolizidine alkaloid 34
was synthesised; this compound resem-
bles the vallesiachotamine alkaloid di-
hydroantirhin 31, which has not been
isolated so far but probably must also
exist in nature.


Keywords: alkaloids ¥ asymmetric
catalysis ¥ domino reactions ¥ hydro-
genation ¥ imines ¥ natural products
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tetrahydroisoquinoline 13 was prepared; this compound is
easily accessible by a Bischler±Napieralski reaction of 11,
which in turn was obtained from 3 and 10. Consecutive re-
duction of the formed vinylogous urethane 12 and TIPS pro-
tection gave 13 (Scheme 2). Compound 13 was then oxidised
with KMnO4 at �7 8C[14] to give the imine 15 with an overall
yield of 55% (6 steps from the starting materials 3 and 10).
Transfer hydrogenation with triethylammonium formate in
the presence of the chiral Ru catalyst (R,R)-16 developed
by Noyori[15] provided the tetrahydroisoquinoline (1S)-14 in
a yield of 93% and 95% ee.


Protection of the secondary amino moiety with CbzCl, de-
protection of the TIPS group and oxidation of the formed
primary hydroxy group led to the aldehyde (1S)-7 (56%
yield from (1S-14)). The domino reaction of (1S)-7, Mel-
drum×s acid 6 and enol ether 8 was performed in the pres-
ence of a catalytic amount of ethylene diammonium diace-
tate (Scheme 3). At first the 1-oxa-1,3-butadiene 17 is
formed, which gives 18 in a hetero-Diels±Alder reaction
with inverse electron demand; under the reaction conditions
18 looses CO2 and acetone to yield 19 as the final product.
Due to the electron-withdrawing carbonyl group at the oxa-
butadiene moiety in 17, resulting in a lowering of its LUMO
energy, the cycloaddition with the enol ether 8 takes place
around 60 8C or below. Compound 19 is usually not isolated,
but treated with K2CO3/MeOH and a catalytic amount of
Pd/C in methanol. After stirring for 50 min, a hydrogen at-
mosphere is applied and the mixture stirred for another two
hours at room temperature to give the benzoquinolizidine 4,
with the correct stereochemistry at all stereogenic centres as
in emetine (1), together with the two diastereomers 22 and


23 in a ratio of (1.5:1.0:1.8)
(22 :4 :23) and an overall yield
of 66% based on (1S)-7.


The diastereomers can easily
be separated by column chro-
matography and the relative
configuration of the diaster-
eomers 4 and 22 was identified
by crystal structure analy-
sis.[16±18] For the transformation
we propose the following se-
quence: In the first step the lac-
tone moiety in 19 is attacked by
methoxide to give a methyl
ester and a hemiacetal, which
looses benzylalcohol providing
the corresponding aldehyde 20.
Hydrogenolytic removal of the
Cbz protecting group leads to
the corresponding secondary
amine, which reacts with the al-
dehyde to afford either an imi-
nium ion or an enamine 21;
both moieties are hydrogenated
under the reaction conditions.
The formation of the three dia-
stereomers in the process is, on
the one hand, probably due to


the flexibility of the oxabutadiene moiety in 17, which can
exist in the two different conformations 17a and 17b


Scheme 1. Retrosyntheses of emetine (1) and tubulosine (2).


Scheme 2. Enantioselective synthesis of the tetrahydroisoquinoline (1S)-
14 : a) K2CO3, Et2O/H2O, 1.5 h, 91%; b) P4O10, toluene, 110 8C, 70 min,
83%; c) 1. H2 (4 bar), Pd/C, EtOH/HOAc, 80 min, 93%; 2. LiAlH4, THF,
RT, 4 h, 92%; 3. TIPSCl, imidazole, DMAP, DMF, RT, 18 h, 94%; d) 2.5
mol% (R,R)-16, HCO2H/NEt3, DMF, RT, 120 min, 93%, 95% ee ;
e) KMnO4, CH3CN, �7 8C, 70 min, 90%.
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(Scheme 4). Since we assume that the attack of the enol
ether takes place in both forms from below, as the less hin-
dered site, two diastereomers 19a and 19b with the opposite
configuration at C-4 would be formed. In addition, the hy-
drogenation of the intermediate enamine 21a and 21b
seems to be selective only in the case of 21b to give 23 ;
thus, the hydrogenation takes place preferably via the con-
formation 21bb under stereoelectronic control. For the dia-
stereomer 21a the two conformations 21aa and 21ab seem
to be equally involved in the transition structure, which is
astounding. However, one can not exclude, that here the for-
mation of the enamine 21a is slow compared to the hydro-
genation of the corresponding primarily formed iminium
ion. Since the stereogenic centre C-3 in 19 is not formed se-


lectively in the Diels±Alder reaction a mixture would result.
That iminium ions can be intermediates in such a hydroge-
nation process has been shown by us in the synthesis of
indole alkaloids using a similar process.[12a,c]


For the synthesis of emetine (1), the benzoquinolizidine 4
was treated with the phenylethylamine 3 and trimethylalu-
minium to give the amide 24,[19] which could then directly be
transformed into the desired imine 26 by using POCl3
(Scheme 5). The final step towards emetine (1) was the
transfer hydrogenation with (S,S)-16 ; this allowed the intro-
duction of the fourth stereogenic centre with a ds>98:1.[20]


In a similar approach, the alkaloid tubulosine (2) was syn-
thesised by reaction of the benzoquinolizidine 4 with O-ben-
zylseretonine 5. However, using trimethylaluminum as in


Scheme 3. Domino process and synthesis of the benzoquinolizidine 4 : a) [EDDA], benzene, 60 8C, ultra sonic, 17 h, 86%; b) 1. 0.5 equiv K2CO3, MeOH;
2. Pd/C, H2, 77%.


Scheme 4. Diels±Alder and biomimetic solvolysis, condensation and hydrogenation sequence.
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the reaction of 3 and 4 only low yields were obtained. Fortu-
nately, reaction of 4 with 5 in the presence of 2-hydroxypyri-
dine allowed the synthesis of the amide 25 in 73% yield.
The formation of the imine 27 from 25 by using POCl3 gave
a lower yield as in the case of 24 ; however, this is quite un-
derstandable since the Bischler±Napieralski reaction condi-
tions are quite harsh and less suitable for the indole moiety.
A Pictet±Spengler reaction would also have been possible,[21]


but in this reaction the configuration of the newly formed
stereogenic centre cannot be controlled and a selective oxi-
dation to give the desired imine 27 seemed less likely. In
contrast, the hydrogenation of the imine again using the cat-
alyst (S,S)-16 in the presence of triethylammonium formate
gave the tetrahydro-b-carboline 28 in a high yield of 78%
and excellent selectivity, with a ds of >98:1. Cleavage of
the benzyl ether by hydrogenolysis with Pd/C as a catalyst
provided tubulosine (2) in high purity.


Whereas the published spectroscopic data for emetine (1)
and those of the synthesised product are in complete agree-
ment, it should be mentioned that the NMR data of our syn-
thesised tubulosine (2) did not match with published spec-
troscopical data.[22] We therefore compared our data with
those obtained from natural tubulosine (2).[23] Here the 1H
and 13C NMR data and the rotation value were in complete
agreement.


The described domino Knoevenagel/hetero-Diels±Alder
process did not only allow the enantioselective syntheses of
emetine (1) and tubulosine (2) as well as related com-
pounds, but it also gives access to so far unknown benzoqui-
nolizidine alkaloids as 34.


In the series of the biosynthetic early indole alkaloids, we
can differentiate between corynanthe 30 and the vallesia-
chotamine alkaloids, for example, dihydroantirhin 31. The


former is formed from strictosidine 29 by a N-4!C-21 con-
densation, whereas the latter is obtained by a N-4!C-17
condensation after enzymatic cleavage of the glucosidic
bond (Scheme 6).[24] A similar process could be envisaged
for the transformation of desacetylisopecoside 32, which is
the natural precursor of emetine 1. However, the corre-
sponding alkaloids have so far not been found in nature.


In contrast, they are easily accessible synthetically from
the same intermediate 19 used in the preparation of emetine
(1). Reaction of the cycloadduct 19 under a hydrogen at-
mosphere in methanol in the presence of a catalytic amount


Scheme 5. Syntheses of emetine (1) and tubulosine (2): a) 1. 3, AlMe3, 1.0 h; 2. 4, 4.5 h, reflux, 78%; b) 4 and 5, 2-hydroxypyridine, 170 8C, 3.25 h, 73%;
c) POCl3, benzene, reflux, 45 min, 82%; d) POCl3, benzene, reflux, 85 min, 49%; e) 10 mol% (S,S)-16, HCO2H/NEt3, DMF, RT, 71%, >95% ee ;
f) 10 mol% (S,S)-16, HCO2H/NEt3, DMF, RT, 73%, >95% ee ; g) Pd/C, H2, MeOH, RT, 95 min, 67%.


Scheme 6. Biosyntheses of indole alkaloids.
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of Pd/C led to the lactam 33 in 81% yield (Scheme 7). In
this transformation, first the Cbz-protecting group is re-
moved by hydrogenolysis to give the corresponding secon-
dary amine, which then attacks the lactone moiety in an in-
tramolecular fashion to yield a lactam and a hemiacetal; fi-
nally the hemiacetal looses benzyl alcohol affording 33. Re-
duction of 33 with LiAlH4 in THF yields the alkaloid 34 as
a mixture of diastereomers with 95% ee ; 34 resembles the
vallesiachotamine alkaloid dihydroantirhin 31.


Conclusion


The three-component domino Knoevenagel/hetero-Diels±
Alder reaction of the enantiopure aldehyde (1S)-7, Mel-
drum×s acid 6 and the enol ether 8, followed by another
domino process consisting of solvolysis, hydrogenolysis, con-
densation and hydrogenation, allows a very short enantiose-
lective entry to the Ipecacuanha alkaloid emetine (1) and
the Alangium alkaloid tubulosine (2). In addition, so far un-
known benzoquinolizidine alkaloids, which resemble the val-
lesiachotamine alkaloid dihydroantirhin and which probably
also exist in nature, can be obtained using this approach.
The described procedure underlines the potency of domino
processes and clearly also allows the preparation of ana-
logues that might have better pharmacological properties.


Experimental Section


Ethyl ester amide of N-[2-(3,4-dimethoxyphenyl)ethyl]malonic acid
(11):[25] A solution of malonic acid ethyl ester chloride 10 (40 g, 0.27 mol)
in diethyl ether (200 cm3) was added dropwise to a well-stirred two-layer
system of homoveratryl amine 3 (40.1 g, 0.22 mol) in diethyl ether
(240 cm3) and potassium carbonate (36.7 g, 0.27 mol) in water (367 cm3)
at 0 8C; the mixture was stirred for a further 1.5 h at this temperature.
The layers were separated and the aqueous layer was extracted with di-
chloromethane (3î300 cm3). The combined extracts were dried over
sodium sulfate, filtered and the solvent was evaporated under reduced
pressure to give the amide (59.5 g, 91%) as a yellow solid. 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=1.27 (t, 3J(H,H)=7.0 Hz, 3H; CH3),
2.79 (t, 3J(H,H)=7.0 Hz, 2H; ArCH2CH2) 3.28 (s, 2H; O2CCH2CO2),
3.53 (q, 3J(H,H)=6.5 Hz, 2H; CH2CH2NH), 3.86 (s, 3H; OMe), 3.88 (s,


3H; OMe), 4.14 (q, 3J(H,H)=7.0 Hz, 2H; OCH2CH3), 6.73±6.84 (m, 3H;
Ar-H), 7.17 ppm (br s, 1H; NH).


Ethyl ester of (6,7-dimethoxy-3,4-dihydro-2H-isoquinoline-1-ylidene)ace-
tic acid (12: Bischler±Napieralski reaction):[25] Phosphorus pentoxide
(180 g, 1.43 mol) was added over a period of 30 min in portions of 60 g to
a heavily stirred solution (mechanical stirrer) of the amide 11 (30 g, 0.10
mol) in toluene (600 cm3) at 110 8C. Overall the suspension was stirred
for 70 min under reflux and afterwards the reaction mixture was cooled
down to 0 8C. Ice water (1000 cm3) was added, the layers were separated
and the organic layer extracted with 2n HCl solution (1î200 cm3). The
combined aqueous layers were neutralised with potassium carbonate and
extracted with diethyl ether (5î300 cm3). The organic phase was dried
over sodium sulphate, filtered and the solvents was evaporated under re-
duced pressure. The crude product was purified by column chromatogra-
phy on silica using ethyl acetate as eluent to give the ethyl ester as a
yellow solid (23.1 g, 83%) 1H NMR (200 MHz, C6D6, 25 8C, TMS): d=
1.19 (t, 3J(H,H)=7.0 Hz, 3H; CH3), 2.22 (t, 2H; 3J(H,H)=6.0 Hz, Ar-
CH2-CH2), 2.76 (dt, 3J(H,H)=6.0, 3.0 Hz, 2H; CH2CH2NH), 3.21 (s, 3H;
OMe), 3.27 (s, 3H; OMe), 4.30 (q, 3J(H,H)=7.0 Hz, 2H; OCH2CH3),
5.56 (s, 1H; R2C=CHR), 6.14 (s, 1H; Ar-H), 7.07 (s, 1H; Ar-H),
9.12 ppm (br s,1H; NH).


Ethyl ester of (6,7-dimethoxy-3,4-dihydro-2H-isoquinoline-1-yl)acetic
acid :[25] A suspension of 12 (13.5 g, 49.0 mmol) and palladium on charcoal
(1.5 g, 10%) in ethanol (80 cm3) and acetic acid (60 cm3) was shaken
under a hydrogen atmosphere (4.1 bar) for 80 min. The reaction mixture
was filtered and the ethanol was removed under reduced pressure. The
residue was diluted with water (150 cm3), neutralised with potassium car-
bonat and extracted with diethyl ether (3î200 cm3). The solution was
dried over sodium sulfate and filtered and the solvent was removed
under reduced pressure to give the title compound as a yellow solid
(12.7 g, 93%) 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=1.19 (t,
3J(H,H)=7.0 Hz, 3H; CH3), 2.36 (s, 1H; NH), 2.75 (dd, 2J(H,H)=
13.5 Hz, 3J(H,H)=6.0 Hz, 2H; CHCH2CO2Et), 2.69±2.90 (m, 2H;
ArCH2CH2), 3.01 (dddd, 3J(H,H)=6.0, 6.0, 6.0, 6.0 Hz, 2H;
CH2CH2NH), 3.84 (s, 3H; OMe), 3.85 (s, 3H; OMe), 4.18 (q, 3J(H,H)=
7.0 Hz, 2H; OCH2CH3), 4.40 (dd, 3J(H,H)=9.0, 4.5 Hz, 1H;
ArCHRNH), 6.58 ppm (s, 2H; Ar-H).


rac-O-Triisopropylsilyl-2-(6,7-dimethoxy-3,4-dihydro-2H-isoquinoline-1-
yl)ethanol (13):


2-(6,7-Dimethoxy-3,4-dihydro-2H-isoquinoline-1-yl)-ethanol : A solution
of the ester (11.0 g, 39.4 mmol) in tetrahydrofuran (100 cm3) was added
dropwise to a stirred suspension of lithium aluminium hydride (3.36 g,
88.6 mmmol) in tetrahydrofuran (400 cm3) at 0 8C. The reaction mixture
was stirred for 4 h at 25 8C and quenched with water (3.4 cm3), followed
by 10 min of stirring, addition of an aqueous sodium hydroxide solution
(3.4 cm3, 15%), 10 min of stirring and again addition of water (10.2 cm3).
The formed precipitate was removed by filtration and washed with tetra-
hydrofuran (400 cm3). The alcohol was obtained as a yellow solid after
removal of the solvent under reduced pressure (8.61 g, 92%). 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=1.89 (m, 1H; CH2CH2OH), 2.06 (m,
1H; CH2CH2OH), 2.74 (m, 2H; ArCH2CH2), 3.02 (ddd, 2J(H,H)=
13.0 Hz, 3J(H,H)=5.5, 5.5 Hz, 1H; ArCH2CH2), 3.21 (ddd, 2J(H,H)=
13.0 Hz, 3J(H,H)=8.5, 8.5 Hz, 1H; ArCH2CH2), 3.83 (s, 3H; OMe), 3.85
(s, 3H; OMe), 3.80±3.98 (m, 2H; CH2CH2OH), 4.19 (dd, 3J(H,H)=9.5,
4.0 Hz, 1H; 1-H), 6.53 (s, 1H; Ar-H), 6.57 ppm (s, 1H; Ar-H); 13C NMR
(50 MHz, CDCl3, 25 8C): d=28.64 (C-4), 35.99 (C-2’), 39.36 (C-3), 55.66
(OMe), 55.80 (OMe), 56.30 (C-1), 62.48 (C-1’), 109.0 (C-5), 111.7 (C-8),
126.8 (C-8a), 129.2 (C-4a), 147.2 (C-7), 147.4 ppm (C-6); UV/Vis (aceto-
nitrile): lmax (lge)=202.0 (4.576), 283.0 (3.549), 286.0 nm (3.551); IR
(KBr): ñ= 3250 (NH), 2957 (C-H), 2863 (OMe), 1464 (CH2) 1359 (CH3),
858 cm�1 (arom-H); MS (70eV, EI): m/z (%): 237.1365 (5) [M+]
(C13H19NO3 requires 237.1365), 192.1 (100) [M+�CH2CH2OH].


Compound 13 : Triiso-propylsilylchloride (19.5 g, 101 mmol) was added
dropwise to a stirred solution of the unprotected alcohol (20.0 g,
84.3 mmol), imidzole (6.89 g, 101 mmol) and a catalytic amount of 4-di-
methylaminopyridine in dimethylformamide (150 cm3) and stirred for
18 h at 25 8C. The reaction was quenched with saturated aqueous sodium
hydrogen carbonate solution (400 cm3) and water (400 cm3). The aqueous
layer was extracted with diethyl ether (4î300 cm3), the combined organic
layers were dried over sodium sulphate and filtered, and the solvent was


Scheme 7. Synthesis of a new benzoquinolizidine alkaloid 34 : a) H2,
Pd/C, MeOH, 4.5 h, RT, 81%; b) LiAlH4, THF, 4.5 h, RT, 99%.
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removed under reduced pressure to provide the crude product, which
was purified by column chromatography on silica using ethyl acetate/
methanol (4:1) as eluent to give 13 as an orange oil (31.2 g, 94%).
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.00±1.14 (m, 21H; 3î
iPr×s), 1.88±2.08 (m, 2H; CH2CH2O), 2.58 (br s, 1H; NH), 2.68 (t,
3J(H,H)=6.0 Hz, 1H; 3-H) 2.97 (dt, 3J(H,H)=13.0, 6.0 Hz, 1H; 4-H),
3.16 (dt, 3J(H,H)=13.0, 6.0 Hz, 1H; 4-H), 3.82 (s, 3H; OMe), 3.84 (s,
3H; OMe), 3.81±3.94 (m, 2H; CH2CH2O), 4.13 (dd, 3J(H,H)=9.0,
4.0 Hz, 1H; 1-H), 6.52 (s, 1H; Ar-H), 6.58 ppm (s, 1H; Ar-H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=11.88 (iPr-CH3), 18.00 (iPr-CH), 29.21 (C-4),
38.75 (C-2’), 40.43 (C-3), 53.39 (C-1), 55.87 (OMe), 55.90 (OMe), 61.40
(C-1’), 109.2 (C-5), 111.8 (C-8), 127.1 (C-8a), 131.1 (C-4a), 147.1 (C-7),
147.2 ppm (C-6); UV/Vis (acetonitrile): lmax (lge)=201.5 (4.606), 283.5
(3.589), 286.5 nm (3.590); IR (film): ñ=3334 (NH), 2941 (C-H), 2865
(OMe), 1699, (C=O), 1463 (CH2) 1380 (CH3), 855 cm�1 (arom-H); MS
(70 eV, EI): m/z (%): 393.2699 (15) [M+] (C22H39NO3Si requires
393.2699), 350 (4) [M+�C3H7], 218 (3) [M+�OSi(C3H7)3], 192 (100)
[C11H14NO2


+].


O-Triisopropylsilyl-2-(6,7-dimethoxy-3,4-dihydro-isoquinoline-1-yl)etha-
nol (15): Potassium permanganate (23.3 g, 147 mmol) was added in small
portions over a period of 15 min to a stirred solution of 13 (27.6 g,
70.2 mmol) in acetonitrile (650 cm3) at �7 8C. The suspension was stirred
further for 70 min at �5 8C and afterwards diluted with ice cooled diethyl
ether (2.5 dm3). The organic layer was extracted with equal amounts of a
saturated aqueous sodium chloride solution until the violet colour of po-
tassium permanganate had disappeared from the organic layer. The solu-
tion was dried over sodium sulphate and filtered, and the solvent was re-
moved under reduced pressure. The pale yellow oil 15 (24.7 g, 90%) was
used for the next reaction without any further purification. 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=0.90±1.12 (m, 21H; 3î iPr×s), 2.56 (t,
3J(H,H)=7.5 Hz, 2H; CH2CH2O), 2.93 (t, 3J(H,H)=7.0 Hz, 2H; 3-H),
3.57 (t, 3J(H,H)=7.0 Hz, 2H; 4-H), 3.86 (s, 3H; OMe), 3.88 (s, 3H;
OMe), 4.03 (t, 3J(H,H)=7.5 Hz, 2H; CH2CH2O), 6.64 (s, 1H; Ar-H),
7.04 ppm (s, 1H; Ar-H); 13C NMR (75 MHz, CDCl3, 25 8C): d=11.91
(iPr-CH3), 17.96 (iPr-CH), 25.77 (C-4), 38.98 (C-2’), 46.88 (C-3), 55.92
(OMe), 56.12 (OMe), 62.08 (C-1’), 108.9 (C-5), 110.1 (C-8), 122.4 (C-8a),
131.2 (C-4a), 147.4 (C-7), 150.6 (C-6), 165.0 ppm (C-1); UV/Vis (acetoni-
trile): lmax (lge)=224.0 (4.346), 270.0 (3.827), 302.5 nm (3.747); IR (film):
ñmax=2940 (C-H), 2865 (OMe), 1605 (C=N), 1463 (CH2), 1357 (CH3),
859 cm�1 (arom-H); MS (70 eV, EI): m/z (%): 391 (36) [M+], 348 (100)
[M+�C3H7], 306 (7) [M+�(C3H7)2], 262 (9) [M+�(C3H7)3], 216 (3) [M+


�OSi(C3H7)3].


1-(S)-O-Triisopropylsilyl-2-(6,7-dimethoxy-3,4-dihydro-2H-isoquinoline-
1-yl)ethanol ((1S)-14): A solution of dichloro(p-cymene)ruthenium(ii)
dimer (403 mg, 0.66 mmol), 1,2-(R,R)-N-tosyl-1,2-diphenylethyldiamine
(530 mg, 1.45 mmol) and triethylamine (0.366 cm3, 2.63 mmol) in dime-
thylformamide (6.10 cm3) was stirred in a closed flask under a argon at-
mosphere at 80 8C for 60 min. This warm solution was added to a solution
of 15 (21.5 g, 55.0 mmol) in dimethylformamide (103 cm3), cooled down
to 0 8C and a mixture of formic acid/triethylamine (5:2, 27.5 cm3) was
added dropwise. The solution was allowed to reach 25 8C and after 2 h of
stirring the reaction was diluted with ethyl acetate and quenched with sa-
turated aqueous potassium carbonate solution and water. The aqueous
layer was extracted with ethyl acetate (4î200 cm3), the combined organic
layers were dried over sodium sulphate and filtered, and the solvent was
removed under reduced pressure. The crude product was purified by
column chromatography on silica gel using ethyl acetate/triethylamine
(100:1) as a eluent to give (1S)-14 as a slightly brown oil (20.2 g, 93%,
95% ee). [a]20D =�12.9 (c=0.58 in CHCl3) HPLC; the spectroscopic data
(except optical rotation) are in agreement with those of compound 13.


1-(S)-N-Carbobenzyloxy-(6,7-dimethoxy-3,4-dihydro-2H-isoquinoline-1-
yl)-ethanal ((1S)-7):


1-(S)-N-Carbobenzyloxy-O-Triisopropylsilyl-2-(6,7-dimethoxy-3,4-dihy-
dro-2H-isoquinoline-1-yl)ethanol : Carbobenzyloxychloride (9.45 g,
55.4 mmol) was added dropwise to a well-stirred two-layer system of
(1S)-14 (19.8 g, 50.3 mmol) in dichloromethane (213 cm3) and saturated
aqueous sodium hydrogen carbonate solution (213 cm3), and the reaction
mixture was stirred for 3.5 h under reflux. The layers were separated and
the aqueous layer was extracted with dichloromethane (3î200 cm3). The
combined organic layers were dried over sodium sulphate and filtered,
and the solvent was removed under reduced pressure to give the crude


Cbz-protected amine which was used for the next reaction without purifi-
cation.


Tetrabutyl ammonium fluoride (30 g, 95.1 mmol) was added in small por-
tion over a period of 10 min to a solution of the crude material (26.8 g,
50.8 mmol) in tetrahydrofuran (400 cm3). Overall the reaction was stirred
70 min at 25 8C. The reaction mixture was absorbed on silica and purified
by column chromatography on silica by using ethyl acetate as the eluent
to give the alcohol as a yellow foam (11.6 g, 62% over two steps). [a]20D =


82.9 (c=0.73 in CHCl3);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=


1.78 (m, 1H; CH2CH2O), 2.13 (m, 1H; CH2CH2O), 2.64 (dt, 2J(H,H)=
16.0 Hz, 3J(H,H)=3.5 Hz, 1H; 3-H), 2.90 (m, 1H; 4-H), 3.19 (m, 1H; 4-
H), 3.48±3.71 (m, 3H; CH2CH2O, 3-H), 3.84 (s, 6H; OMe), 4.18 (m, 1H;
1-H), 5.28 (m, 2H; Cbz), 6.58 (s, 1H; Ar-H), 6.65 (s, 1H; Ar-H),
7.37 ppm (m, 5H; Cbz); 13C NMR (50 MHz, CDCl3, 25 8C): d=28.21 (C-
4), 38.14 (C-2’), 38.14 (C-3), 50.76 (C-1), 55.85 (OMe), 55.97 (OMe),
58.38 (C-1’), 67.59 (Cbz), 109.5 (C-5), 111.2 (C-8), 125.5 (C-4a), 127.8±
129.0 (Ph), 129.0 (C-8a), 136.4 (Ph), 147.6 (C-5), 147.7 (C-6), 156.7 ppm
(Cbz); UV/Vis (acetonitrile): lmax (lge)=191.0 (4.844), 202.0 (4.844),
203.5 (4.841), 253.5 (2.880), 285.0 nm (3.567); IR (film): ñ=2938 (C-H),
2836 (OMe), 1694 (Cbz), 1612 (C=O), 1434 (CH2), 1357 (CH3), 857 cm�1


(iso-arom-H); MS (70 eV, EI): m/z (%): 371.1733 (10) [M+] (C21H25NO5


requires 371.1733), 326.2 (65) [M+�CH2CH2OH], 282.2 (80) [M+


�C7H7+H2], 91.1 (100) [C7H7
+].


Compound (1S)-7: A solution of the alcohol (10.0 g, 26.9 mmol) in di-
chloromethane (60 cm3) was added dropwise to a suspension of Dess±
Martin periodinane (14.9 g, 35.0 mmol) in dichloromethane (106 cm3)
and stirred for 60 min at 0 8C. The reaction mixture was diluted with di-
ethyl ether (950 cm3) and extracted with 1n sodium hydroxide solution
(2î230 cm3) and saturated sodium chloride solution (200 cm3). The or-
ganic layer was dried over sodium sulphate and filtered, and the solvent
was removed under reduced pressure. The crude product was purified by
column chromatography on silica using toluene/acetone (10:1) as a
eluent to give the aldehyde (1S)-7 as a colourless foam (8.94 g, 90%).
[a]20D =74.2 (c 0.60 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=2.65 (dt, 2J(H,H)=16.0 Hz, 3J(H,H)=4.0 Hz, 1H; 3-H), 2.83±2.88 (m,
3H; 3-H, CH2CH2O), 3.33 (m, 1H; 4-H), 3.85 (s, 6H; OMe), 4.12 (m,
1H; 4-H), 5.16 (m, 2H; Cbz), 5.65 (m, 1H; 1-H), 6.60 (s, 1H; Ar-H), 6.64
(s, 1H; Ar-H), 7.36 (m, 5H; Cbz), 9.80 ppm (m, 1H; CHO); 13C NMR
(50 MHz, CDCl3, 25 8C): d=27.90 (C-4), 38.40 (C-2’), 49.85 (C-1), 51.10
(C-3), 55.90 (OMe), 56.02 (OMe), 67.50 (Cbz), 109.4 (C-5), 111.5 (C-8),
126.1 (C-4a), 126.2 (C-8a), 127.8±129.0 (Ph), 136.4 (Ph), 147.8 (C-5),
148.1 (C-6), 155.4 (Cbz), 199.9 ppm (C-1’); UV/Vis (acetonitrile): lmax


(lge)=204.0 (4.735), 285.0 nm (3.623); IR (film): ñ=2936 (C-H), 2835
(OMe), 1721 (Cbz), 1612 (C=O), 1429 (CH2), 1357 (CH3), 860 (iso-arom-
H), 736, 698 cm�1; MS (70 eV, EI): m/z (%): 369.1576 (5) [M+]
(C21H23NO5 requires 369.1576), 326.1 [M+�CH2CHO] 91.1 (100) [C7H7


+].


Domino Knoevenagel/hetero-Diels±Alder reaction


1-(S)-N-Carbobenzyloxy-1-(2-benzoxy-3-ethyl-6-oxo-tetrahydropyran-4-
ylmethyl)-6,7-dimethoxy-3,4-dihydro-2H-isoquinoline (19): A suspension
of (1S)-7 (8.50 g, 23.0 mmol), Meldrum×s acid 6 (3.98 g, 27.6 mmol) and
(E,Z)-butenylbenzyl ether 8 (13.9 g, 85.4 mmol) as well as a catalytic
amount of ethylene diammonium diacetate in benzene (20 cm3) in a
closed flask was put into a ultra sonic bath for 14 h at 60 8C. The product
mixture was purified by column chromatography on silica gel using tolu-
ene/acetone (10:1) as a eluent to give the isoquinoline 19 as a colourless
foam (11.4 g, 86%). The mixture of several diastereomers was converted
in the following reaction to the corresponding benzoquinolizidines with-
out any further purification. MS (DCI, NH3): m/z (%): 574.5 (16) [M+


+H], 591.5 (100) [M++NH3].


Cyclisation of the domino product 19 : A suspension of dry potassium car-
bonate (1.25 g, 9.06 mmol), palladium on charcoal (1.25 g, 10%) and mo-
lecular sieves (3 A) in methanol (40 cm3) was stirred for 10 min and a sol-
ution of isoquinoline 19 (10.4 g, 18.1 mmol) in methanol (200 cm3) was
added. The suspension was stirred for 50 min and then for further 5 h
under a hydrogen atmosphere. The reaction mixture was filtered over a
small amount of silica using methanol as eluent and the filtrate was ab-
sorbed on silica. Consecutive column chromatography on silica with ethyl
acetate/methanol (4:1) and then toluene/acetone (6:1) as eluents gave
the diastereomeric benzoquinolizidines 4, 22 and 23.[16]
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Methyl ester of 2,3-(R,R)-11b-(S)-(3-ethyl-9,10-dimethoxy-1,3,4,6,7,11b-
hexahydro-2H-pyrido[2,1-a]isoquinoline-2-yl)acetic acid (4): (840 mg,
13.3%, yellow solid), [a]20D =�22.4 (c=1.04 in CHCl3);


1H NMR
(300 MHz, C6D6, 25 8C, TMS): d=0.81 (t, 3J(H,H)=7.5 Hz, 3H; 13-H),
0.95±1.05 (m, 1H; 12-H), 1.41±1.52 (m, 3H; 1-H, 3-H, 12-H), 1.80 (m,
1H; 10’-H), 1.92 (dd, 2J(H,H)=15.5 Hz, 3J(H,H)=15.5 Hz, 1H; 4-Hax),
2.01 (dd, 2J(H,H)=22.0 Hz, 2J(H,H)=12.0 Hz, 1H; 10’-H), 2.35±2.48 (m,
4H; 1-H, 2-H, 6-H, 7-H), 2.73±2.81 (m, 1H; 6-H), 2.93 (dd, 2J(H,H)=
15.5 Hz, 3J(H,H)=5.5 Hz, 1H; 4-Heq), 3.10±3.14 (m, 2H; 7-H, 11b-H),
3.34 (s, 3H; OMe), 3.42 (s, 3H; OMe), 3.44 (s, 3H; OMe), 6.45 (s, 1H; 8-
H), 6.77 ppm (s, 1H; 11-H); 13C NMR (75 MHz, C6D6, 25 8C): d=11.20
(C-13), 23.75 (C-12), 30.00 (C-7), 38.85 (C-1), 38.52 (C-3), 38.24 (C-10’),
41.79 (C-2), 50.93 (OMe), 52.77 (C-4), 55.64 (OMe), 56.00 (OMe), 61.43
(C-6), 63,00 (C-11b), 110.1 (C-8), 112.8 (C-11), 127.4 (C-11a), 130.8 (C-
7a), 148.5 (C-10), 148.8 (C-9), 172.9 ppm (carboxylic-C); UV/Vis (aceto-
nitrile): lmax (lge)=201.0 (4.618), 283.0 (3.560), 285.5 nm (3.562); IR
(film): ñ=2916 (C-H), 2829 (OMe), 2791, 2752, 1733 (C=O), 1468 (CH2),
1369 (CH3), 852 cm�1; MS (70 eV, EI): m/z (%): 347.2097 (100) [M+]
(C20H29NO4 requires 347.2097), 332.3 (37) [M+�CH3], 316.3 (12) [M+


�OMe], 274.3 (28) [M+�CO2Me�CH3], 246.3 (80) [C15H20NO2
+], 205.2


(53) [C12H15NO2
+], 191.2 (81) [C11H13NO2


+].


Methyl ester of 2,3-(R,S)-11b-(S)-(3-ethyl-9,10-dimethoxy-1,3,4,6,7,11b-
hexahydro-2H-pyrido[2,1-a]isoquinoline-2-yl)acetic acid (22): (1.455 g,
23.1%, yellow oil), [a]20D =�57.9 (c=0.61 in CHCl3);


1H NMR (300 MHz,
C6D6, 25 8C, TMS): d=0.81 (t, 3J(H,H)=7.5 Hz, 3H; 13-H), 0.95±1.05
(m, 1H; 12-H), 1.41±1.52 (m, 3H; 1-H, 3-H, 12-H), 1.80 (m, 1H; 10’-H),
1.92 (dd, 2J(H,H)=15.5 Hz, 3J(H,H)=15.5 Hz, 1H; 4-Hax), 2.01 (dd,
2J(H,H)=22.0 Hz, 3J(H,H)=12.0 Hz, 1H; 10’-H), 2.35±2.48 (m, 4H; 1-H,
2-H, 6-H, 7-H), 2.73±2.81 (m, 1H; 6-H), 2.93 (dd, 2J(H,H)=15.5 Hz,
3J(H,H)=5.5 Hz, 1H; 4-Heq), 3.10±3.14 (m, 2H; 7-H, 11b-H), 3.34 (s,
3H; OMe), 3.42 (s, 3H; OMe), 3.44 (s, 3H; OMe), 6.45 (s, 1H; 8-H),
6.77 ppm (s, 1H; 11-H); 13C NMR (75 MHz; C6D6): d=11.20 (C-13),
23.75 (C-12), 30.00 (C-7), 38.85 (C-1), 38.52 (C-3), 38.24 (C-10’), 41.79
(C-2), 50.93 (OMe), 52.77 (C-4), 55.64 (OMe), 56.00 (OMe), 61.43 (C-6),
63,00 (C-11b), 110.1 (C-8), 112.8 (C-11), 127.4 (C-11a), 130.8 (C-7a),
148.5 (C-10), 148.8 (C-9), 172.9 ppm (carboxylic-C); UV/Vis (acetoni-
trile): lmax (lge)=201.0 (4.618), 283.0 (3.560), 285.5 nm (3.562); IR (film):
ñ=2916 (C-H), 2829 (OMe), 2791, 2752, 1733 (C=O), 1468 (CH2), 1369
(CH3), 852 cm�1; MS (70 eV, EI): m/z (%): 347.2097 (100) [M+]
(C20H29NO4 requires 347.2097), 332.3 (37) [M+�CH3], 316.3 (12) [M+


�OMe], 274.3 (28) [M+�CO2Me�CH3], 246.3 (80) [C15H20NO2
+], 205.2


(53) C12H15NO2
+], 191.2 (81) [C11H13NO2


+].


Methyl ester of 2,3-(S,S)-11b-(S)-(3-ethyl-9,10-dimethoxy-1,3,4,6,7,11b-
hexahydro-2H-pyrido[2,1-a]isoquinoline-2-yl)acetic acid (23): (1.839 mg,
29.1%, yellow oil), [a]20D =�81.5 (c=0.46 in CHCl3);


1H NMR (300 MHz,
C6D6, 25 8C, TMS): d=0.88 (t, 3H; 3J(H,H)=7.5 Hz, 13-H), 1.26 (m, 1H;
3-H), 1.54±1.80 (m, 2H; 12-H), 1.88 (ddd, 2J(H,H)=13.5 Hz, 3J(H,H)=
4.0, 4.0 Hz,1H; 1-Heq), 2.04 (ddd, 2J(H,H)=13.5 Hz, 3J(H,H)=10.0,
4.5 Hz, 1H; 1-Hax) 2.22 (m, 1H; 2-H), 2.28±2.45 (m, 3H; 10’-H, 10’-H, 7-
H) 2.57 (t, 3J(H,H)=4.0 Hz, 2H; 4-H), 2.53 (dd, 2J(H,H)=12.5 Hz,
3J(H,H)=4.0 Hz, 1H; 6-H), 2.71 (ddd, 2J(H,H)=12.5 Hz, 3J(H,H)=6.0,
1.0 Hz, 1H; 6-H), 3.04 (ddd, 2J(H,H)=17.0 Hz, 3J(H,H)=13.0, 6.5 Hz,
1H; 7-H), 3.41±3.46 (m, 1H; 11b-H), 3.39 (s, 3H; OMe), 3.44 (s, 3H;
OMe), 6.43 (s, 1H; 8-H), 6.77 ppm (s, 1H; 11-H); 13C NMR (75 MHz,
C6D6, 25 8C): d=12.32 (C-13), 25.65 (C-12), 28.44 (C-7), 32.68 (C-1),
33.72 (C-2), 37.92 (C-10’), 40.76 (C-3), 50.97 (OMe), 53.09 (C-6), 54.35
(C-6), 54.35 (C-4), 55.61 (OMe), 55.65 (OMe), 58.20 (C-11b), 109.8 (C-8),
112.8 (C-1), 127.3 (C-11a), 130.1 (C-7a), 148.6 (C-10), 148.7 (C-9),
173.0 ppm (carboxylic-C); UV/Vis (acetonitrile): lmax (lge)=201.5
(4.601), 286.0 nm (3.587); IR (film): ñ=2935 (C-H), 2835 (OMe), 2873,
2804, 2753, 1735 (C=O), 1463 (CH2), 1358 (CH3), 855 cm�1; MS (70 eV,
EI): m/z (%): 347.2097 (100) [M+] (C20H29NO4 requires 347.2097), 332.4
(42) [M+�CH3], 316.3 (12) [M+�OMe], 274.3 (24) [M+�CO2Me�CH3],
246.3 (85) [C15H20NO2


+], 205.2 (52) [C12H15NO2
+], 191.2 (63)


[C11H13NO2
+].


2,3-(R,R)-11b-(S)-N-[2-(3,4-Dimethoxyphenyl)ethyl]-2-(3-ethyl-9,10-di-
methoxy-1,3,4,7,11b-hexahydro-2H-pyrido[2,1-a]isoquinoline-2-yl)acet-
amide (24): A solution of homoveratryl amine 3 (1.77 g, 9.79 mmol) and
trimethyl aluminium (2m in toluene, 4.89 cm3, 9.79 mmol) in dichlorome-
thane (5.44 cm3) was stirred for 1 h at 25 8C and a solution of 4 (680 mg,
1.96 mmol) in dichloromethane (4 cm3) was added dropwise; stirring was


continued for further 4.5 h under reflux. The reaction was cautiously
quenched with water (50 cm3) and extracted with ethyl acetate (4î
100 cm3). The combined organic layers were dried over sodium sulphate
and filtered, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica gel using
dichloromethane/methanol (20:1) as eluent to give the acetamide 24 as a
colourless foam (760 mg, 78%) [a]20D =32.1 (c=0.77 in CHCl3);


1H NMR
(600 MHz, CDCl3, 25 8C, TMS): d=0.88 (t, 3J(H,H)=7.5 Hz, 3H; 13-H),
1.10±1.20 (m, 2H; 1-Hax, 12-H), 1.36±1.42 (m, 1H; 3-H), 1.57±1.62
(m,1H; 12-H), 1.74 (dd, 2J(H,H)=14.4 Hz, 3J(H,H)=9.6 Hz, 1H; 10’-H),
1.88 (m, 1H; 2-H), 2.07 (dd, 2J(H,H)=11.2, 3J(H,H)=11.2 Hz, 1H; 4-
Hax), 2.36 (ddd, 2J(H,H)=12.8 Hz, 3J(H,H)=3.2, 3.2 Hz, 1H; 1-Heq), 2.48
(ddd, 2J(H,H)=11.8 Hz, 3J(H,H)=11.8 and 4.1 Hz, 1H; 6-Hax), 2.57 (dd,
2J(H,H)=14.4 Hz 3J(H,H)=3.9 Hz, 1H; 10’-H), 2.61 (m, 1H; 7-H), 2.70±
2.76 (m, 1H; 4’-H), 2.78±2.84 (m, 1H; 4’-H), 2.96 (ddd, 2J(H,H)=
11.8 Hz, 3J(H,H)=5.6, 1.6 Hz, 1H; 6-Heq), 3.05 (dd, 2J(H,H)=11.6 Hz,
3J(H,H)=4.4 Hz ,1H; 4-Heq), 3.07±3.13 (m, 2H; 7-H, 11b-H), 3.42±3.50
(m, 1H; 3’-H), 3.56±3.62 (m, 1H; 3’-H), 3.77 (s, 3H; OMe), 3.80 (s, 3H;
OMe), 3.82 (s, 3H; OMe), 3.83 (s, 3H; OMe), 5.58 (m, 1H; NH), 6.55
(s,1H; 8-H or 11-H), 6.66 (s, 1H; 8-H or 11-H), 6.77 (d, 3J(H,H)=8.0 Hz,
1H; 8’-H), 6.68±6.73 ppm (m, 2H; 5’-H, 8’a-H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=11.05 (C-13) 23.40 (C-12), 29.04 (C-7), 35.50 (C-4’),
37.60 (C-1), 37.99 (C-2), 40.73 (C-10’), 41.12 (C-3’), 41.67 (C-3), 52.18 (C-
6), 55.65 (OMe), 55.68 (OMe), 55.75 (OMe), 55.87 (OMe), 60.90 (C-4),
62.23 (C-11b), 108.0 (C-5’), 111.2, 111.3, 111.6 (C-2’, C-8, C-11), 120.4 (C-
8a’), 126.5, 129.7, 131.1 (C-4a’, C-7a, C-11a), 147.0, 147.3, 147.5, 148.9 (C-
6’, C-7’, C-9, C-10), 172.3 ppm (amide); UV/Vis (acetonitrile): lmax


(lge)=201.0 (4.427), 229.0 (3.700), 281.5 nm (3.273); IR (film): ñ=3283
(NH), 2936 (C-H), 2834 (OMe), 1634 (CONR2), 1518 (CONR2), 1369
(CH3), 858 cm�1; MS (70 eV, EI): m/z (%): 496.2937 (29) [M+]
(C29H40N2O5 requires 496.2937), 481.3 (38) [M+�CH3], 274.2 (42) [M+


�C11H13NO2], 205.1 (22) [M+�C12H15NO2], 191.1 (72) [C11H13NO2
+].


2,3-(R,R)-11b-(S)-Dehydroemetine (26): Phosphorus oxychloride (2.23 g,
14.5 mmol) was added to a solution of the amide 24 (555 mg, 1.12 mmol)
in benzene (30.5 cm3) under reflux and stirring was continued for 45 min
at the same temperature. The solvent was removed and the residue was
dissolved in dichloromethane. The organic layer was extracted with 1n
sodium hydroxide solution (55 cm3) and the aqueous layer was extracted
with dichloromethane (3î50 cm3). The combined organic layers were
dried over sodium sulphate and filtered, and the solvent was removed
under reduced pressure. The crude product was purified by column chro-
matography on silica gel with dichloromethane/methanol (10:1) as eluent
to give dehydroemetine 26 as a yellow foam (439 mg, 82%). [a]20D =36.5
(c=0.37 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=0.98 (t,
3J(H,H)=7.5 Hz, 3H; 13-H), 1.12±1.30 (m, 2H; 1-Hax, H-12), 1.50±1.62
(m, 1H; 3-H), 1.76±1.90 (m, 2H; 2-H, 12-H), 2.06 (1H, dd, J 11.2 and
11.2, 4-Hax), 2.24 (ddd, 2J(H,H)=12.8, 3J(H,H)=3.2, 3.2 Hz, 1H; 1-Heq),
2.37 (dd, 2J(H,H)=14.4 Hz, 3J(H,H)=10.2 Hz, 1H; 10’-H), 2.46 (ddd,
1H, 2J(H,H)=11.8, 3J(H,H)=11.8, 4.1 Hz, 6-Hax), 2.59 (m, 1H; 7-H),
2.65 (t, 3J(H,H)=7.5 Hz, 2H; 4’-H), 2.90±3.21 (m, 5H; 10’-H, 4-Heq, 6-
Heq, 7-H, 11b-H), 3.52±3.84 (m, 2H; 3’-H, 3’-H), 3.79 (s, 3H; OMe), 3.82
(s, 3H; OMe), 3.90 (s, 3H; OMe), 3.93 (s, 3H; OMe), 6.49 (s, 1H; 8-H or
11-H), 6.54 (s, 1H; 8-H or 11-H), 6.73 (d, 3J(H,H)=8.0 Hz, 1H; 5’-H),
7.02 ppm (s, 1H; 8’-H); 13C NMR (50 MHz, CDCl3, 25 8C): d=11.25 (C-
13) 23.72 (C-12), 26.07 (C-4’), 28.89 (C-7), 37.23 (C-1), 39.17 (C-2), 39.50
(C-10’), 42.15 (C-3), 46.77 (C-3’), 52.39 (C-6), 55.68 (OMe), 55.74 (OMe),
55.95 (OMe), 56.14 (OMe), 61.10 (C-4), 62.42 (C-11b), 108.0, 108.9,
110.3, 111.3 (C-5’, C-8’, C-8, C-11), 122.2, 126.4, 129.5, 131.4 (C-4’a, C-8’a,
C-7a, C-11a), 146.9, 147.3, 147.5, (C-7’, C-9, C-10), 150.9 (C-6’) 166.3 ppm
(C-1’); UV/Vis (acetonitrile): lmax (lge)=201.0 (4.412), 224.0 (4.172),
276.0 nm (3.655); IR (film): ñ=3417, 2935 (C-H), 2831 (OMe), 1570 (C=
N), 1463 (CH2), 854 cm�1; MS (70 eV, EI): m/z (%): 478.2832 (100) [M+]
(C29H38N2O4 requires 478.2832), 463.2 (8) [M+�CH3], 286.3 (28) [M+


�C11H14NO2], 272.3 (65) [M+�C12H16NO2], 244.3 (87) [M+�C13H18NO2],
206.1 (22) [C12H16NO2


+].


Emetine (1): A solution of dichloro(p-cymene)ruthenium(ii) dimer
(6.4 mg, 10.5 mmol), 1,2-(S,S)-N-tosyl-1,2-diphenylethyldiamine (8.4 mg,
23.0 mmol) and triethylamine (4.2 mg, 41.8 mmol) in dimethylformamide
(0.1 cm3) was stirred in a sealed flask under a argon atmosphere at 80 8C
for 60 min. The warm solution was added to a solution of dehydroeme-
tine 26 (100 mg, 209 mmol) in dimethylformamide (0.4 cm3), cooled down
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to 0 8C and a mixture of formic acid/triethylamine (5:2, 0.105 cm3) was
added dropwise. The solution was allowed to reach 25 8C; after 40 min of
stirring it was diluted with ethyl acetate and the reaction was quenched
by addition of saturated aqueous potassium carbonate solution and
water. The aqueous layer was extracted with dichloromethane (4î
20 cm3); the combined organic layers were dried over sodium sulphate
and filtered, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica using di-
chloromethane/methanol (10:1) as eluent to give emetine (1) as a colour-
less foam (71 mg, 71%, >98:2 ds), [a]20D =�45.3 (c=0.40 in CHCl3)
([a]25D =�46.0 (c=0.42 in CHCl3));


[20] 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=0.91 (t, 3J(H,H)=7.5 Hz, 3H; 12-H), 1.08±1.32 (m, 2H; 1-Hax,
12-H), 1.38±1.52 (m, 2H; 10’-H, 3-H), 1.59±1.75 (m, 2H; 2-H, H-12),
2.06±2.10 (m, 1H; 10’-H), 2.12 (dd, 2J(H,H)=11.2 Hz, 3J(H,H)=11.2 Hz,
1H; 4-Hax), 2.52 (ddd, 2J(H,H)=11.8 Hz, 3J(H,H)=11.8, 4.1 Hz, 1H;, 6-
Hax), 2.58±2.78 (m, 4H; 2î4’-H, 1-Heq, 7-H), 2.95±3.32 (m, 6H; 2î3’-H,
4-Heq, 6-H, 7-H, 11b-H), 3.81 (s, 3H; OMe), 3.83 (s, 3H; OMe), 3.85 (s,
3H; OMe), 3.87 (s, 3H; OMe), 4.12 (m, 1H; 1’-H), 6.51 (s, 1H; 8-H or
11-H), 6.58 (s, 1H; 8-H or 11-H), 6.60 (d, 3J(H,H)=8.0 Hz, 1H; 5’-H),
7.78 ppm (s, 1H; 8’-H); 13C NMR (50 MHz, CDCl3, 25 8C): d=11.15 (C-
13), 23.55 (C-12), 29.01 (C-4’), 29.21 (C-7), 36.74 (C-2), 36.85 (C-1), 40.07
(C-3’), 40.68 (C-10’), 41.69 (C-3), 51.77 (C-1’), 52.24 (C-6), 55.77 (OMe),
55.80 (OMe), 55.90 (OMe), 56.20 (OMe), 61.33 (C-4), 62.38 (C-11b),
108.6, 109.1, 111.4, 111.7 (C-5’, C-8’, C-8, C-11), 126.7, 126.8, 130.1, 131.5
(C-4a’, C-8a’, C-7a, C-11a), 147.1, 147.3, 147.3, 147.4 ppm (C-6’, C-7’, C-9,
C-10); UV/Vis (acetonitrile): lmax (lge)=201.0 (4.874), 286.0 nm (3.847);
IR (film): ñ=3331, 2935 (C-H), 2833 (OMe), 1463 (CH2), 860 cm�1; MS
(70 eV, EI): m/z (%): 480.2988 (100), [M+] (C29H40N2O4 requires
480.2988), 465.2 (8) [M+�CH3], 288.1 (32) [M+�C11H14NO2], 272.1 (20)
[M+�C12H17NO2], 192.0 (100) [C11H14NO2


+].


2,3-(R,R)-11b-(S)-N-[2-(5-Benzyloxy-1H-indol-3-yl)-ethyl]-2-(3-ethyl-
9,10-dimethoxy-1,3,4,6,7,7a,11a,11b-octahydro-2H-pyrido[2,1-a]isoqui-
nolin-2-yl)acetamide (25): A heterogeneous mixture of benzoquinolizi-
dine 4 (200 mg, 580 mmol), O-benzylserotonine 5 (230 mg, 860 mmol) and
2-hydroxypyridine (82 mg, 860 mmol) was stirred for 3.25 h at 170 8C
under an argon atmosphere in a sealed flask. The solution was cooled to
25 8C and the resulting solid was dissolved in CH2Cl2 and absorbed on
silica gel. Column chromatography on silica gel (CH2Cl2/MeOH, 10:1)
gave the amide 25 as a dark yellow foam (246 mg, 73%), [a]20D =�30.0
(c=0.4 in chloroform); 1H NMR (500 MHz, CDCl3, 25 8C): d=8.13 (br s,
1H, indol-NH), 7.47 (d, 3J(H,H)=8.0 Hz, 2H; benzyl), 7.38 (dd,
3J(H,H)=7.6, 7.6 Hz, 2H; benzyl), 7.31 (dd, 3J(H,H)=7.6, 7.6 Hz, 1H;
benzyl), 7.22 (d, 3J(H,H)=8.4 Hz, 1H; 8’-H), 7.12 (d, 3J(H,H)=2.2 Hz,
1H; 9’a-H), 6.96 (d, 3J(H,H)=2.0 Hz, 1H; 5’-H), 6.93 (dd, 3J(H,H)=8.4,
2.2 Hz, 1H; 7’-H), 6.66 (s, 1H; 8-H or 11-H), 6.57 (s, 1H; 8-H or 11-H),
5.60 (t, 3J(H,H)=5.8 Hz, 1H; amide-NH), 5.09 (s, 2H; CH2-benzyl), 3.83
(s, 3H; OMe), 3.76 (s, 3H; OMe), 3.66 (m, 1H; 3’-H), 3.55 (m, 1H; 3’-
H), 3.02±3.18 (m, 3H; 4-H, 7-H, 11b-H), 2.87±3.02 (m, 3H; 4’-H, 4’-H, 6-
H), 2.63 (m, 1H; 7-H), 2.45±2.57 (m, 2H, 6-H, 10’-H), 2.35 (ddd,
2J(H,H)=13.5 Hz, 3J(H,H)=3.1, 3.1 Hz, 1H; 1-H), 2.09 (dd, 2J(H,H)=
11.2 Hz, 3J(H,H)=11.2 Hz, 1H; 4-H), 1.89 (m, 1H; 2-H), 1.73 (dd,
2J(H,H)=13.9 Hz, 3J(H,H)=9.7 Hz, 1H; 10’-H), 1.59 (m, 1H, 12-H), 1.42
(m, 1H, 3-H), 1.05±1.32 (m, 2H, 1-H, 12-H), 0.89 ppm (t, 3J(H,H)=
7.7 Hz, 3H; 13-H); 13C NMR (75 MHz, CDCl3, 25 8C): d=172.3 (C-
amide), 153.0 (C-6’), 147.5 (C-9 or C-10), 147.1 (C-9 or C-10), 137.4 (C-
benzyl), 131.7 (C-11a), 129.4 (C-4’a), 128.4 (C-benzyl), 127.7 (C-benzyl)
127.5 (C-benzyl), 127.4 (C-7a), 123.0 (C-9’a), 112.8 (C-7’), 112.2 (C-4’a),
112.0 (C-8’), 111.4 (C-8), 108.5 (C-11), 102.0 (C-5’), 70.89 (C-benzyl),
62.29 (C-11b), 60.80 (C-4), 56.14, 55.71 (C-OMe), 52.18 (C-6), 41.3 (C-3),
40.95 (C-3’), 39.49 (C-10’), 37.88 (C-2), 37.23 (C-1), 28.83 (C-7), 25.48 (C-
4’), 23.34 (C-12), 10.98 ppm (C-13); IR (KBr): ñ=3375 (NH), 2932 (C-
H), 2859 (OMe), 1647 (CONR2), 1513 (CONR2), 1366 (CH3), 858 cm


�1;
UV/Vis (acetonitrile): lmax (lge)=281.5 (3.962), 200.0 nm (4.875); MS
(70 eV, EI): m/z (%): 581.3254 (18) [M+] (C36H41N3O3 requires 581.3254),
490.4 (100) [M+�C7H7], 272.3 (42) [C17H22NO2


+], 246.3 (58)
[C16H16NO2


+], 191.1 (38) [C11H13NO2
+], 91.1 (50) [C7H7


+].


2,3-(R,R)-11b-(S)-O-Benzyl-dehydrotubulosine (27): Phosphorus oxy-
chloride (316 mg, 2.06 mmol) was added dropwise to a solution of amide
25 (240 mg, 413 mmol) in benzene (13 cm3), and the reaction mixture was
stirred under reflux for 85 min. The workup was carried out similarly as
described for dehydroemetine 26. The obtained organic layer was treated


with silica and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica using
CH2Cl2/MeOH (10:1) as eluent to give dehydrotubulosine (27) as a
bright yellow foam (114 mg, 49%; 15% of starting material was recov-
ered). [a]20D =++15.1(c=0.45 in chloroform); 1H NMR (600 MHz, CDCl3,
25 8C): d=7.47 (d, 3J(H,H)=8.0 Hz, 2H; benzyl), 7.38 (dd, 3J(H,H)=7.6,
7.6 Hz, 2H; benzyl), 7.31±7.36 (m, 2H; benzyl, 8’-H), 7.04 (dd, 3J(H,H)=
8.8, 2.2 Hz, 1H; 7’-H), 7.01 (d, 3J(H,H)=2.2 Hz, 1H; 5’-H), 6.47 (s, 1H;
8-H or 11-H), 6.38 (s, 1H; 8-H or 11-H), 5.09 (s, 2H; CH2-benzyl), 3.92
(m, 1H; 3’-H), 3.85 (m, 1H; 3’-H), 3.76 (s, 3H; OMe), 3.51 (s, 3H;
OMe), 3.25 (m, 1H; 11b-H), 3.20±3.21 (m, 3H; 4-H, 7-H, 10’-H), 3.08 (m,
1H; 6-H), 2.92 (t, 3J(H,H)=8.3 Hz, 2H; 4’-H), 2.61±2.71 (m, 2H; 7-H,
10’-H), 2.58 (ddd, 2J(H,H)=10.3 Hz, 3J(H,H)=10.3, 3.5 Hz, 1H; 6-H),
2.30 (m, 1H; 1-H), 2.19 (dd, 2J(H,H)=10.9 Hz, 3J(H,H)=10.9 Hz, 1H; 4-
H), 2.10 m, 1H; 2-H), 1.67±1.78 (m, 2H, 3-H, 12-H), 1.40 (m, 1H, 1-H),
1.23 (m, 1H; 12-H), 0.90 ppm (t, 3J(H,H)=7.3 Hz, 3H; 13-H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=164.2 (C-1’), 153.9 (C-6’), 147.4 (C-10), 147.0
(C-9), 141.8 (C-9’a), 137.0 (benzyl), 129.0 (C-11a), 128.5 (benzyl), 128.4
(C-8’a), 127.9 (benzyl), 127.5 (benzyl), 125.7 (C-7a), 125.1 (C-5’a), 120.2
(C-4’a), 118.3 (C-8’), 113.8 (C-8), 111.1 (C-11), 107.8 (C-7’), 101.6 (C-5’),
70.58 (benzyl), 62.19 (C-11b), 60.54 (C-4), 55.67, 55.52 (C-OMe), 52.17
(C-6), 46.03 (C-3’), 41.68 (C-3), 39.74 (C-10’), 37.78 (C-1), 36.56 (C-2),
28.37 (C-7), 23.51 (C-12), 19.44 (C-4’), 10.99 ppm (C-13); IR (KBr): ñ=
3417, 2933 (C-H), 2831 (OMe), 1547 (C=N), 1463 (CH2), 854 cm�1; UV/
Vis (acetonitrile): lmax (lge)=364.0 (3.841), 320.0 (4.089), 292.5 (3.912),
202.0 nm (4.793); MS (70 eV, EI): m/z (%): 565.3304 (20) [M+]
(C36H43N3O3 requires 565.3304), 290.3 (64) [C19H18N2O


+], 199.2 (64)
[C12H11N2O


+], 106.1 (80) [C7H6O
+], 91.1 (48) [C7H7


+].


O-Benzyltubulosine (28): By using the procedure for the synthesis of em-
etine (1), compound 27 (90.0 mg, 160 mmol) was converted into the pro-
tected tubulosine 28 after 80 min of stirring. Column chromatography on
silica gel using CH2Cl2/MeOH (10:1) as eluent gave 28 as a yellow
foam(70 mg, 78%, >98:2 ds) [a]20D =�13.4(c=0.5 in chloroform);
1H NMR (600 MHz, CDCl3, 25 8C): ?d=7.73 (br s, 1H, indol-NH), 7.47
(d, 3J(H,H)=8.0 Hz, 2H; benzyl), 7.38 (dd, 3J(H,H)=7.6, 7.6 Hz, 2H;
benzyl), 7.31 (dd, 3J(H,H)=7.6, 7.6 Hz, 1H; benzyl), 7.20 (d, 3J(H,H)=
8.0 Hz 1H; 8’-H), 7.03 (d, 3J(H,H)=2.2 Hz, 1H; 5’-H), 7.01 (dd,
3J(H,H)=8.8, 2.2 Hz, 1H; 7’-H,), 6.73 (s, 1H; 8-H or 11-H), 6.59 (s, 1H;
8-H or 11-H), 5.10 (s, 2H; CH2-benzyl), 4.27 (m, 1H; 1’-H), 3.85 (s, 3H;
OMe), 3.82 (s, 3H; OMe), 3.39 (ddd, 2J(H,H)=13.2 Hz, 3J(H,H)=4.5,
4.5 Hz, 1H; 3’-H), 3.05±3.22 (m, 4H; 3’-H, 4-H, 7-H, 11b-H), 3.01 (m,
1H; 6-H), 2.57±2.78(m, 4H; 1-H, 4’-H, 4’-H, 7-H), 2.52 (ddd, 2J(H,H)=
11.4 Hz, 3J(H,H)=11.3, 4.0 Hz, 1H; 6-H), 2.11 (dd, 2J(H,H)=11.3 Hz,
3J(H,H)=11.3 Hz, 1H; 4-H), 2.04 (dd, 2J(H,H)=11.3 Hz, 3J(H,H)=
11.3 Hz, 1H; 10’-H), 1.75 (m, 1H; 2-H), 1.64 (m, 1H; 12H), 1.51 (m, 1H;
10’-H), 1.45 (m, 1H; 3H), 1.23 (ddd, 2J(H,H)=11.5 Hz, 3J(H,H)=11.5,
11.5 Hz, 1H; 1-H), 1.14 (m, 1H; 12-H), 0.90 ppm (t, 3J(H,H)=7.7 Hz,
3H, 13-H); 13C NMR (150 MHz, CDCl3, 25 8C): d=153.1 (C-6’), 147.4
(C-10), 147.1 (C-9), 137.7 (benzyl), 137.4 (C-9’a), 130.9 (C-11a), 129.9 (C-
8’a), 128.4 (benzyl), 127.8 (C-5’a), 127.63 (benzyl), 127.5 (benzyl), 126.7
(C-7a), 111.8 (C-8), 111.4 (C-8’), 108.5 (C-11), 108.4 (C-7’), 101.9 (C-5’),
70.90 (CH2-benzyl), 62.36 (C-11b), 61.23 (C-4), 56.15, 55.70 (OMe), 52.35
(C-6), 49.30 (C-1’), 41.99 (C-3), 41.56 (C-3’), 38.54 (C-10’), 36.75 (C-1),
36.29 (C-2), 29.02 (C-7), 23.41 (C-12), 22.68 (C-4’), 11.08 ppm (C-13); IR
(KBr): ñ=3382, 2935 (C-H), 2836 (OMe), 1453 (CH2), 860 cm�1; UV/Vis
(acetonitrile): lmax (lge)=283.0 (4.054), 200.0 nm (4.844); MS (70 eV, EI):
m/z (%): 563.3148 (54) [M+] (C36H43N3O4 requires 563.3148), 290.3 (64)
[C19H18N2O


+], 199.2 (68) [C12H11N2O
+], 91.1 (50) [C7H7


+].


Tubulosine (2): A suspension of compound 28 (45 mg, 79 mmol) and Pd/C
(10%, 54% water, 20 mg) in MeOH (2.5 cm3) was stirred under a hydro-
gen atmosphere (1 bar) for 95 min. The catalyst was removed by filtra-
tion over silica gel using CH2Cl2/MeOH (5:1) as eluent. The solvent was
removed under reduced pressure and the crude product was purified by
column chromatography on silica gel using CH2Cl2/MeOH (5:1) as eluent
again. Compound 2 was obtained as a amorphous white powder (25 mg,
67%). [a]20D =�60.7(c=0.3 in pyridine), ([a]D


27=�63.9(c=2.0 in pyri-
dine))[26] 1H NMR (600 MHz, [D6]DMSO, 35 8C): d=10.22 (br s, 1H;
Indol-NH), 8.39 (br s, 1H; OH), 7.02 (dd, 3J(H,H)=8.4, 5J(H,H)=2.0 Hz,
1H; 8’-H), 6.81 (s, 1H; 8-H or 11-H), 6.65 (d, 4J(H,H)=2.0 Hz, 1H; 5’-
H), 6.64 (s, 1H; 8-H or 11-H), 6.49 (ddd, 3J(H,H)=8.4, 4J(H,H)=2.0 Hz,
2.0 Hz, 1H; 7’-H), 4.11 (m, 1H; 1’-H), 3.71, 3.70 (s, 3H; OMe), 3.10
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(ddd, 2J(H,H)=12.5 Hz, 3J(H,H)=5.3, 5.3 Hz, 1H; 3’-H), 2.86±3.00 (m,
5H, 3’-H, 4-H, 6-H, 7-H, 11b-H), 2.45±2.62 (m, 4H, 1-H, 4’-H, 4’H, 7-H,),
2.34 (m, 1H, 6H), 1.98 (dd, 2J(H,H)=11.2 Hz, 3J(H,H)=11.2 Hz, 1H; 4-
H), 1.81 (dd, 2J(H,H)=12.0 Hz, 3J(H,H)=12.0 Hz, 1H; 10’-H), 1.50±1.68
(m, 3H; 2-H, 10’-H, 12-H), 1.24 (m, 1H; 3-H), 1.09 (m, 1H; 12-H),
1.04 ppm (ddd, 2J(H,H)=12.0 Hz, 3J(H,H)=12.0, 12.0 Hz, 1H, 1-H);
13C NMR (150 MHz, [D6]DMSO, 35 8C): d=150.2 (C-6’), 147.4 (C-10),
147.1 (C-9), 138.2 (C-9’a), 130.6 (C-11a), 130.1 (C-8’a), 127.9 (C-5’a),
126.9 (C-7’a), 112.1 (C-8), 111.0 (C-8’), 110.2 (C-7’), 109.6 (C-11), 106.4
(C-4’a), 101.8 (C-5’a), 62.33 (C-11b), 61.15 (C-4), 55.99, 55.48 (OMe),
52.01 (C-6), 48.72 (C-1’), 41.67 (C-3), 41.45 (C-3’), 37.79 (C-10’), 36.53
(C-1), 36.16 (C-2), 28.96 (C-7), 23.03 (C-12), 22.35 (C-4’), 11.00 ppm (C-
13); IR (KBr): ñ=3380, 2933 (C-H), 1463 cm�1 (CH2); UV/Vis (acetoni-
trile): lmax (lge)=282.5 (3.971), 225.0 (4.371), 200.5 nm (4.710); MS
(70 eV, EI): m/z (%): 475.2835 (100) [M+] (C29H37N3O3 requires
475.2835), 272.3 (42) [C17H22NO2


+], 201.2 (62) [C12H13N2O
+], 187.2 (58)


[C11H11N2O
+].


2-(9,10-Dimethoxy-4-oxo-1,3,4,6,7,11b-hexahydro-2H-pyrido[2,1-a]iso-
quinoline-2-yl)butyraldehyde (33): A suspension of 19 (500 mg, 870
mmol) and a catalytic amount of Pd/C in MeOH (6.0 cm3) was stirred
under a hydrogen atmosphere for 4.5 h. The catalyst was filtered off and
the solvent was removed under reduced pressure. The crude product was
purified on silica gel using toluene/acetone (6:1) as eluent. Compound 33
was obtained as a mixture of diastereomers (233 mg, 81%, colourless
oil). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=0.81±0.98 (m, 3H;
CHCH2CH3), 1.34±1.79 (m, 2H; CHCH2CH3), 1.96±2.52 (m, 6H; 1-H, 2-
H, CHCH2CH3, 7-H), 2.58±2.66 (m, 1H; 11b-H), 2.72±3.02 (m, 2H; 6-H),
3.78±3.88 (m, 6H; OMe), 4.58±4.84 (m, 2H; 3-H) 6.56±6.60 (m, 2H; 8-H,
11-H), 10.18±10.26 ppm (m, 1H; CHO); 13C NMR (75 MHz, CDCl3,
25 8C): d=10.83, 10.97, 11.60, 12.00 (CHCH2CH3), 18.64, 18.81, 19.02,
19.53 (CHCH2CH3) 28.00, 28.38, 30.86, 30.86, 31.81 (C-1), 28.09, 28.60,
30.02, 31.00 (C-2), 34.41, 35.63, 35.74, 35.93 (C-7), 36.40, 39.46, 39.50,
41.09 (C-3), 54.20, 54.40, 55.84, 56.04 (C-6), 56.10 (OMe), 56.12 (OMe),
56.16, 56.19, 57.05, 57.40 (C-11b), 107.29, 107.31, 108.1, 108.1 (C-8) 111.4,
111.5, 111.7, 111.9 (C-11), 127.0, 127.1, 127.5, 127.9 (C-7a), 128.3, 128.4,
128.5, 128.6 (C-11a), 147.5, 147.7, 147.9, 148.0 (C-9, C-10), 168.0, 168.3,
168.6 (lactam-C), 203.6, 203.7, 203.8, 204.1 ppm (carbonyl-C); UV/Vis
(acetonitrile): lmax (lge)=204.5 (4.645), 285.0 nm (3.568); IR (film): ñ=
2934 (C-H), 2876 (OMe), 1719 (CHO), 1638 (CONR2), 1464 (CH2), 1359
(CH3), 858 cm�1; MS (70 eV, EI): m/z (%): 331.1784 (29) [M+]
(C19H25NO4 requires 331.1784), 303.3 (8) [M+�CO], 258.2 (100) [M+


�CO�3CH3], 244.2 (8) [M+�CO�3CH3�CH2], 205.2 (7) [C12H15NO2
+],


192.2 (72) [C11H14NO2
+], 176.1 (5) [C10H10NO2


+].


2-(9,10-Dimethoxy-1,3,4,6,7,11b-hexahydro-2H-pyrido[2,1-a]isoquino-
line-2-yl)butyralcohol (34): A solution of the aldehyde 33 (230 mg,
6.94 mmol) in tetrahydrofuran (10 cm3) was added dropwise to a stirred
suspension of lithium aluminium hydride (263 mg, 6.94 mmol) in tetrahy-
drofuran (20 cm3) at �50 8C. The reaction mixture was stirred for 4.5 h at
25 8C and quenched with water (0.26 cm3). After stirring for 10 min, an
aqueous sodium hydroxide solution (0.26 cm3, 15%) was added, stirring
was continued for 10 min and water (0.78 cm3) was added again. The
formed precipitate was removed by filtration and washed with tetrahy-
drofuran (20 cm3). The combined filtrates were evaporated under re-
duced pressure and the crude product was purified by column chroma-
tography on silica gel using ethyl acetate/methanol (4:1) as eluent. Com-
pound 34 was obtained as two fractions each of them containing two dia-
stereomers; fraction 1 (146 mg, 65%), fraction 2 (75 mg, 34%);


Fraction 1: 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=0.78±1.02 (m,
3H, CHCH2CH3), 1.12±1.88 (m, 8H, 1-H, 2-H, 3-H, CHCH2CH3,
CHCH2CH3), 2.05±2.71 (m, 5H, 4-H, 6-H, OH), 2.89±3.21 (m, 3H, 7-H,
11b-H), 3.54±3.71 (m, 2H, CHCH2OH), 3.82 (s, 3H, OMe), 3.84 (s, 3H,
OMe), 6.55 (s, 1H, 8-H), 6.68 ppm (s, 1H, 11-H); 13C NMR (50 MHz,
CDCl3, 25 8C): d=12.23, 12.28 (C-4’), 20.27, 20.79 (C-3×), 27.83, 28.24 (C-
3), 29.00, 29.61 (C-7), 34.84, 35.18 (C-1), 36.88, 36.99 (C-2), 47.11, 47.17
(C-2’), 52.24 (C-4), 55.73, 56.04 (OMe), 56.62, 56.67 (C-5), 62.36, 62.40,
(C-1×), 62.90 (C-11b), 108.16 (C-8), 111.4 (C-11), 126.5 (C-7a), 130.0 (C-
11a), 147.1 (C-9), 147.4 ppm (C-10); UV/Vis (acetonitrile): lmax (lge)=
201.0 (4.555), 282.5 (3.496), 286.0 nm (3.499); IR (film): ñ=3384 (OH),
2930 (C-H), 2873 (OMe), 1464 (CH2), 1361 (CH3), 856 cm�1; MS (70 eV,
EI): m/z (%): 319.2147 (59) [M+] (C13H16NO3 requires 319.2147), 288.4
(14) [M+�OMe], 246.3 (100) [C15H20NO2


+], 218.3 (48) [C13H16NO2
+],


205.2 (76) [C12H15NO2
+], 191.2 (34) [C11H13NO2


+] 176.2 (14)
[C10H10NO2


+].


Fraction 2 : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=0.78±1.98 (m,
3H, CHCH2CH3), 1.06±1.78 (m, 7H, 1-H2, 2-H, 3-H, CHCH2CH3),1.81±
2.18 (m, 2H, CHCH2CH3, OH), 2.21±2.78 (m, 4H, 4-H2, 6-H2), 2.82±3.16
(m, 3H, 7-H2, 11b-H), 3.52±3.74 (m, 2H, CHCH2OH), 3.82 (s, 6H,
OMe), 6.55 (s, 1H, 8-H), 6.69, 6.71 ppm (s, 1H, 11-H); 13C NMR
(50 MHz, CDCl3, 25 8C): d=11.44, 11.57 (C-4×), 20.41, 20.95 (C-3×), 25.00
(C-3), 28.77, 29.61 (C-7), 30.86, 31.27 (C-2), 31.81, 31.96 (C-1), 43,75 (C-
2×), 47.69, 47.85 (C-4), 51.42, 52.32 (C-6), 55.72, 55.82, 55.92 (OMe),
56.85, 56.91 (C-11b), 62.11, 62.22 (C-1×), 108.2, 108.5 (C-8), 111.7, 111.7
(C-1), 126.7, 126.8 (C-7a), 128.6, 128.7 (C-11a), 147.3 ppm (C-9, C-10);
UV/Vis (acetonitrile): lmax (lge)=201.5 (4.556), 286.0 nm (3.506); IR
(film): ñ=3361 (OH), 2927 (C-H), 2855 (OMe), 1463 (CH2), 1356 (CH3),
855 cm�1; MS (70 eV, EI): m/z (%): 319.2147 (59) [M+] (C13H16NO3 re-
quires 319.2147), 288.4 (12) [M+�OMe], 246.3 (100) [C15H20NO2


+], 218.3
(45) [C13H16NO2


+], 205.2 (72) [C12H15NO2
+], 191.2 (38) [C11H13NO2


+]
176.2 (14) [C10H10NO2


+].
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Reaction of a Terminal Phosphinidene Complex with Azulenes:
h1-Complexes, C�H Bond Insertions, and 1,4-Adducts


Rosa E. Bulo,[a] Andreas W. Ehlers,[a] Frans J. J. de Kanter,[a] Marius Schakel,[a]


Martin Lutz,[b] Anthony L. Spek,[b] Koop Lammertsma,*[a] and Bing Wang[c]


Introduction


Two decades ago, Mathey and Marinetti[1] reported on the
generation of the terminal phosphinidene complex
[RPW(CO)5] (Scheme 1) and its carbene-like reactivity
toward olefins. Numerous reactions with double and triple


bonds, leading to a plethora of novel ring structures, have
subsequently shown the applicability of this transient re-
agent with singlet electrophilic character.[2,3]


A striking difference between carbenes and electrophilic
phosphinidene complexes is their reactivity towards aromat-
ic compounds. For example, it is well known that the parent
carbene DCH2 reacts with benzene to give mainly the [1+2]
cycloadduct norcaradiene, which rearranges to both cyclo-
heptatriene and toluene, (Scheme 2);[4,5] however, phosphin-


idene complexes do not give such reactions. In fact,
[RPW(CO)5] is generated in solvents like toluene by chele-
tropic elimination from 1, with release of an aromatic sub-
strate.[1] Also, the attempted synthesis of uncomplexed phos-
phepines is thwarted by expulsion of benzene from the pre-
sumed phosphanorcaradiene intermediates (Scheme 3).[6]
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Scheme 1. Formation of phopshinidene complex 2 from a 7-phosphanor-
bornadiene complex.


Scheme 2. Reaction of methylene with benzene.


Scheme 3. Formation and fragmentation of 7-phosphanorcaradiene.


Abstract: Reaction of an in situ gener-
ated phosphinidene complex
[PhPW(CO)5] with the aromatic azu-
lene and guaiazulene leads to unex-
pected 1,4-adducts of the seven-mem-
bered ring and to C�H bond insertion
of the five-membered ring. A DFT
analysis suggests that the reaction is in-
itiated by formation of a h1-complex
between the phosphinidene and the


five-membered ring of the aromatic
substrate. Four conformations of this
complex were identified. Two convert
without barrier to the slightly more
stable syn- and anti-1,2-adducts. These


undergo pericyclic 1,7-sigmatropic rear-
rangements with remarkably low barri-
ers to give 1,4-adducts, with an inverted
configuration at the phosphorus center.
An X-ray crystal structure is presented
for one of the 1,4-adducts of guaiazu-
lene. The other two h1-complexes
insert with modest barriers into a C�H
bond of the five-membered ring.


Keywords: azulenes ¥ density func-
tional calculations ¥ electrophilic
substitution ¥ phosphorus
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Nevertheless, [RPW(CO)5] (2) reacts with selected aro-
matic compounds; an example is the C�H insertion into the
cyclopentadienyl ring of ferrocene.[7] The nucleophilic hy-
drocarbon ring is an attractive target for the electrophilic
phosphinidene. Another rare example is the unique [1+4]
cycloaddition to [5]metacyclophane (Scheme 4), because it


is in fact, the reverse of the cheletropic elimination of 2
(Scheme 1);[8] the formation of 3 is thermodynamically fa-
vored, because the 1,4-addition releases much strain from
the highly bent benzene ring of the cyclophane.


Here we report on the remarkable reaction of
[PhPW(CO)5] with the aromatic azulene and its derivative
guaiazulene. Because of the large dipole moment of the hy-
drocarbon frame (azulene: 0.796 D), the electrophilic phos-
phinidene is expected to interact with the negatively charg-
ed five-membered ring. Using density functional theory we
will show that the first step is the exceptional aromatic h1-
complexation to this five-membered ring from which inser-
tion into one of its C�H bonds occurs, as well as a very rare
1,7-shift to give 1,4-adducts of the seven-membered ring.


Results and Discussion


Reaction of phosphinidene precursor 1 with azulene (4) in
the presence of CuCl at 60 8C leads to C�H insertion prod-
uct 5 (55%) and the formal 1,4-adducts 6 and 7 (45%)
(Scheme 5). The analogous products result in different


ratios with the substituted derivative guaiazulene (8), favor-
ing the 1,4-adducts (77%) (Scheme 6). All products were
fully characterized by NMR spectroscopy (see Experimental
Section). Most diagnostic for the C�H insertion products
are the 31P NMR resonances of the phosphine group (5 :
�48.8 ppm, 9 : �31.8 ppm) with their large 1J(H,P) coupling
constants (5 : 343.3 Hz, 9 : 348.3 Hz) and the aromatic pat-
terns in the 1H and 13C NMR spectra. The 1,4-adducts have


much more deshielded d(31P) resonances (6 : 150.3 ppm, 7:
106.7 ppm, 10 : 135.5 ppm, 11: 85.2 ppm) than are common
for 5/6-membered phosphorus rings,[9] while both the 1H and
13C NMR spectra show the expected olefinic resonances and
coupling constants. An X-ray structure determination ascer-
tained the assignment of 10 (Figure 1). The similarity with
the NMR characteristics of 10 (and 11) was used to distin-
guish between compounds 6 and 7.


To bring about an understanding into the unexpected for-
mation of both these reaction products we resorted to densi-
ty functional theory (see section on Computational Meth-
ods) by addressing the interaction of [HPCr(CO)5] (2’), as a
simplified model for the transition-metal-complexed phos-
phinidene, with azulene. Next, rearrangement pathways
were evaluated and finally the influence of substituents was
considered.


Scheme 4. Transfer of [RPW(CO)5] from 1 to [5]metacyclophane.


Scheme 5. Reaction of phosphinidene complex 2 with azulene with rela-
tive product yields.


Scheme 6. Reaction of phosphinidene complex 2 with guaiazulene with
relative product yields.


Figure 1. Displacement ellipsoid plot (50% probability) of 10. Hydrogen
atoms have been omitted for clarity. Selected bond lengths [ä], angles
and torsion angles [8]: P2�W1 2.5065(4), P2�C21 1.8224(16), P2�C2
1.8702(16), P2�C5 1.8644(16), C1�C2 1.517(2), C2�C3 1.527(2), C3�C4
1.318(2), C4�C5 1.521(2), C5�C6 1.519(2), C6�C7 1.344(2), C7�C1
1.442(2), C2-P2-C5 85.32(7), P2-C2-C1-C7 49.71(17), P2-C5-C6-C7
�44.80(17), C7-C1-C2-C3 �58.81(19), C7-C6-C5-C4 64.52(19).
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1,2-Addition : Azulene has a
significantly negatively charged
five-membered ring and large
HOMO coefficients for C1�
C8a (and C3�C3a; Figure 2)
that should be attractive for ini-
tial 1,2-addition by the
phosphinidene complex. If
indeed this occurs would such


1,2-adducts lead to the final products and if so by what path-
ways?


To address this question, we first explored the kinetic
pathway, as dictated by the charges and frontier orbitals, by
bringing [HPCr(CO)5] in a stepwise manner close to the
C1�C8a bond of azulene. This approach is expected to
occur in an asynchronous manner with the phosphinidene
tilted toward or away from C1, while its transition metal
group can be oriented either syn or anti with respect to the
five-membered ring. The asynchronous approach is well es-
tablished for the addition of 1CH2 to ethylene[10,11] and is
governed by the overlap of the carbene×s empty p orbital
with the filled olefinic p orbital and by the carbene×s lone
pair with the empty p* orbital. Figure 3 shows these interac-
tions for CR1’R2’ tilted toward the olefinic CR3R4 substitu-
ents.


syn Intermediates : The stepwise syn approach of
[HPCr(CO)5] to azulene confirmed an asynchronous (tilted)
pathway. We were surprised to locate two syn h1-adducts,
that is, s12 and the 0.6 kcalmol�1 less stable s13 (Figure 4, s
indicates syn). Such h1-adducts are not found along the reac-


tion pathway of [HPCr(CO)5]
and ethylene. Both intermedi-
ates are intermediate between
aromatic p and s complexes,[12]


as reflected by the angles of the
P�C1 (a) and C1�H (b) bonds
with the five-membered ring
(Scheme 7). Of the two h1-ad-
ducts, s12 (a=79.78, b=26.48)
exhibits slightly less s character than s13 (a=64.78, b=


36.18). In a regular s complex, like the heptamethylbenzeni-
um ion, a and b are the same (558).[13] No or little bending
of the C�H bond (b~08) occurs in p complexes such as
those between NO+ and arenes.[14] The much-debated silyl
cations[15] can show s character in their interaction with
arenes,[16] as in the theoretically studied Et3Si


+±benzene
complex (a 768).[17] The intermediate s/p character in the
phosphinidene h1-adducts is also evident from the P�C1
bond length (s12 : 2.093, s13 : 2.080 ä), which is clearly elon-
gated from a regular s bond.


It is well established that entropy factors are important in
carbine±olefin addition, as they tend to disfavor the inter-
mediate p complex.[18] Entropy factors also influence the ex-
istence of the h1-adducts s12 and s13. Using DG eliminates
the 12.7 kcalmol�1 complexation energy for s12 and reduces
that of s13 to a marginal 0.1 kcalmol�1.


If complex s12 is not a viable species on the reaction coor-
dinate, the 1,2-adduct may be. Indeed, syn phosphirane s14
is 1.5 kcalmol�1 more stable with a 0.7 kcalmol�1 barrier for
its formation (Figure 5). On including entropy factors this


barrier disappears and s14 is formed directly from its con-
stituents (DG=4.7 kcalmol�1). No pathway was found for
conversion of s13 to a phosphirane, probably because of
steric congestion caused by the transition-metal group.


C�H bond insertion : Complex s13 with its long P�C8a dis-
tance of 2.964 ä, which reflects hardly any interaction of the
phosphinidene group with C8a, is not likely to transfer this
group to the seven-membered ring; it is instead a better
candidate for C1�H bond insertion. This reaction channel


Figure 2. Frontier orbitals of
azulene.


Figure 3. 1CH2±ethylene frontier orbital interactions.


Figure 4. syn h1-adducts from phosphinidene complex 2’ and azulene. BP/
6-31G* energies, enthalpies (italic) and Gibbs energies (parenthesis) are
in kcalmol�1.


Scheme 7. Definition of the a


and b angles for the C1 sub-
stituents.


Figure 5. Conversion of complex s12 to phosphirane s14. BP/6±31G* en-
ergies, enthalpies (italic) and Gibbs energies (parenthesis) are in
kcal mol�1.
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was confirmed. The insertion giving 15 is exothermic
(25.6 kcalmol�1) and has a sizeable barrier of 18.6 kcalmol�1


(TS2 DG=14.5, Figure 6), because a CH bond must be
cleaved. In the transition structure the transferring hydrogen
atom has C1�H and P�H bond lengths of 1.329 and
1.627 ä, respectively.


1,7-Sigmatropic shift : If s13 is the precursor for CH inser-
tion, can s14 rearrange to a 1,4-adduct by transferring the
phosphorus group from the five- to the seven-membered
ring?


Extremely little is known about such 1,7-s sigmatropic
shifts, but a recent example is the circumambulation of un-
complexed phenyl-9-phosphabicyclo[6.1.0]nona-2,4,6-triene,
in which the phosphirane ™walks∫ over the eight-membered
hydrocarbon frame.[19] This concerted process occurs with in-
version at the phosphorus center at each step and has an ex-
perimental barrier DH� of 20 kcalmol�1; at B3LYP/6±31G*
DH�=16.1 kcalmol�1 for the H-substituted system.


Likewise, we found the rearrangement of 1,2-adduct s14
to 1,4-adduct s16 to occur in a single step (Figure 7). The
modestly exothermic reaction (7.0 kcalmol�1) reflects that
s16 is less strained than s14 ; the strain energy of the parent
phosphirane C2PH5 is 21.4 kcalmol�1 at G3.[20] This remark-
able 1,7-s shift has a barrier of only 12.0 kcalmol�1 and is
hardly influenced by entropy factors. The rearrangement
occurs with inversion of configuration at the phosphorus
center, as expected for a pericyclic process. Transition state
TS3 does not exhibit any diradical behavior. This contrasts
with the diradical character of the 1,3-s shift of 2-vinylphos-
phirane, that requires 20.5 kcalmol�1 for the Cr(CO)5-com-
plexed parent.[21,22] The structure of s16 compares well with
the crystal structure of 10, despite the difference in substitu-
ents at phosphorus. Naturally, the P�Cr bond (2.355 ä) is
shorter than the P�W bond (2.507 ä). Accordingly, the P�C
distances (P�C2=1.930 ä, P�C5=1.926 ä) are predicted to
be slightly longer than the experimentally derived ones
(P�C2=1.8702(16) ä, P�C5=1.8644(16) ä).


Products from anti addition : So far, we have discussed ave-
nues for the approach of [HPCr(CO)5] toward azulene in a
syn manner. Of course, an anti (a) approach is equally feasi-
ble and likewise gives two h1-adducts (Figure 8). These will


not be discussed because their behavior is similar to the syn
adducts. Thus, a13 converts to the C�H insertion product
15, while a12 converts on inclusion of entropy factors to a14
and subsequently to a16 after a 1,7-s shift. The DG� barrier
for this 7.1 kcalmol�1 exothermic process amounts to
10.6 kcalmol�1, which is similar to that for the conversion of
s14 into s16.


The described (syn and anti) reaction channels satisfacto-
rily explain the observed C�H insertion and 1,4-addition
products that result from the reaction of 1 with azulene,
albeit that the calculated barrier heights do not properly re-
flect the observed product ratios. This is, in fact, not surpris-


Figure 6. C�H bond insertion of [HPCr(CO)5]. Calculated energies, en-
thalpies (italic) and Gibbs energies (parenthesis) are in kcalmol�1.


Figure 7. 1,7-Sigmatropic rearrangement giving the 1,4-adduct. Calculated
energies, enthalpies (italic) and Gibbs energies (parenthesis) are in
kcalmol�1.


Figure 8. anti h1-adducts a12 and a13 and anti phosphirane a14.
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ing given the different nature of the transition states and the
limitations of DFT methods to accurately calculate barrier
heights.[23] Dynamic effects may also contribute to the rapid
interchange of the h1-adducts.


Guaiazulene : The influence of the substituents on azulene is
reflected in the more rapid reaction of 8 and its product
ratio, which strongly favors the 1,4-adducts (77%). DFT cal-
culations suggest that both steric and electronic reasons un-
derlie these effects.


To establish whether the course of events is similar to that
of azulene, calculations were performed with [HPCr(CO)5]
approaching guaiazulene in a syn manner. Satisfyingly, al-
though anticipated, again two h1-adducts resulted, that is,
s17 and s18 (Figure 9). Two aspects are noted. First, the pre-


ferred complexation is at the unsubstituted carbon atom
(C3) of the five-membered ring, enabling insertion into the
C3�H bond and rearrangement to the 1,4-adduct. Second,
the exothermicity for formation of the h1-adducts is larger
than for azulene itself, which may explain the shorter reac-
tion time for guaiazulene provided that their rearrangement
barriers do not differ significantly. The apparently favored
1,7-shift may be due to the peri-methyl group (at C4), which
sterically hinders the C�H insertion. We simulated this pro-
cess by substituting transition structure TS2 with three non-
optimized methyl groups in positions 1, 4, and 7. Steric con-
gestion with the peri-methyl group is evident as the distance
between its hydrogen atom and the phosphorus atom is well
within the sum of the van der Waals radii, that is, r(P�H-
(Me))=0.78(rVDW(P) + rVDW(H)); this is also the case for
the interaction with one of the carbonyl groups. Also the b-
methyl group (at C7) of 8 electronically favors the 1,7-s
shift by enhancing the coefficient of C6 in the HOMO.


Conclusion


Reaction of in-situ generated phosphinidene complex
[PhPW(CO)5] with aromatic azulene and guaiazulene gives


unexpectedly 1,4-adducts with the seven-membered ring, as
confirmed by an X-ray structure for one of them, and equal-
ly surprisingly C�H bond insertion of the five-membered
ring.


Analysis of the reaction pathways with DFT theory, using
[HPCr(CO)5] as model for the phosphinidene complex,
shows several intriguing novel features.


1) The starting point of the reaction is the formation of an
exceptional h1-complex with the five-membered ring of
the aromatic system of which there are four conformers
with [HPCr(CO)5] tilted in outward or inward and ori-
ented syn (s) or anti (a). The nature of the interaction is
intermediate between s and p bonding.


2) The outward tilted h1-complexes converge on including
entropy factors without barrier to slightly more stable
1,2-adducts of the five-membered ring.


3) These phosphiranes undergo a pericyclic 1,7-sigmatropic
shift with inversion at the phosphorus center to give the
more stable 1,4-adducts of the seven-membered ring.


4) The inward tilted h1-complexes rearrange to give C�H
insertion of the five-membered ring.


5) Alkyl substitution changes the product ratio from mainly
CH insertion to favor formation of the 1,4-adducts for
both steric and electronic reasons.


Computational Methods


All geometry optimizations were performed with the ADF program[24] by
using a triple z basis set with polarization functions, the local density ap-
proximation (LDA) in the Vosko±Wilk±Nusair parameterization[25] with
nonlocal corrections for exchange (Becke88)[26] and correlation
(Perdew86)[27] included in a selfconsistent manner, and the analytical gra-
dient method of Versluis and Ziegler.[28] BSSE corrections were calculat-
ed with the counterpoise method.[29]


Frequencies, zero-point energies (ZPEs), and thermal corrections were
computed with the Gaussian 98 program package,[30] using geometries op-
timized with the BP86 exchange-correlation potentials and the
LANL2DZ basis set for chromium and 6±31G* for all other elements.
Minima were confirmed to have only positive force constants and transi-
tion structures (TS) to have only one imaginary value.


Experimental Section


NMR spectra were recorded on Bruker Avance 250 (31P; 85% H3PO4)
and Avance 400 (1H, 13C; TMS) spectrometers. Assignments were made
based on COSY, HMQC, and HMBC techniques. High-resolution mass
spectra (HR-MS) were recorded on a Finnigan MAT 900 spectrometer.
Elemental analyses were obtained from Microanalytisches Labor Pasch-
er, Remagen-Bandorf (Germany).


P-Pentacarbonyltungsten-P-phenyl-1-phosphinoazulene (5): Compound 1
(0.521 g, 0.798 mmol),[1] azulene (0.078 g, 0.609 mmol), and a catalytic
amount of CuCl (~10 mg) were stirred overnight at 60 8C under nitrogen
in dry toluene (5 mL). Product ratios were determined from the crude re-
action mixture by 31P NMR spectroscopy, that is, 5 : 55%, 6 : 15%, 7:
30%. Purification and partial separation by chromatography (activated
silica, pentane/toluene 9:1) followed by fractional crystallization (pen-
tane) afforded 157 mg of 5 (46%), and 6 mg of a mixture of 6 and 7.


Data for compound 5 : Purple crystals; m.p. 42±43 8C; 31P NMR
(101 MHz, CDCl3): d=�48.8 ppm (1J(P,W)=228.9 Hz); 13C NMR


Figure 9. syn h1-adducts s17 and s18 from phosphinidene complex 2’ and
guaiazulene. Calculated energies, enthalpies (italic) and Gibbs energies
(parenthesis) are in kcalmol�1.
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(100 MHz, CDCl3): d=199.8 (d, 2J(C,P)=21.1 Hz, trans-CO), 197.1 (d,
2J(C,P)=6.8 Hz, cis-CO), 148.0 (s, C=, C3a), 145.3 (d, 2J(C,P)=21.2 Hz,
CH=, C2), 145.1 (d, 2J(C,P)=6.2 Hz, C=, C8a), 139.2 (s, CH=, C6), 138.7
(s, CH=, C4), 136.2 (d, 3J(C,P)=3.1 Hz, CH=, C8), 135.0 (d, 1J(C,P)=
44.7 Hz, ipso-Ph), 130.9 (d, 2J(C,P)=12.2 Hz, o-Ph), 130.2 (s, p-Ph), 129.2
(d, 3J(C,P)=10.1 Hz, m-Ph), 126.5 (s, CH=, C7), 125.6 (s, CH=, C5),
119.1 (d, 3J(C,P)=12.4 Hz, CH=, C3), 114.5 ppm (d, 1J(C,P)=45.3 Hz,
CP=, C1); 1H NMR (400 MHz, CDCl3): d=7.23 (d, 1J(H,P)=343.3 Hz,
1H; HPC1), 7.1±7.3 (m, 7H; Ph, HC5, HC7), 7.35 (dd, 4J(H,P)=3.4 Hz,
3J(H,H)=3.5 Hz, 1H; HC3), 7.57 (t, 3J(H,H)=9.9 Hz, 1H; HC6), 8.18
(dd, 3J(H,P)=4.0 Hz, 3J(H,H)=3.5 Hz, 1H; HC2), 8.26 (d, 3J(H,H)=
9.5 Hz, HC8), 8.30 ppm (d, 3J(H,H)=9.8 Hz, HC4); HRMS: m/z calcd
for C21H13WPO5: 560.00104; found: 560.00155 (d=5.1î10�4).


syn-11-Pentacarbonyltungsten-11-phenyl-11-phosphatricyclo[6.2.1.01,5]un-
deca-2,4,6,9-tetraene (6): 31P NMR (101 MHz, CDCl3,): d=150.3 ppm
(1J(P,W)=250.5 Hz); 13C NMR (100 MHz, CDCl3): d=199.6 (d,
2J(C,P)=25.2 Hz, trans-CO), 196.5 (d, 2J(C,P)=7.0 Hz, cis-CO), 144.4 (d,
2J(C,P)=5.2 Hz, C=, C5), 139.1 (d, 1J(C,P)=25.0 Hz, ipso-Ph), 138.7 (d,
2J(C,P)=7.5 Hz, CH=, C2), 136.8 (d, 3J(C,P)=2.6 Hz, CH=, C4), 132.2
(d, 2J(C,P)=1.8 Hz, CH=, C10), 131.9 (d, 2J(C,P)=1.1 Hz, CH=, C9),
131.5 (d, 2J(C,P)=8.7 Hz, o-Ph), 129.9 (d, 4J(C,P)=1.6 Hz, p-Ph), 129.0
(d, 3J(C,P)=2.9, CH=, C3), 128.8 (d, 3J(C,P)=7.9 Hz, m-Ph), 125.8 (d,
3J(C,P)=9.5, CH=, C6), 125.3 (d, 2J(C,P)=6.0 Hz, CH=, C7), 69.9 (d,
1J(C,P)=8.4, CP, C1), 46.8 ppm (d, 1J(C,P)=16.5, CHP, C8); 1H NMR
(400 MHz, CDCl3): d=4.07 (ddddd, 3J(H,H)=4.2 Hz, 3J(H,H)=7.7 Hz,
4J(H,H)=0.8 Hz, 4J(H,H)=0.8 Hz, 2J(H,P)=2.6 Hz, 1H; HC8), 5.56 (dd,
3J(H,H)=6.2 Hz, 3J(H,P)=6.2 Hz, 1H; HC10), 6.22 (dd, 3J(H,H)=
6.2 Hz, 3J(H,H)=4.2 Hz, 1H; HC9), 6.46 (ddd, 3J(H,H)=9.4 Hz,
3J(H,P)=12.7 Hz, 3J(H,H)=7.7 Hz, 1H; HC7), 6.67 (dd, 3J(H,H)=
1.8 Hz, 3J(H,H)=1.8 Hz, 1H; HC3), 6.85 (dd, 3J(H,H)=9.4 Hz,
4J(H,P)=5.7 Hz, 1H; HC6), 7.06 (d, 3J(H,H)=1.8 Hz, 2H; HC2), 7.06
(d, 3J(H,H)=1.8 Hz, 2H; HC4), 7.35±7.54 ppm (m, 5H; Ph).


anti-11-Pentacarbonyltungsten-11-phenyl-11-phosphatricyclo[6.2.1.01,5]-
undeca-2,4,6,9-tetraene (7): 31P NMR (101 MHz, CDCl3): d=106.7 ppm
(1J(P,W)=245.1 Hz); 13C NMR (100 MHz, CDCl3): d=199.3 (d,
2J(C,P)=24.71 Hz, trans-CO), 197.1 (d, 2J(C,P)=6.72 Hz, cis-CO), 144.2
(d, 2J(C,P)=2.1 Hz, C=, C5), 139.2 (s, CH=, C2), 139.1 (d, 1J(C,P)=
23.2 Hz, ipso-Ph), 137.0 (d, 3J(C,P)=9.6 Hz, CH=, C3), 135.3 (d,
2J(C,P)=14.8 Hz, CH=, C10), 129.8 (d, 4J(C,P)=1.8 Hz, p-Ph), 129.3 (d,
2J(C,P)=15.9 Hzπ CH=, C9), 128.6 (d, 3J(C,P)=8.0 Hz, m-Ph), 128.0 (d,
2J(C,P)=8.3 Hz, o-Ph), 126.5 (d, 3J(C,P)=1.3 Hz, CH=, C4), 125.8 (d,
2J(C,P)=4.7 Hz, CH=, C7), 123.0 (d, 3J(C,P)=5.6 Hz, CH=, C6), 67.1 (d,
1J(C,P)=16.4 Hz, CP, C1), 46.5 ppm (d, 1J(C,P)=18.8, CHP, C8);
1H NMR (400 MHz, CDCl3): d=4.01 (ddddd, 3J(H,H)=7.2 Hz,
3J(H,H)=4.8 Hz, 4J(H,H)=0.9 Hz, 4J(H,H)=0.9 Hz, 2J(H,P)=0.8 Hz,
HC8), 5.99 (ddd, 3J(H,H)=6.2 Hz, 4J(H,H)=0.9 Hz, 3J(H,P)=9.2 Hz,
1H; HC10), 6.17 (ddd, 3J(H,H)=9.5 Hz, 3J(H,H)=7.2 Hz, 3J(H,P)=
9.5 Hz, 1H; HC7), 6.25 (d, 3J(H,H)=2.4 Hz, 1H; HC4), 6.32 (dd,
3J(H,H)=9.5 Hz, 4J(H,P)=3.3 Hz, 1H; HC6), 6.36 (ddd, 3J(H,H)=
4.8 Hz, 3J(H,H)=6.2 Hz, 3J(H,P)=12.3 Hz, 1H; HC9), 6.71 (m, 2H; o-
Ph), 6.95 (ddd, 3J(H,H)=5.2 Hz, 3J(H,H)=2.4 Hz, 4J(H,P)=1.6 Hz, 1H;
HC3), 7.20 (m, 3H; m-Ph, p-Ph), 7.21 ppm (dd, 3J(H,H)=5.2 Hz,
4J(H,H)=0.6, 1H; HC2); HRMS: m/z calcd for C21H13WPO5: 560.00104;
found: 559.99988 (d=11.6î10�4).


syn-11-Pentacarbonyltungsten-11-phenyl-4,10-dimethyl-7-isopropyl-11-
phosphatricyclo-[6.2.1.01,5]undeca-2,4,6,9-tetraene (10): The reaction was
executed and worked up in an analogous manner to that of 5, but with 1
(0.624 g, 0.952 mmol), guaiazulene (0.118 g, 0.952 mmol), and CuCl
(9.25 mg, 0.093 mmol) in dry toluene (5.5 mL), and required only 4 h
until completion. Product ratios were determined from the crude reaction
mixture by 31P NMR spectroscopy, that is, 9 : 22%, 10 : 50%, 11: 27%.
Purification and partial separation by chromatography (activated silica,
pentane/toluene 9:1) followed by fractional crystallization (pentane) af-
forded 317 mg of 10 (53%), 65 mg of 11 (10%) and 8 mg of 9 (1.3%).


Data for compound 10 : Colorless crystals, m.p. 124±125 8C. 31P NMR
(101 MHz, CDCl3): d=135.5 ppm (1J(P,W)=247.9 Hz); 13C NMR
(100 MHz, CDCl3): d=199.1 (d, 2J(C,P)=24.3 Hz, trans-CO), 196.1 (d,
2J(C,P)=6.8 Hz, cis-CO), 143.7 (d, 3J(C,P)=7.8 Hz, CH=, C3), 143.0 (d,
2J(C,P)=6.8 Hz, C=, C7), 142.6 (d, 2J(C,P)=2.0 Hz, C10), 140.1 (d,
1J(C,P)=26.2 Hz, ipso-Ph), 137.2 (d, 3J(C,P)=5.6 Hz, C=, C4), 135.2 (d,
2J(C,P)=3.5 Hz, C=, C5), 133.7 (d, 2J(C,P)=1.9 Hz, CH=, C2), 130.5 (d,


2J(C,P)=8.8 Hz, o-Ph), 129.1 (s, p-Ph), 128.3 (d, 3J(C,P)=7.8 Hz, m-Ph),
125.4 (s, CH=, C9), 115.3 (d, 3J(C,P)=8.7 Hz, CH=, C6), 71.2 (d,
1J(C,P)=11.7 Hz, CP, C1), 48.5 (d, 1J(C,P)=17.5 Hz, CHP, C8), 35.8 (d,
3J(C,P)=5.8 Hz, (CHMe2)C7), 22.0 (s, CH3, isopropyl), 20.4 (s, CH3, iso-
propyl), 16.6 (d, 3J(C,P)=1.9 Hz, MeC10), 12.7 ppm (s, MeC4); 1H NMR
(400 MHz, CDCl3): d=1.15 (d, 3J(H,H)=6.8 Hz, 3H; isopropyl), 1.19 (d,
3J(H,H)=6.8 Hz, 3H; isopropyl), 1,20 (s, 3H; MeC10), 2.10 (d, 3H;
5J(H,P)=1.8 Hz, MeC4), 2.64 (qq, 3J(H,H)=6.8 Hz, 3J(H,H)=6.8 Hz,
(HCMe2)C7), 3.68 (dd, 2J(H,P)=1.0 Hz, 3J(H,H)=3.7 Hz, CHP, HC8),
5.60 (dd, 3J(H,P)=10.5 Hz, 3J(H,H)=3.7 Hz, HC9), 6.45 (d, 4J(H,P)=
5.5 Hz, CH=, HC6), 6.87 (dd, 4J(H,P)=1.9 Hz, 3J(H,H)=5.1 Hz, HC3),
6.92 (dd, 3J(H,P)=2.4 Hz, 3J(H,H)=5.1 Hz, HC2), 7.28 (dt, 5J(H,P)=
1.0 Hz, 3J(H,H)=7.5 Hz, p-Ph), 7.37 (dt, 4J(H,P)=2.0 Hz, 3J(H,H)=
7.5 Hz, 2H; m-Ph), 7.47 ppm (m, 3J(H,P)=8.0 Hz, 2H; o-Ph); HRMS:
m/z calcd for C26H23WPO5: 630.07928; found: 630.08342 (d=41.4î10�4);
elemental analysis calcd (%) for C26H23O5PW: C 49.52, H 3.65; found: C
49.79, H 3.93.


anti-11-Pentacarbonyltungsten-11-phenyl-4,10-dimethyl-7-isopropyl-11-
phosphatricyclo-[6.2.1.01,5]undeca-2,4,6,9-tetraene (11): Colorless crystals,
m.p. 93±95 8C. 31P NMR (101 MHz, CDCl3): d=85.2 ppm (1J(P,W)=
241.2 Hz); 13C NMR (100 MHz, CDCl3): d=199.6 (d, 2J(C,P)=25.3 Hz,
trans-CO), 197.2 (d, 2J(C,P)=6.9 Hz, cis-CO), 145.5 (d, 2J(C,P)=25.3 Hz,
C=, C10), 143.7 (d, 2J(C,P)=6.9 Hz, C=, C7), 141.6 (d, 3J(C,P)=9.2 Hz,
CH=, C3), 139.6 (d, 1J(C,P)=23.8 Hz, ipso-Ph), 137.6 (d, 2J(C,P)=
2.3 Hz, C5), 136.8 (s, CH=, C2), 134.1 (d, 3J(C,P)=1.5 Hz, C=, C4), 129.5
(d, 4J(C,P)=1.5 Hz, p-Ph), 128.1 (d, 2J(C,P)=8.4 Hz, o-Ph), 127.7 (d,
3J(C,P)=8.0 Hz, m-Ph), 123.9 (d, 2J(C,P)=14.6 Hz, CH=, C9), 112.8 (d,
3J(C,P)=4.6 Hz, C6), 68.8 (d, 1J(C,P)=20.7 Hz, C=, C1), 49.6 (d,
1J(C,P)=19.9 Hz, CHP, C8), 36.8 (d, 3J(C,P)=3.8 Hz, (CHMe2)C7), 22.6
(s, CH3, isopropyl), 21.0 (s, CH3, isopropyl), 16.3 (d, 3J(C,P)=3.1 Hz, 3H;
MeC10), 12.5 ppm (s, 3H; MeC4); 1H NMR (400 MHz, CDCl3): d=1.03
(d, 3J(H,H)=6.72 Hz, 3H; isopropyl), 1.13 (d, 3J(H,H)=6.72 Hz, 3H;
isopropyl), 1.54 (d, 4J(H,H)=1.61 Hz, 3H; MeC10), 1.83 (s, 3H; MeC4),
2.47 (qq, 3J(H,H)=6.72 Hz, 3J(H,H)=6.72 Hz, 1H; (HCMe2)C7), 3.78
(dd, 3J(H,H)=4.84 Hz, 2J(H,P)=1.07 Hz, CHP, HC8), 5.93 (ddq,
3J(H,H)=4.84 Hz, 4J(H,H)=1.61 Hz, 3J(H,P)=13.72 Hz, HC9), 5.94 (d,
4J(H,P)=1.62 Hz, HC6), 6.62 (m, 2H; o-Ph), 6.87 (dd, 3J(H,H)=5.18 Hz,
4J(H,P)=1.44 Hz, HC3), 7.08 (dd, 3J(H,H)=5.18 Hz, 3J(H,P)=3.18 Hz,
HC2), 7.15 ppm (m, m-Ph, p-Ph); HRMS: m/z calcd for C21H13WPO5:
630.07928; found: 630.08117 (d=18.9î10�4).


P-Pentacarbonyltungsten-P-phenyl-1-phosphino-3,8-dimethyl-5-isopro-
pylazulene (9): Blue crystals; 31P NMR (101 MHz, CDCl3): d=


�31.8 ppm (d, 1J(P,W)=230.4 Hz); 13C NMR (100 MHz, CDCl3): d=


200.6 (d, 2J(C,P)=20.87 Hz, trans-CO), 197.3 (d, 2J(C,P)=6.24 Hz, cis-
CO), 147.1 (s, C=, C8a), 146.3 (d, 2J(C,P)=17.27 Hz, CH=, C2), 143.4(s,
C=, C5), 141.0 (s, C=, C3a), 138.7 (CP=, C1), 136.9 (s, CH=, C7), 135.0 (s,
CH=, C4), 132.7 (d, 3J(C,P)=12.24 Hz, m-Ph), 130.4 (d, 4J(C,P)=
2.16 Hz, p-Ph), 130.0 (s, CH=, C6), 129.6 (s, C=, C8), 125.8 (s, C=, C3),
129.2 (d, 2J(C,P)=10.08 Hz, o-Ph), 38.5 (s, (CHMe2)C5), 29.0 (d,
4J(C,P)=5.04 Hz, MeC8), 25.0 (s, 2me, isopropyl), 13.3 ppm (s, MeC3);
1H NMR (400 MHz, CDCl3): d=1.36 (d, 3J(H,H)=6.89 Hz, 6H; isopro-
pyl), 2.61 (s, 3H; MeC3), 2.96 (s, 3H; MeC8), 3.08 (sept, 3J(H,H)=
6.89 Hz, 1H; (HCMe2)C5), 7.06 (d, 3J(H,H)=10.99 Hz, 1H; HC6), 7.44
(dd, 3J(H,H)=10.99 Hz, 5J(H,P)=1.85 Hz, 1H; HC7), 7.3±7.6 (m, 5H;
Ph), 7.59 (d, 1J(H,P)=348.30 Hz, HP), 7.81 (d, 3J(H,P)=8.60 Hz, 1H;
HC2), 8.19 ppm (s, 1H; HC4); HRMS: m/z calcd for C21H13WPO5:
630.07928; found: 630.07894 (d=3.4î10�4).


Crystal structure determination of 10 : C26H23O5PW, Mr=630.26, colorless
block, 0.48î0.26î0.12 mm3, triclinic, P1≈ (no. 2), a=8.9493(5), b=
11.5213(8), c=13.3627(7) ä, a=88.189(5), b=75.457(4), g=67.258(5)8,
V=1226.65(14) ä3, Z=2, 1calcd=1.706 gcm�3, m=4.808 mm�1; 43486 re-
flections were measured on a Nonius KappaCCD diffractometer with ro-
tating anode (l=0.71073 ä) at a temperature of 150(2) K up to a resolu-
tion of (sinq/l)max=0.65 ä�1; 5626 reflections were unique (Rint=0.024).
An absorption correction based on multiple measured reflections was ap-
plied (0.28±0.56 transmission). The structure was solved with automated
Patterson methods (DIRDIF-99)[31] and refined with SHELXL-97[32]


against F2 of all reflections. Non-hydrogen atoms were refined freely with
anisotropic displacement parameters; methyl and phenyl hydrogen atoms
were refined as rigid groups; all other hydrogen atoms were refined
freely with isotropic displacement parameters. 322 refined parameters, no
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restraints. R values [I>2s(i)]: R1=0.0125, wR2=0.0278. R values (all
data): R1=0.0150, wR2=0.0284. GoF=1.086. Residual electron density
between �0.58 and 0.33 eä�3. Molecular illustration, structure checking
and calculations were performed with the PLATON package.[33] CCDC
228857 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html, by emailing data request@ccdc.cam.ac.uk, or by contact-
ing The Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033.
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Anion Complexation by Glycocluster Thioureamethyl Cavitands: Novel ESI-
MS-Based Methods for the Determination of Ka Values


Gennady V. Oshovsky, Willem Verboom,* Roel H. Fokkens, and David N. Reinhoudt*[a]


Introduction


Molecular recognition is the most important phenomenon in
supramolecular chemistry.[1] A number of established analyt-
ical methods are being used to study the strength of the
host±guest interactions. The most commonly used methods
include NMR and UV spectroscopy, calorimetry, and elec-
trochemical techniques.[2]


Electrospray ionization mass spectrometry (ESI-MS) has
been applied to directly determine binding constants of
large biological complexes.[3] From titration experiments, the
intensities of both the free and the bound guest (or the free
and bound host) are used to derive a Scatchard plot. The
prerequisite is that the host or the guest and the host±guest
complex are ionic; however, this approach is not applicable
when the guest is a small ion. Recently, ESI-MS has been
used to determine the binding constants of crown-ether
alkali-metal cation complexes by means of competition ex-
periments.[4] Very recently, Russell et al. reported a qualita-
tive study of the anion complexation by polydentate Lewis
acids by the use of nanoelectrospray MS.[5] However, to the
best of our knowledge, ESI-MS has not been used to study
anion complexation quantitatively.


Resorcinarene-based cavitands with proper ligating sites
give rise to different types of receptors.[6] Previously, we
have demonstrated that thiourea functionalized cavitands
are good receptors for halides in chloroform with a prefer-
ence for chloride.[7] With the ultimate objective of mimick-
ing nature, the study of supramolecular interactions in aque-
ous media is very challenging. Several groups have reported
the synthesis of cavitands with an enhanced solubility in
water. This requires the introduction of either charged moi-
eties, such as quaternary ammonium,[8] amidinium,[9] pyridi-
nium,[10] carboxylate,[11] phosphoric acid salt,[12] phenoxide,[13]


etc., or neutral substituents, such as peptides,[14] diethanola-
mine,[15] dendritic wedges,[16] Pd-organometallic centers.[17]


Saccharides have been used as water-solubilizing moieties in
the cases of calix[4]arenes[18] and resorcinols,[19] and there is
one example of a cavitand.[20]


Herein we report the synthesis of cavitands containing
both saccharide[21] and thiourea moieties and their complex-
ation with anions[22] in polar solvents. We describe novel
methods for the determination of the binding constants of
the anion complexation by means of ESI-MS.


Results and Discussion


Synthesis : The synthesis of the saccharide-thiourea function-
alized cavitands 11±14 is summarized in Scheme 1.
Tetrakis(aminomethyl) cavitand 5 was prepared starting


from the corresponding bromomethyl cavitand[23] 1 by reac-
tion with potassium phthalimide followed by deprotection of
phthalimido cavitand 2 with hydrazine hydrate, analogously


[a] Dr. G. V. Oshovsky, Dr. W. Verboom, Dr. R. H. Fokkens,
Prof. Dr. Ir. D. N. Reinhoudt
Laboratory of Supramolecular Chemistry and Technology
MESA+ Research Institute, University of Twente
P.O. Box 217, 7500 AE Enschede (The Netherlands)
Fax: (+31)53-489-4645
E-mail : W.Verboom@utwente.nl


D.N.Reinhoudt@utwente.nl


Abstract: A series of saccharide-thiour-
ea functionalized cavitands was pre-
pared in good yields (72±86%) by reac-
tion of a tetrakis(aminomethyl) cavi-
tand with the thiocyanate derivatives
of acetylated glucose, galactose, and
cellobiose. The anion complexation be-
havior of the acetylated and deacetylat-
ed glycocluster thioureamethyl cavi-


tands was studied with electrospray
ionization mass spectrometry (ESI-MS)
in acetonitrile and in a 1:1 acetonitrile/
water mixture, respectively. All com-


pounds show a preference for Cl� . A
linear relationship was found between
the square root of the intensity and the
concentration of the formed host±guest
complex. Based on this relationship,
novel methods have been developed to
determine Ka values, by means of
direct titration and competition experi-
ments.


Keywords: anions ¥ cavitands ¥
mass spectrometry ¥ molecular
recognition ¥ receptors
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to the synthesis of the previously reported pentyl derivative
6.
Reaction of tetrakis(aminomethyl) cavitand 5 with the


thiocyanate derivatives of acetylated glucose, galactose, and
cellobiose in pyridine at room temperature afforded the
acetyl-protected saccharide-thiourea functionalized cavi-
tands 7, 8, and 10 in 80, 85, and 86% yield, respectively. In
an analogous manner, cavitand
9 was prepared in 72% yield by
reaction of pentyl derivative 6
with acetylated glucosyl isothio-
cyanate. Subsequent deacetyla-
tion of compounds 7, 8, 9, and
10 with sodium methoxide in a
4:1 mixture of methanol and di-
chloromethane gave saccharide-
thiourea functionalized cavi-
tands 11±14 in 96, 95, 90, and
92% yield, respectively.
To study the influence of the


thiourea linker between the
cavitand and the saccharide
moieties, cavitand 16 with SCH2


linkers was prepared
(Scheme 2). Reaction of tetra-
kis(bromomethyl) cavitand 1
with 2,3,4,5-tetra-O-acetyl-b-d-
glucopyranosylthiol in dichloro-
methane gave gluco-thiamethyl
cavitand 15 in 88% yield. Sub-
sequent deacetylation with a
catalytic amount of sodium
methoxide afforded cavitand 16
in 91% yield.
The formation of both the


acetylated (7±10) and deacety-
lated cavitands (11±14) clearly
followed from the MALDI
mass spectra and satisfactory el-
emental analyses. Their 1H
NMR spectra in CDCl3 and
CD3CN only exhibit broad sig-
nals. However, spectra with
sharp signals were obtained in
[D6]DMSO solutions. Charac-
teristic is the signal at d = 5.8
and 5.2 ppm of the anomeric
CH of the sugars in the acety-
lated and deacetylated com-
pounds, respectively.
In acetonitrile, the solubility


of the acetylated glycocluster
thiourea cavitands 7±10 is twice
as high as that of the propylth-
iourea cavitand 20 (�5 versus
2.2 mmL�1). The solubility of
the corresponding propylurea
cavitand 19 in acetonitrile is
0.4 mmL�1. The solubilities of


glycocluster thiourea cavitands 11±14 in water are 0.5, 0.6,
0.8, and >300 mmL�1, respectively, while that of compound
15 is 1 mmL�1. The much higher solubility of cavitand 14 in
water clearly shows the influence of four disaccharide moi-
eties. The solubility of 14 in water is even higher than that
of a cavitand containing dendritic wedges with a total of
45 tetraethylene glycol chains (221 mmL�1).[16]


Scheme 1. Synthesis of glycocluster thioureamethyl cavitands. a) Potassium phthalimide, MeCN. b) Hydrazine
hydrate, MeOH).


Scheme 2. Synthesis of cavitand glycoclusters containing sulfide linkers. a) 2,3,4,6-Tetraacetyl-1-thiaglucose,
Na2CO3. b) MeONa, MeOH, CH2Cl2.
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Simpler analogues of cavitand glycoclusters, used for com-
petitive experiments, are shown in Scheme 3.


Anion complexation behavior studied by ESI-MS :


General: The anion complexing ability of both the acetylat-
ed (7±10, 15) and deacylated glycocluster thiourea cavitands
11±14, 16 clearly followed from the signal of the 1:1 com-
plexes in the ESI-MS negative ion mode spectra. Since in
the 1H NMR spectra rather broad signals were obtained, 1H
NMR spectroscopy was not suitable to determine Ka values
of the complexes. Therefore we investigated whether ESI-
MS can be used to determine Ka values.
In ESI-MS, charged host±guest complexes are transferred


from small droplets of solution into the gas phase under rel-
atively mild conditions.[24] In general, this does not give rise
to fragmentation. Some parameters involve: 1) properties of
the species measured, for example, ionization potential and
volatility, 2) the properties of the solvent used, for example,
conductivity and surface tension, 3) the co-solutes present,


and 4) the settings of the mass
spectrometer, such as applied
voltage, temperature, gas flow,
etc. However, all these parame-
ters remain constant during a
set of experiments. We investi-
gated whether there is a rela-
tionship between the intensity
of the signal of the 1:1 complex
and the concentration of the
complex in the solution.
As a model experiment, the


chloride complexation of acety-
lated glucose functionalized thi-
ourea cavitand 7 was studied in
MeCN. Two different kinds of


titrations were carried out: titration of Bu4NCl with 7 (keep-
ing the total concentration of the chloride constant), and ti-
tration of host 7 with Bu4NCl (with a constant total host
concentration). For both titrations the relationship between
the intensity of the signal of the host±guest complex 7@Cl�


and its concentration is depicted in Figure 1a and 1b, re-
spectively. In Figure 1a, the peak intensity increases para-
bolically, which is very clear compared to Figure 1c, which
depicts the square root of the peak intensity vs the concen-
tration of the host±guest complex.[25] The relationship fits
with Equation (1), where I is the peak intensity and A is a
constant that includes the properties of the complex, the set-
tings of the mass spectrometer, etc. (vide supra).


I ¼ A� ½HG�2 ð1Þ


In the case of Figure 1b, the increase of the peak intensity
of the host±guest complex is followed by a decrease. This
so-called suppression[24c] is caused by a co-solute (in our case
the titrant) that is present in the measuring solution. A co-


Scheme 3. Reference compounds.


Figure 1. a) Titration of Bu4NCl with 7, intensity versus concentration of 7@Cl� . b) Titration of 7 with Bu4NCl, intensity versus concentration of 7@Cl� .
c) Titration of Bu4NCl with 7,


p
intensity versus concentration of 7@Cl� . d) Titration of 7 with Bu4NCl,


p
intensity versus concentration of 7@Cl� .
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solute can prevent the formation of droplets of the required
small size as well as decrease the volatization efficiency of
the measured ions from the formed droplets, since they
occupy its surface. In general, electrolytes cause a higher
suppression than non-electrolytes. Figure 1d shows that the
same quadratic relationship as Equation (1) is obeyed until
suppression starts to play a role.


Direct method for Ka value determination by ESI-MS titra-
tion: The relationship found [Eq. (1)] can be used to deter-
mine association constants. When the concentration of the
anion ([G]) is maintained constant, the concentration of the
host±guest complex ([HG]) can be calculated at each
moment from the intensity I of the signal of the complex
with Equation (2).


½HG� ¼ ½HG�max


ffiffiffi
I


p
ffiffiffiffiffiffiffiffi
Imax


p ð2Þ


½HG� ¼ ½G�tot
ffiffiffi
I


p
ffiffiffiffiffiffiffiffi
Imax


p ð3Þ


In Equation (2), Imax is the intensity when [HG] =


[HG]max. Since the maximum concentration of the host±
guest complex [HG]max is equal to the total concentration of
the anionic guest [G]tot, substitution gives a relationship be-
tween the intensity of the signal and the concentration of
the host±guest complex [HG] and [G]tot [Eq. (3)].
Nonlinear fitting of the experimental data Iexp, [G]tot, and


[H]tot with the calculated value of the intensity Icalcd by vary-
ing


p
Imax and Ka ultimately gives the calculated association


constant Ka. An example of the calculated and the experi-
mental ESI-MS data of a titration of acetylated galactose
functionalized thiourea cavitand 8 with Bu4NCl is presented
in Figure 2.
This methodology was used to study the chloride com-


plexation of acetylated glycocluster thiourea cavitands 7±9


in MeCN; the Ka values are summarized in Table 1. In the
case of lower binding constants, the larger amount of host
necessary to give a sufficient amount of host±guest complex


may also give rise to suppression (vide supra) of the peak
intensity. Nevertheless, the Ka values can be calculated by
taking into account only the non-suppression area of the
ESI-MS titration curve (compare Figure 1d). In this way, a
Ka value of 720m


�1 (with ITC Ka = 680m�1) was obtained
for the complexation of compound 7 with Bu4NBr in MeCN.
In all cases, the Ka values found are in excellent agree-


ment with those obtained with isothermal microcalorimetry
(ITC) (Table 1), confirming the validity of the described
ESI-MS titration method.


Calibrated competitive method : Some years ago Kempen
and Brodbelt[4a] reported a method for the determination of
binding constants of crown ethers with cations by means of
ESI-MS. The peak intensity of a reference host±guest com-
plex with a known Ka value was monitored before and after
addition of a second host or guest. The Ka value of the new
complex is calculated on the basis of the change in intensity
of the reference complex and extrapolation from a calibra-
tion curve ([HG] versus IHG).


[26] To obtain reliable results,
the difference in the Ka values involved should be within
two orders of magnitude.[27]


We have used this methodology to study anion complexa-
tion by addition of a new host to an existing host±guest
complex. The determination of the Ka value of 19@Cl� was
studied in more detail. A set of solutions with different con-
centrations of propylthiourea cavitand 19 in MeCN solution
containing constant initial total concentration of acetylated
glucose functionalized thiourea cavitand 7 and Bu4NCl were
prepared. From a calibration curve ([H1G] vs


ffiffiffiffiffiffiffiffiffi
IH1G


p
) the


changes in the intensities of 7@Cl� were transformed to its
concentration and used for the calculation of the Ka value of
19@Cl� (Table 2). The averaged Ka value of entries 2±4 in


Figure 2. Nonlinear curve fitting of data of ESI-MS titration of 8 with
Bu4NCl. The titration data are within the Weber concentration range of
20±80% complex formation.


Table 1. ESI-MS and ITC data of the complexation of Cl� by compounds
7±9 in MeCN.


Compound ESI-MS Isothermal microcalorimetry data
Ka Ka DG DH DS
[m�1] [m�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


7 15100 15000 �5.694 �4.685 1.009
8 15000 14700 �5.685 �4.271 1.414
9 14500 14600 �5.657 �4.283 1.374


Table 2. Ka values of 19@Cl� with the ESI-MS calibrated competitive
method with 7@Cl� as the reference complex.


Entry Concentration[a] [mm] Ka (19@Cl�)
19 [7@Cl�] [m�1]


1 0 0.11 ±
2 0.1 0.09 17200
3 0.2 0.074 17100
4 0.3 0.062 17000
5 0.4 0.047 22400


[a] Initial concentrations of Bu4NCl and 7 were 0.2 mm and 0.191 mm, re-
spectively.
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Table 2 is 17100
100m�1, in agreement with the Ka value of
17300m�1 determined with ITC. However, the Ka value in
entry 5 in Table 2 is much too high, originating from sup-
pression caused by the higher competitor concentration.
This also illustrates the disadvantage of this method. Several
experiments must always be carried out with different com-
petitor concentrations. When at least two of the initial Ka


values were within the experimental error, much higher Ka


values caused by suppression were excluded.
Complex 7@Cl� was used as the reference to study the


Cl� complexation of compounds 9, 10, 15, 17, and 20 in
MeCN; the Ka values are summarized in Table 3. The choice


of the reference complex has hardly any effect. Competition
experiments of compounds 7@Cl� or 8@Cl� with 17 in
MeCN gave Ka values of 450 and 440m


�1, respectively. The
Ka values are very close to that obtained with ITC, namely,
430m�1. These experiments show the possibility to determine
relatively low Ka values using this methodology.
Competition experiments of the reference complexes 7@


Cl� and 8@Cl� with Br� , as an anionic guest, showed consid-
erable suppression of the signal. Upon titration with Br� ,
the intensity of the reference complex dropped much more
than expected, even if only small amounts of Br� were
added. Suppression was even observed upon addition of
small amounts of the anions PF6


� and BPh4
� . Since anionic


species cause significant suppression, this methodology
cannot be used to study the complexation behavior of a host
toward a variety of anions.


Competition method : On account of the above-mentioned
problems, a novel, relatively simple competitive method was
developed.[28] For this approach, the Ka value of one host±
guest complex has to be known, determined by the direct
ESI-MS titration (vide supra) or another method. Since we
are dealing with rather large hosts and relatively small
guests, we assumed that the volatility of the different com-
plexes is (almost) equal. This means that Equation (4) can
be derived from Equation (1). Equation (4) describes the
ratio of the concentration of the two HG complexes as the
ratio of the square roots of the respective intensities.


½HG1�
½HG2�


¼
ffiffiffiffi
I1


p
ffiffiffiffi
I2


p ð4Þ


Together with the mass balance Equations (5)±(7) and the
binding constants Equations (8) and (9), the different un-


knowns in the equations can be solved to give the Ka2 value.


½HG1� þ ½HG2� þ ½H� ¼ ½H�tot ð5Þ


½HG1� þ ½G1� ¼ ½G1�tot ð6Þ


½HG2� þ ½G2� ¼ ½G2�tot ð7Þ


Ka1 ¼ ½HG1�
½H� � ½G1�


ð8Þ


Ka2 ¼ ½HG2�
½H� � ½G2�


ð9Þ


This approach was used to study the complexation behav-
ior of compounds 7 and 8 toward Br� , I� , ClO4


� , HSO4
� ,


and NO3
� (in all cases Bu4N


+ salts) in MeCN; the Ka values
are summarized in Table 4 and typical examples of the spec-


tra are shown in Figure 3. The Ka values for the complexa-
tion of Br� , I� , and ClO4


� were also determined with ITC
and are in excellent agreement. The data for ClO4


� com-
plexation clearly demonstrate the validity of this method,
even for very low Ka values.
The possible influence of a change of the settings of the


mass spectrometer on the ratio of the peak intensities of the
complexes 7@Cl� and 7@Br� (and consequently on the Ka


value) was studied. Varying the capillary voltage from
110 eV to 50 eV caused significant changes in the intensities
of the complexes; however, the ratio remained the same
(only a variation of 5%). This means that the influence on
the Ka value is negligible.
This method has also been validated by studying the influ-


ence of variations in the concentrations of the competing
anions. The results in triplicate are summarized in Table 5
for the competitive titration of 8@I� with different concen-
trations of Bu4NBr. Table 5 clearly shows the reproducibility
within one set of experiments, but it also makes clear that
changing the concentration hardly influences the Ka value.
The absolute values of the intensities in 8@Br� in entries 2
and 3 in Table 5 are almost the same, despite the larger Br�


concentration in entry 3. This is caused by suppression (vide
supra); however, because the intensity of 8@I� also drops,
the ultimate Ka value is unaffected.
The ESI-MS competitive method has also been successful-


ly applied to determine the Ka values of the anion complex-
ation behavior of the glucose- and galactose-functionalized
thiourea cavitands 11 and 12 toward Br� , I� , HSO4


� , and


Table 3. Ka values of Cl
� complexation by different hosts in MeCN ob-


tained with the ESI-MS calibrated competitive method with 7@Cl� as the
reference complex.


Entry Host Ka [m
�1]


1 9 14900
2 10 4600
3 15 5200
4 17 450 (440[a] , 430[b])
5 20 15400


[a] 8@Cl� as the reference complex. [b] ITC data.


Table 4. Ka values in MeCN of different complexes of compounds 7 and
8 obtained with the ESI-MS competitive method.


Complexes[a] Ka
[b] [m�1] Complexes[a] Ka


[b] [m�1]


7@Br�[c] 680 (680) 8@Br�[c] 680 (670)
7@I� 170 (175) 8@I� 180 (173)
7@ClO4


� 39 (37) 8@ClO4
� 40 (35)


7@HSO4
� 1700 8@HSO4


� 1680
7@NO3


� 870 8@NO3
� 880


[a] 7@Br� and 8@Br� were used as the reference complexes. [b] ITC data
are in parentheses. [c] The corresponding Cl� complexes were used as
reference complexes.
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NO3
� in a 1:1 mixture of MeCN and water. The results are


summarized in Table 6.


Evaluation of the Ka values: The complexation behavior of
the acetylated cavitands 7 and 8 and their deacetylated ana-
logues 11 and 12 toward different anions was studied. There
is a selectivity for Cl� in all cases. For compounds 7 and 8
(in MeCN), the binding affinities follow the order: Cl�>
HSO4


�>NO3
�>Br�> I�>ClO4


� (Table 4). As expected, in
a 1:1 MeCN/water mixture, the Ka values are much lower.
For compounds 11 and 12, the Ka values follow almost the


same order: Cl�>HSO4
�>Br�>NO3


�> I� (Table 6). For
the Cl� complexation of compounds 7, 8, and 9, thermody-


namic data have been determined with ITC (Table 1). The
complexation is enthalpically driven, but the entropy factor
also favors complexation. In the cases of compounds 7 and
8, there is a Cl�/Br� selectivity of �22. Surprisingly, this se-
lectivity is much more pronounced than that found for the
corresponding thioureamethyl cavitands that do not contain
sugar moieties, such as 20 in CDCl3. The preference for Cl


�


has also been found in other studies.[7c,29] The Br� and I�


ions are more weakly complexed because of their ™softer∫
nature, despite their increased size. Presumably, the spheri-
cal Cl� has a better fit within the thiourea binding pocket
than the trigonal NO3


� and tetrahedral HSO4
� .


The presence of a glucose or a galactose moiety hardly in-
fluences the Ka value for the Cl


� complexation (in MeCN).
The Ka value of propylthioureamethyl cavitand 20 is
15400m�1, compared to 14900m�1 for the corresponding
pentyl chain-containing acetylated glucose thioureamethyl
cavitand 9 (Table 3). However, probably for steric reasons,
the cellobiose unit has a negative effect on the complexa-


tion. Comparing the values for
the Cl� complexation of acety-
lated 7 and 10 and deacetylated
11 and 14, the Ka values drop
from 15100 to 4600m�1 (in
MeCN) and from 250 to 100m�1


(in MeCN/water = 1:1), re-
spectively.
Our study clearly shows the


positive effect of bringing to-
gether ligating sites on a molec-
ular platform. For instance,
compound 7 binds Cl� in
MeCN about 33 times better
than the acyclic analogue 17


(Ka = 440m�1). The corresponding deacetylated compounds
11 and 18 give Ka values of 250 and �5m�1 for Cl� com-
plexation in MeCN/water (1:1).
Despite the absence of a thiourea moiety, the thiamethyl-


linked glucose-containing cavitands 15 and 16 exhibit a rea-
sonable complexation of Cl� , namely, Ka values of 5200
(MeCN) and �60m�1 (MeCN/water = 1:1), respectively. In
the former case, the Ka value is only three times lower than
that of the corresponding thiourea cavitand 7. Apparently,
the combination of a cavitand cavity and glucose units facili-
tates Cl� complexation.


Figure 3. ESI-MS spectra in MeCN of mixtures of the complexes: 7@Br�


with a) 7@NO3
� , b) 7@I� , c) 7@HSO4


� . Initial concentrations: 7
(0.2 mm), Bu4NBr (0.4 mm), Bu4NNO3 (0.4 mm), Bu4NI (0.4 mm),
Bu4NHSO4 (0.4 mm).


Table 5. Competitive titration of 8@I� with Bu4NBr.


Entry Concentration [mm] Run Intensity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ið8@ Br�Þ


p
Ka(8@I


�) [m�1]


Bu4NBr Bu4NI 8@Br� 8@I�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ið8@ I�Þ


p


1 0.2 0.4 a 60322 18287 1.8162 172.9
b 60977 18653 1.8080 173.7
c 61231 18562 1.8166 172.8


2 0.4 0.4 a 81919 6111 3.6613 172.7
b 81435 6093 3.6558 173.0
c 80289 6132 3.6185 174.8


3 0.6 0.4 a 80458 2807 5.3538 178.4
b 81313 2803 5.3860 177.3
c 80425 2819 5.3413 178.8


Table 6. Ka values of different complexes of compounds 11 and 12 in
MeCN/water = 1:1 obtained with the ESI-MS competitive method.


Complexes Ka
[a] [m�1] Complexes Ka


[b] [m�1]1


11@Br� 162 12@Br� 157
11@I� 83 12@I� 78
11@HSO4


� 173 12@HSO4
� 176


11@NO3
� 114 12@NO3


� 109


[a] Reference complex 11@Cl� (Ka = 260m�1, determined by ITC).
[b] Reference complex 12@Cl� (Ka = 250m�1, determined by ITC).
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Conclusion


In this study we have demonstrated the value of ESI-MS for
the determination of Ka values for anion complexation with
(acetylated) glycocluster thioureamethyl cavitands. The
linear relationship found between the square root of the in-
tensity and the concentration of the formed host±guest com-
plex, allows direct determination of the Ka value by means
of a titration experiment. However, this linearity is only ob-
served when the suppression, the competitive influence of
the titrant, is negligible. To avoid the possible influence of
suppression, competitive methods were elaborated, namely,
the ™calibrated curve competitive method∫ and the ™com-
petitive method∫. The latter method is not sensitive to sup-
pression and does not require a calibration curve. It is based
on the comparison of the square roots of intensities of dif-
ferent related host±guest complexes. It is an excellent
method for the rapid quantitative determination of the com-
plexation behavior of a host toward a variety of guests.
The (acetylated) glycocluster thioureamethyl cavitands


show a high affinity for chloride in MeCN. The Ka values for
compounds 7±9 is �1.5î104m�1, which is more than
20 times higher than the corresponding values for the com-
plexation of bromide. In general, the affinity of cavitand-
based anion receptors for anions is 30 times higher than that
of the simple analogues 17 and 18 in both MeCN and
MeCN/water (1:1).
We feel that the described ESI-MS-based methods are


very valuable, new tools for Ka value determinations. They
are a useful alternative when other methods of determina-
tion fail.


Experimental Section


General : The reagents used were purchased from Aldrich or Acros Chi-
mica and used without further purification. All the reactions were per-
formed under a dry argon atmosphere. All solvents were freshly distilled
before use. Dry pyridine was obtained by distillation over calcium hy-
dride. Melting points were measured on a Sanyo Gellenkamp Melting
Point Apparatus and are uncorrected. Proton and carbon NMR spectra
were recorded on a Varian Unity Inova (300 MHz) spectrometer. Residu-
al solvent protons were used as an internal standard and chemical shifts
are given relative to tetramethylsilane (TMS). Chromatography was per-
formed with silica gel (SiO2, Merck, 0.063±0.2 mm). MALDI spectra
were recorded on a Voyager-DERP Biospectrometry Workstation by
PerSeptive Biosystems, Inc. (accelerating voltage 20000 V, mode of oper-
ation: reflector, polarity: positive, matrixes: dithranol and DHB). Com-
pounds 1,[23] 2,[30a] 4,[30a] 6,[30a] 17,[30b] 18,[30b] and 19[30c] were prepared fol-
lowing literature procedures.


ESI-MS : The ESI-MS experiments were carried out with a Micromass
LST ESI-TOF instrument. The solutions were introduced at a flow rate
of 20 mLmin�1 for 2 min (120 scans). The standard spray conditions,
unless otherwise specified, were: capillary voltage 2500 V, sample cone
voltage 30±110 V (optimal conditions for compounds 7±10 80 V, and for
11±14 30 V), desolvation gas flow 250 Lh�1, source temperature 100 8C,
desolvation temperature 100 8C, extraction cone voltage ~0 V and flow
cone gas is maintained at about 0 Lh�1. During a set of measurements,
the distance between the capillary and the cone is kept constant. Every
solution was injected five times. The values of the three intensities that
are the closest to one another were used for the calculations. To check
the stability of the signal, one of the solutions was used as a reference; it
was injected in between the five injections of each solution. The intensity


of the signal of the complex was calculated as the sum of the intensities
of all the components of the isotopic pattern.


ITC : The calorimetric titration experiments were performed in a Micro-
cal VP-ITC microcalorimeter with a cell volume of 1.4115 mL. The final
curves were modeled by means of a nonlinear regression analysis. The fit-
tings were calculated with Microcal Origin software.


Solubility measurements : A suspension of the relevant compound in
water (or acetonitrile) was sonicated for 20 min at 25 8C. The solid was
filtered off and the resulting solution (1±5 mL) was evaporated to dryness
(a freeze dryer was used in the case of water). The experiments were re-
peated twice.


Calculations : The system of Equations (4)±(9) was numerically solved
with the Maple8 program (Waterloo Maple Inc.). Calibration curve data
were also treated with the Maple8 program based on the system of
Equations (10)±(14) that include binding constant Equations (10) and
(11) and mass balance Equations (12)±(14) (known parameters: Ka, ref =


binding constant of the reference host±guest complex; [Gref]tot, [H]tot,
[Gnew]tot = total concentration of the reference guest, host, and the new
guest added, respectively; [HGref] = concentration of the reference host±
guest complex derived from the calibration curve; unknowns: Ka,new =


binding constant of the host with new guest; [Gref] , [Gnew], [H], [HGnew]
= concentrations of the reference guest, new guest, host, and the com-
plex of the host with the new guest, respectively):


Ka; ref ¼ ½HGref �
½H�½Gref �


ð10Þ


Ka;new ¼ ½HGnew�
½H�½Gnew�


ð11Þ


½Gref �tot ¼ ½HGref � þ ½Gref � ð12Þ


½Gnew�tot ¼ ½HGnew� þ ½Gnew� ð13Þ


½H�tot ¼ ½HGref � þ ½HGnew� þ ½H� ð14Þ


Equation (15) represents the analytical solution of the system of Equa-
tions (10)±(14), which is more convenient for the analysis of an array of
data. The calculations were performed with Microsoft Excel [Eq. (15)].


Ka;new ¼ Ka;refð½Gref �tot�½HGref �Þð½H�tot�½HGref �Þ�½HGref �
Ka;refð½Gref �tot�½HGref �Þð½Gnew�tot�½H�tot þ ½HGref �Þ þ ½HGref �


�Ka; refð½Gref �tot�½HGref �Þ
½HGref �


ð15Þ


Tetrakis(phthalimidomethyl)tetramethyl cavitand (3): A mixture of tetra-
kis(bromomethyl)tetramethyl cavitand 1 (0.96 g, 1 mmol) and potassium
phthalimide (1.11 g, 6 mmol) in MeCN (50 mL) was refluxed for five
days. The reaction mixture was evaporated to dryness, whereupon
CH2Cl2 (50 mL) and 1n NaOH (25 mL) were added to the residue. After
the mixture had been stirred for 10 min, the organic layer was separated
and washed with 1n NaOH (2î25 mL) and water (25 mL), dried over
MgSO4, and evaporated to dryness. The resulting solid was purified by
column chromatography (CH2Cl2 containing 2.5% MeOH). Yield: 65%;
m.p.>350 8C (CH2Cl2/EtOAc);


1H NMR (CDCl3): d = 7.93±7.78 (m,
8H; Phth), 7.78±7.63 (m, 8H; Phth), 7.20 (s, 4H; ArH), 5.81 (d, J =


7.3 Hz, 4H; O2CH), 4.92 (q, J = 7.3 Hz, 4H; Ar2CH), 4.43 (d, J =


7.3 Hz, 4H; O2CH), 4.66 (s, 8H; ArCH2N), 1.68 ppm (d, J = 7.3 Hz,
12H; CH3C);


13C NMR ([D6]DMSO): d = 168.0, 153.5, 138.8, 134.0,
123.4, 132.1, 121.1, 119.7, 99.6, 32.7, 31.1, 16.1 ppm; MS (MALDI): m/z
(%): 1228.9 (100) [M]+ ; elemental analysis calcd (%) for C72H52N4O16


(1229.2): C 70.35, H 4.26, N 4.56; found: C 70.07, H 4.18, N 4.83.


Tetrakis(aminomethyl)tetramethyl cavitand (5): A mixture of tetrakis-
(phthalimidomethyl)tetramethyl cavitand 3 (2.9 g, 2.36 mmol) and hydra-
zine hydrate (2.95 g) in MeOH/CH2Cl2 (1:3, 200 mL) was refluxed for
26 h. The solid was filtered off, the solution was evaporated to dryness,
and the crude product was triturated with diethyl ether (3î30 mL).
Double recrystallization from EtOH/iPrOH gave pure 5 as a white
powder. Yield: 60%; m.p.>350 8C (EtOH/iPrOH); 1H NMR
([D6]DMSO): d = 7.61 (s, 4H; ArH), 5.89 (d, J = 7.3 Hz, 4H; O2CH),
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4.80 (q, J = 7.7 Hz, 4H; Ar2CH), 4.41 (d, J = 7.7 Hz, 4H; O2CH), 3.46
(s, 8H; ArCH2N), 1.79 ppm (d, J = 7.7 Hz, 12H; CH3C);


13C NMR
([D6]DMSO): d = 152.1, 138.7, 129.3, 119.6, 99.4, 35.2, 31.2, 16.1 ppm;
MS (MALDI): m/z (%): 708.5 (100) [M]+ , 731.5 (50) [M+Na]+); ele-
mental analysis calcd (%) for C40H44N4O8 (708.8): C 67.78, H 6.26, N
7.90; found: C 67.94, H 6.50, N 7.71.


General procedure for the preparation of the acetylated glycoclusters 7±
10 : A solution of a pyranosylisothiocyanate[31] (1.06 mmol) and tetrakis-
(aminomethyl) cavitand 5 or 6 (0.21 mmol) in pyridine (20 mL) was stir-
red at room temperature for 3 d. After evaporation of the solvent, the re-
sulting solid was triturated with diethyl ether (2î20 mL) and subsequent-
ly recrystallized from 2-propanol. The pyranosylisothiocyanates used for
this synthesis (tetra-O-acetyl-b-d-glucopyranosylisothiocyanate,[31a] tetra-
O-acetyl-b-d-galacto-pyranosylisothiocyanate[31b] and hepta-O-acetyl-b-d-
cellobiosyl-isothiocyanate[31c]) were prepared by a slightly modified pro-
cedure used for the synthesis of the glucose derivative[31a] (refluxing the
corresponding a-bromopyranoside with Pb(NCS)2 in toluene for 4±6 h).


Tetrakis(1-tetraacetylglucosylthioureidomethyl)tetramethyl cavitand (7):
Yield: 80%; m.p. 230±231 8C (2-propanol); 1H NMR ([D6]DMSO): d =


7.73 (br s, 12H; ArH, NH), 5.91 (d, J = 7.0 Hz, 4H; O2CH), 5.78 (br s,
4H; H(1)-glu), 5.33 (t, J = 9.3 Hz, 4H; H(3)-glu), 5.0±4.7 (m, 12H;
H(2), H(4)-glu, Ar2CH), 4.43 (br s, 8H; ArCH2), 4.25 (br s, 4H; O2CH),
4.15 (dd, J(6a,6b) = 12.0 Hz, J(6a,5) = 4.0 Hz, 4H; H(6a)-glu), 3.95 and
3.92 (br s + s, 8H; H(6b), H(5)-glu), 1.97 (br s, 36H; CH3CO), 1.93 (s,
12H; CH3CO), 1.81 ppm (d, J = 7.0 Hz, 12H; CH3C);


13C NMR
([D6]DMSO): d = 183.1, 169.9, 169.4, 169.2, 152.5, 139.0, 123.3, 121.3,
99.2, 81.4, 72.7, 71.9, 70.4, 67.9, 61.6, 38.1, 31.3, 20.2, 20.2, 15.9 ppm; MS
(MALDI): m/z (%): 2265.1 (100) [M]+ , 2288.1 (80) [M+Na]+ ; elemental
analysis calcd (%) for C100H120N8O44S4 (2266.4): C 53.00, H 5.34, N 4.94, S
5.66; found: C 52.73, H 5.59, N 4.86, S 5.62.


Tetrakis(1-tetraacetylgalactosylthioureidomethyl)tetramethyl cavitand
(8): Yield: 85%; m.p. 233 8C (2-propanol); 1H NMR ([D6]DMSO): d =


7.73 (br s, 12H; ArH, NH), 5.91 (d, J = 7.5 Hz, 4H; O2CH), 5.78 (t, J =


9.5 Hz, 4H; H(1)-gal), 5.38±5.18 (m, 8H; H(4), H(3)-gal), 4.93 (t, J =


9.2 Hz, 4H; H(2)-gal), 4.81 (d, J = 7.5 Hz, 4H; Ar2CH), 4.44 (br s, 8H;
ArCH2), 4.22 (t + brs, J = 6.2 Hz, 8H; O2CH, H(5)-gal), 3.98 and 3.97
(s, 8H; H(6a), H(6b)-gal), 2.09 (s, 12H; CH3CO), 1.99 (s, 12H; CH3CO),
1.90 (s, 24H; CH3CO), 1.82 ppm (d, J = 7.3 Hz, 12H; CH3C);


13C NMR
([D6]DMSO): d = 183.2, 169.9, 169.4, 169.3, 152.5, 139.0, 123.1, 121.8,
99.1, 81.4, 72.7, 71.9, 70.4, 67.9, 61.6, 37.8, 31.3, 20.2, 20.3, 15.9 ppm; MS
(MALDI): m/z (%): 2265.0 (100) [M]+ , 2288.0 (80) [M+Na]+ ; elemental
analysis calcd (%) for C100H120N8O44S4 (2266.4): C 53.00, H 5.34, N 4.94, S
5.66; found: C 52.80, H 5.50, N 4.83, S 5.60.


Tetrakis(1-tetraacetylglucosylthioureidomethyl)tetraamyl cavitand (9):
Yield: 72%; m.p. 179±180 8C (2-propanol); 1H NMR ([D6]DMSO): d =


7.77 (br s, 8H; NH), 7.58 (s, 4H; ArH), 5.91 (d, J = 7.3 Hz, 4H; O2CH),
5.82 (br s, 4H; H(1)-glu), 5.34 (t, J = 9.4 Hz, 4H; H(3)-glu), 4.95±4.7 (m,
8H; H(2), H(4)-glu), 4.60 (t, J = 7.9 Hz, 4H; Ar2CH), 4.43 (br s, 8H;
ArCH2), 4.28 (brd, 4H; O2CH), 4.15 (dd, J(6a,6b) = 12.4 Hz, J(6a,5) =


4.4 Hz, 4H; H(6a)-glu), 4.1±3.7 (br s + s, 8H; H(6b), H(5)-glu), 2.35
(br s, 8H; CH2CH), 1.98 and 1.97 (s, 36H; CH3CO), 1.93 (s, 12H;
CH3CO), 1.45±1.2 (brm, 24H; (CH2)3), 0.88 ppm (d, J = 7.0 Hz, 12H;
CH3C);


13C NMR ([D6]DMSO): d = 183.2, 169.9, 169.4, 169.2, 152.9,
138.0, 123.4, 121.7, 99.1, 81.4, 72.7, 71.9, 70.5, 68.0, 61.6, 38.1, 36.9, 31.4,
29.2, 27.4, 22.1, 20.2, 20.3, 13.9 ppm; MS (MALDI): m/z (%): 2489.1 (70)
[M]+ , 2512.1 (100) [M+Na]+ ; elemental analysis calcd (%) for
C116H152N8O44S4 (2490.8): C 55.94, H 6.15, N 4.50, S 5.15; found: C 56.07,
H 6.25, N 4.26, S 5.07.


Tetrakis(1-tetracellobiosylthioureidomethyl)tetramethyl cavitand (10):
Yield: 86%; m.p. 248±250 8C (2-propanol); 1H NMR ([D6]DMSO): d =


7.74 (br s, 12H; ArH, NH), 5.91 (br s, 4H; O2CH), 5.78 (t, J = 8.4 Hz,
4H; H(1)-cel), 5.35±5.1 (m, 8H; H1’’, H(3)-cel), 5.0±4.7 (m, 16H;
Ar2CH, H(2), H(2)’’, H(3)’’-cel), 4.65 (t, J = 9.0 Hz, 4H; H(4)’’-cel), 4.42
(br s, 8H; ArCH2), 4.25 (t + brs, J = 10.8 Hz, 8H, O2CH, H(4)-cel),
4.14±3.9 (m, 16H; H(6a), H(6a)’’, H(6b), H(6b)’’-cel), 3.7±3.9 (m, 8H;
H5, H5’’-cel), 2.05 (s, 12H; CH3CO), 2.02 (s, 12H; CH3CO), 2.0±1.94 (m,
48H; CH3CO), 1.92 (s, 12H; CH3CO), 1.82 ppm (d, J = 6.6 Hz, 12H;
CH3C);


13C NMR ([D6]DMSO): d = 183.2, 170.2, 169.9, 169.5, 169.4,
169.3, 169.1, 168.9, 152.5, 139.0, 123.3, 121.3, 99.2, 81.2, 76.2, 73.1, 72.6,
72.2, 71.0, 70.6, 70.4, 67.7, 62.2, 61.5, 38.0, 31.3, 20.6, 20.4, 20.3, 20.1,


15.9 ppm; MS (MALDI): m/z (%): 3438.5 (100) [M+Na]+ ; elemental
analysis calcd (%) for C149H186N8O75S4 (3417.4): C 52.37, H 5.49, N 3.28, S
3.75; found: C 52.31, H 5.53, N 3.16, S 3.79.


General procedure for the preparation of the glycoclusters 11, 12, 13, 14,
16 : A catalytic amount of MeONa (�5% with respect to each AcO-sub-
stituent in the precursor) was added to a solution of the acetylated glyco-
clusters 7, 8, 9, 10, 15 (0.088 mmol) in MeOH/CH2Cl2 (1:4, 50 mL). The
reaction mixture was stirred overnight at room temperature. Water
(5 mL) was added and the reaction mixture was stirred for an additional
20 min. Subsequently, Amberlite IR-120 H+ (washed before with metha-
nol) was added and stirring was continued for an additional 15 min. The
Amberlite was filtered off and the organic solvents were evaporated at
reduced pressure (t<30 8C); the water was removed by freeze-drying.
The yield of glycoclusters is almost quantitative. An additional purifica-
tion by sonication with diisopropyl ether and washing with isopropanol is
also possible.


Tetrakis(1-glucosylthioureidomethyl)tetramethyl cavitand (11): Yield:
96%; m.p.>350 8C; 1H NMR ([D6]DMSO): d = 7.73 (s, 4H; ArH), 7.67
(s, 4H; NH), 7.49 (s, 4H; NH), 5.95 (d, J = 6.6 Hz, 4H; O2CH), 5.16
(br s, 4H; H(1)-glu), 4.81 (q, J = 7.3 Hz, 4H; Ar2CH), 4.43 (br s, 8H;
ArCH2), 4.30 (d, J = 6.6 Hz, 4H; O2CH), 3.97 (br s, 16H; OH), 3.59
(brd, J2 = 11.3 Hz, 4H, H(6a)-glu), 3.42 (brd, J2 = 10.0 Hz, 4H; H(6b)-
glu), 3.22±2.85 (m, 16H; H(2), H(3), H(4), H(5)-glu), 1.81 ppm (d, J =


7.3 Hz, 12H; CH3C);
13C NMR ([D6]DMSO): d = 183.1, 152.5, 139.0,


123.8, 121.1, 99.1, 83.6, 78.0, 77.5, 72.8, 69.7, 60.5, 37.8, 31.3, 15.9 ppm;
MS (MALDI): m/z (%): 1615.8 (100) [M+Na]+ ; elemental analysis calcd
(%) for C68H88N8O28S4 (1593.7): C 51.25, H 5.57, S 8.05; found: C 50.98,
H 5.61, S 8.00.


Tetrakis(1-galactosylthioureidomethyl)tetramethyl cavitand (12): Yield:
95%, m.p.>350 8C; 1H NMR ([D6]DMSO): d = 7.23 (s, 4H; ArH), 7.67
(s, 4H; NH), 7.49 (s, 4H; NH), 5.95 (d, J = 6.6 Hz, 4H; O2CH), 5.15
(br s, 4H; H(1)-gal), 4.98 (br s, 8H; OH), 4.81 (brd, J = 7.3 Hz, 8H;
Ar2CH, OH), 4.42 (br s, 12H; ArCH2, OH), 4.29 (d, J = 6.6 Hz, 4H;
O2CH), 3.58 (d, J2 = 11.3 Hz, 4H; H(6a)-gal), 3.5±2.8 (m, 20H; H(2),
H(3), H(4), H(5), H(6b)-gal), 1.81 ppm (d, J = 7.3 Hz, 12H; CH3C);


13C
NMR ([D6]DMSO): d = 183.0, 152.5, 139.0, 123.8, 121.1, 99.1, 83.5, 78.0,
69.7, 72.8, 77.5, 60.5, 37.8, 31.3, 15.9 ppm; MS (MALDI): m/z (%): 1615.6
(100) [M+Na]+ ; elemental analysis calcd (%) for C68H88N8O28S4 (1593.7):
C 51.25, H 5.57, S 8.05; found: C 50.95, H 5.67, S 7.98.


Tetrakis(1-glucosylthioureidomethyl)tetraamyl cavitand (13): Yield:
90%; m.p.>350 8C; 1H NMR ([D6]DMSO): d = 7.72 (s, 4H; NH), 7.58
(s, 4H; ArH), 7.48 (s, 4H; NH), 5.95 (d, J = 6.6 Hz, 4H; O2CH), 5.19
(br s, 4H; H(1)-glu), 4.96 (br s, 8H; OH), 4.82 (br s, 4H; OH), 4.62 (q,
J = 7.3 Hz, 4H; Ar2CH), 4.43 (br s, 8H; ArCH2), 4.30 (d, J = 6.6 Hz,
4H; O2CH), 3.60 (d, J2 = 11.0 Hz, 4H; H(6a)-glu), 3.46 (d, J2 = 10 Hz,
4H; H(6b)-glu), 3.4±2.9 (m, 20H; OH, H(2), H(3), H(4), H(5)-glu), 2.37
(q, J = 7.2 Hz, 8H; CH2CH), 1.52±1.15 (m, 24H; (CH2)3), 0.89 ppm (t,
J = 7.2 Hz, 12H; CH3);


13C NMR ([D6]DMSO): d = 183.1, 152.8, 138.0,
123.8, 121.5, 99.2, 83.6, 78.0, 77.5, 72.8, 69.7, 60.5, 37.8, 36.9, 31.4, 29.2,
27.4, 22.2, 13.9 ppm; MS (MALDI): m/z (%): 1840.0 (100) [M+Na]+ ;
elemental analysis calcd (%) for C84H120N8O28S4 (1818.2): C 55.49, H
6.65, S 7.05; found: C 55.28, H 6.75, S 6.95.


Tetrakis(1-cellobiosylthioureidomethyl)tetramethyl cavitand (14): Yield:
92%; m.p.>350 8C; 1H NMR ([D6]DMSO): d = 7.73 (s, 8H; ArH, NH),
7.51 (s, 4H; NH), 5.96 (br s, 4H; O2CH), 5.21 (br s, 4H; H(1)-cel), 4.81
(d, J = 6.9 Hz, 8H; Ar2CH, OH), 4.6±2.9 (br s + m, 88 H + water;
ArCH2, O2CH, OH, H(2,6b), H(1’’,6b’’)-cel), 1.81 ppm (d, J = 6.3 Hz,
12H; CH3C);


13C NMR ([D6]DMSO): d = 180.9, 152.5, 139.0, 123.8,
121.1, 103.0, 83.3, 79.7, 76.7, 76.4, 76.2, 75.7, 74.8, 73.3, 72.5, 70.0, 61.0,
60.2, 37.8, 31.3, 15.9 ppm; MS (MALDI): m/z (%): 2263.9 (100)
[M+Na]+ ; elemental analysis calcd (%) for C92H128N8O48S4¥10H2O
(2422.5): C 45.62, H 6.16, N 4.63, S 5.29; found: C 45.82, H 6.04, N 4.43,
S 5.18.


Tetrakis(1-glucosylthiomethyl)tetramethyl cavitand (16): Yield: 91%;
m.p.>350 8C; 1H NMR ([D6]DMSO): d = 7.63 (s, 4H; ArH), 6.02 (d,
J = 7.3 Hz, 4H; O2CH), 5.04 (br s, 8H; OH), 4.79 (q, J = 7.3 Hz, 4H;
Ar2CH), 4.70 (br s, 4H; OH), 4.40±4.20 (m, 8H; O2CH, H(1)-glu), 3.85±
3.67 (m, 8H; H(6a)-glu, OH), 3.5±3.25 (m, 12H; H(6b)-glu, ArCH2S),
3.25±3.0 (m, 12H; H(3), H(4), H(5)-glu), 2.93 (t, J = 9.0 Hz, 4H; H(2)-
glu) 1.82 ppm (d, J = 7.3 Hz, 12H; CH3C);


13C NMR ([D6]DMSO): d =
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152.1, 138.8, 125.9, 120.0, 99.2, 84.3, 81.0, 78.2, 73.0, 70.2, 31.2, 21.9,
16.0 ppm; MS (MALDI): m/z (%): 1447.6 (100) [M+Na]+ ; elemental
analysis calcd (%) for C64H80O28S4 (1425.6): C 53.92, H 5.66, S 9.00;
found: C 53.63, H 5.77, S 8.89.


Tetrakis(1-tetraacetylglucosylthiomethyl)tetramethyl cavitand (15): A
solution of 2,3,4,6-tetra-O-acetyl-b-glucopyranosylthiol[32] (530 mg,
1.45 mmol) in CH2Cl2 (5 mL) was added to a suspension of K2CO3


(0.95 g, 2.9 mmol) in a solution of tetrakis(bromomethyl)tetramethyl cav-
itand (1, 289 mg, 0.29 mmol) in CH2Cl2 (15 mL). The reaction mixture
was stirred at room temperature for 75 h, whereupon the salts were fil-
tered off. The solution was evaporated to dryness at reduced pressure
(T<40 8C). The solid was triturated with diethyl ether and recrystallized
from MeOH. Yield: 88%; m.p. 176±177 8C (MeOH); 1H NMR (CDCl3):
d = 7.20 (s, 4H; ArH), 5.91 (d, J = 7.3 Hz, 4H; O2CH), 5.19 (t, J =


9.2 Hz, 4H; H(3)-glu), 5.09 (t, J = 9.5 Hz, 4H; H(4)-glu), 5.00 (t, J =


9.9 Hz, 4H; H(2)-glu), 4.98 (q, J = 7.3 Hz, 4H, Ar2CH), 4.55 (d, J =


9.9 Hz, 4H; H(1)-glu), 4.36 (d, J = 7.3 Hz, 4H; O2CH), 4.24 (dd,
J(6a,6b) = 12.5 Hz, J(5,6b) = 4.4 Hz, 4H; H(6b)-glu), 4.10 (dd, J(6b,6a)
= 12.5 Hz, J(5,6a) = 2.4 Hz, 4H; H(6a)-glu), 3.6±3.9 (m, 12H; ArCH2,
H(5)-glu), 2.07 (s, 12H; CH3CO), 2.04 (s, 12H; CH3CO), 2.00 (s, 12H;
CH3CO), 1.81 (s, 12H; CH3CO), 1.76 ppm (d, J = 7.3 Hz, 12H; CH3C);
13C NMR ([D6]DMSO): d = 169.9, 169.4, 169.2, 168.9, 152.2, 138.6, 124.2,
120.5, 99.5, 82.5, 74.3, 72.9, 69.6, 68.1, 61.9, 31.2, 23.5, 20.3, 20.2, 19.6,
15.9 ppm; MS (MALDI): m/z (%): 2119.7 (80) [M+Na]+ ; elemental
analysis calcd (%) for C96H112O44S4 (2098.2): C 54.96, H 5.38, S 6.11;
found: C 54.80, H 5.38, S 6.06.


Tetrakis(propylthioureidomethyl)tetraamyl cavitand (20): A solution of
propylisothiocyanate (242 mg, 0.25 mL, 1.8 mmol) and tetrakis(amino-
methyl) cavitand 6 (278 mg, 0.3 mmol) in MeOH:CH2Cl2 (1/3; 20 mL)
was stirred at room temperature for two days. The solvent was evaporat-
ed to dryness. The resulting solid was triturated with hexane (2î20 mL)
and then purified by column chromatography (CH2Cl2 containing 5%
MeOH, Rf = 0.17) followed by trituration with MeCN (2î5 mL). Yield:
83%; m.p. 214±215 8C; 1H NMR (CDCl3): d = 7.12 (s, 4H; ArH), 6.30
(br s, 4H; NH), 6.13 (br s, 4H; NH), 5.99 (d, J = 7.2 Hz, 4H; O2CH),
4.73 (t, J = 8.0 Hz, 4H; Ar2CH), 4.41 (d, J = 7.2 Hz, 4H; O2CH), 4.35
(br s, 8H; ArCH2N), 3.42 (br s, 8H; AlkCH2N), 2.20 (q, J = 7.2 Hz, 8H;
CH2CH), 1.76±1.60 (m, 8H; MeCH2CH2N), 1.48±1.28 (m, 24H; (CH2)3),
1.02±0.86 ppm (m, 24H; CH3);


13C NMR (CDCl3): d = 181.0, 153.1,
138.5, 122.8, 120.4, 99.9, 36.9, 32.0, 30.0, 27.6, 22.6, 22.2, 14.1, 11.5 ppm;
MS (MALDI): m/z (%): 1336.7 (100) [M]+ ; elemental analysis calcd (%)
for C72H104N8O8S4 (1337.9): C 64.64, H 7.83, N 8.38, S 9.59; found: C
64.67, H 7.82, N 8.29, S 9.64.
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Enantioselective Fluorescence Sensing of Amino Acids by Modified
Cyclodextrins: Role of the Cavity and Sensing Mechanism
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Arnaldo Dossena,[a] Marco Montalti,[b] Luca Prodi,[b] Nelsi Zaccheroni,[b] and
Rosangela Marchelli[a]


Introduction


Optical sensing by molecular recognition principles has
become increasingly important in recent years.[1] Optical
sensing molecules have been designed for ions and organic
compounds, by use of supramolecular chemistry in combina-
tion with optical and photophysical properties.[2] Fluorescent
sensors are of particular interest, due to the high sensitivity
and selectivity of the detection method,[3] and to their prop-
erties as photoionic gates and switches.[4] Fluorescent sens-
ing molecules capable of detecting metal ions have been re-
ported, based on changes in fluorescence intensity due to
photoinduced electron transfer (PET)[5] or proton transfer
processes,[6] or shifts in the fluorescence maxima induced by
complexation,[7] by excimer formation[8] or by irreversible
reactions.[9] Sensors for anions[10] and bioactive organic mol-
ecules[11] have also been synthesized, some of them showing
remarkable selectivity.


Application of chemosensors as components of an ™artifi-
cial tongue∫ for the parallel detection of organic molecules
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of the ternary mixtures containing cyclodextrin 4, copper(ii) and d- or
l-proline.


Abstract: Two selectors based on modi-
fied cyclodextrins containing a metal
binding site and a dansyl fluoro-
phore–6-deoxy-6-N-(Na-[(5-dimethyl-
amino-1-naphthalenesulfonyl)amino-
ethyl]phenylalanylamino-b-cyclodex-
trin–containing d-Phe (3) and l-Phe
(4) moieties were synthesized. The con-
formations of the two selectors were
studied by circular dichroism, two-di-
mensional NMR spectroscopy and
time-resolved fluorescence spectrosco-
py. Cyclodextrin 4 was found to have a
predominant conformation in which
the dansyl group is self-included in the
cyclodextrin cavity, while 3 showed a
larger proportion of the conformation
with the dansyl group outside the
cavity. As a consequence, the two cy-


clodextrins were found to bind cop-
per(ii) with different affinities, as re-
vealed by fluorescence quenching in
competitive binding measurements.
Addition of d- or l-amino acids in-
duced increases in fluorescence intensi-
ty, which were dependent on the amino
acid used and in some cases on its ab-
solute configuration. The cyclodextrin
4 was found to be more enantioselec-
tive than 3, suggesting that the self-in-
clusion in the cyclodextrin cavity
strongly increases the chiral discrimina-
tion ability of the copper(ii) complex.


Accordingly, a linear fluorescent ligand
Na-[(5-dimethylamino-1-naphthalene-
sulfonyl)aminoethyl]-N1-propyl-phenyl-
alaninamide, which has the same bind-
ing site and absolute configuration as
4, showed very low chiral discrimina-
tion ability. The enantioselectivity in
fluorescence response was found to be
due to the formation of diastereomeric
ternary complexes, which were detect-
ed by ESI-MS and by circular dichro-
ism. Time-resolved fluorescence studies
showed that the fluorescence of the
dansyl group was completely quenched
in the ternary complexes formed, and
that the residual fluorescence was due
to uncomplexed ligand.


Keywords: amino acids ¥ copper ¥
cyclodextrins ¥ enantioselectivity ¥
sensors
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in solution has recently been
proposed.[12] One of the essen-
tial features of natural taste sen-
sory systems is the ability to dis-
criminate between enantiomers;
for example, l-amino acids are
bitter, while d-amino acids are
sweet. Moreover, enantioselec-
tivity is also one of the most im-
portant goals for the sensing of
organic substances,[13] since bio-
logical activity is strictly corre-
lated with stereochemistry. Al-
though some enantioselective
sensors based on enzymes,[14] on
piezoelectric effects,[15] or on
colorimetric methods[16] have
been proposed in recent years,
very few examples of enantiose-
lective fluorescence sensors
have been reported.[17,18]


Modified cyclodextrins bearing fluorescent moieties have
been used by Ueno and co-workers as sensors for a wide va-
riety of organic guests, including chiral molecules.[19] The ad-
vantages of the use of cyclodextrin derivatives are: 1) solu-
bility in water, which circumvents problems with highly lipo-
philic fluorescent groups that can limit application in biolog-
ical systems, 2) fluorescence enhancement of some fluoro-
phores through inclusion within the cyclodextrin cavity,[20]


3) the presence of a lipophilic cavity which can act as a rec-
ognition motif for apolar groups in water,[21] and 4) the use
of intramolecular interactions to obtain rigidly preorganized
structures from flexible synthons.


The use of cyclodextrins modified with chiral fluorescent
side arms has been described. Cyclodextrin mono-deriva-
tives containing either d- or l-dansylleucine were shown to
recognize organic guests with both chemo- and diastereose-
lectivity, the recognition properties being affected by the
configuration of the leucine residue.[22] An l-tryptophan-
modified b-cyclodextrin was recently described, and showed
enantioselective binding of organic guests such as borneol
or menthol.[23] However, this type of approach is not suitable
for the enantioselective binding of bifunctional polar mole-
cules such as unmodified amino acids.


Modification with groups containing metal binding moiet-
ies allows the use of metal complexes of cyclodextrins as
binding sites for organic molecules with donor groups.[24] For
example, enantiomeric recognition of unmodified amino
acids was performed with the copper complex of a hista-
mine-modified b-cyclodextrin and related molecules.[25]


We have recently described the synthesis and binding
properties of modified b-cyclodextrins 1 and 2, containing a
binding site for copper(ii) and a dansyl fluorophore.[26,27]


The cyclodextrin CD-dien-DNS 2 has been found to un-
dergo fluorescence quenching in the presence of copper(ii),
thus acting as a fluorescent chemosensor with good metal
ion selectivity. One interesting property of the complex Cu-
2 was that the fluorescence was ™switched on∫ in the pres-
ence of amino acids, with responses depending on the amino


acid used,[27] as a result of the formation of ternary com-
plexes.[28] However, no enantioselectivity was observed in
this case.


In a preliminary communication, we reported the use of
this approach to obtain enantioselective fluorescence sen-
sors for unmodified amino acids. We synthesized the two
modified cyclodextrins 3 and 4, each bearing an Na-(N2-dan-
sylaminoethyl)-d-(or l)-phenylalanine unit as a copper(ii)-
binding moiety.[29] Our design being based on our previous
experience in enantiomer separation by copper(ii) com-
plexes of amino acid amides (ligand-exchange chromatogra-
phy),[30±31] the fluorescent group was chosen to have an
amino, an amide, and a sulfonamide group as binding sites
for copper(ii), and an additional chiral centre to enhance
enantioselectivity. b-Cyclodextrin was chosen as platform,
since the size of the cavity is most suited for the complexa-
tion of the dansyl residue.[26]


Herein we report a systematic study of the sensing mecha-
nism of the two cyclodextrins 3 and 4 by spectroscopic
methods. Comparison between the two cyclodextrins and
the analogous compound 5, without the cyclodextrin part,
provided precious insights into the role of the cavity in the
recognition process.


The mechanism of fluorescence sensing was studied by
steady-state and time-resolved fluorescence and circular di-
chroism, and the enantioselectivity was evaluated as a func-
tion of the analyte amino acid and of the cyclodextrin struc-
ture.


Results and Discussion


Synthesis : Na-(N2-Dansylaminoethyl)-d-(or l)-phenylalanine
d-8 or l-8 were synthesized from d- and l-phenylalanine
benzyl ester with a simple two-step strategy (Scheme 1).
tert-Butoxycarbonyl(Boc)-protected aminoethylphenylala-


nine benzyl ester 6 was first synthesized by a general strat-
egy for the synthesis of chiral peptide nucleic acids
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(PNAs).[32] Simultaneous removal of Boc and benzyl groups
was carried out with AlCl3. The resulting mixture containing
aminoethylphenylalanine (7) was treated with dansyl chlo-
ride at low temperature (0 8C, in order to avoid sulfonyla-
tion of the secondary amine) to yield d-8 or l-8. The two
modified cyclodextrins 3 and 4 were synthesized by treat-
ment of 6-deoxy-6-amino-b-cyclodextrin 9 with d-8 or l-8,
respectively, in the presence of a coupling reagent (HBTU).
Good enantiomeric purities (ee = 95% for 3 and 94% for
4) were obtained, as measured by hydrolysis of the ligands
with HCl followed by chiral GC-MS analysis of the resulting
N-2-aminoethylphenylalanine by a method previously devel-
oped by us.[33]


The linear ligand 5 was obtained in a similar way, by
treatment of l-8 with n-propylamine.


Conformations of the ligands : The two diastereomeric cyclo-
dextrins 3 and 4 showed different conformational properties
in solution. Their circular dichroism spectra, reported in
Figure 1, showed 350 nm bands of opposite signs.


In the inclusion complexes of substituted naphthalenes
with cyclodextrins, the signs of the induced circular dichro-
ism (ICD) bands are dependent on the type of complex
formed (axial or equatorial) and on the position of the chro-
mophore with respect to the cavity (inside or outside).[34] In
our previous work we had been able to assign the differen-
ces in the ICDs of cyclodextrins 1 and 2 to different orienta-
tions of the dansyl moiety within the cavity, as confirmed by
NMR data; in particular, an intense negative band in the
350 nm region was associated with deep axial complexation,
while a positive one was interpreted as due to equatorial
complexation.


In the present case, the positive band of 4 can be inter-
preted as due to equatorial inclusion of the dansyl group,
while the weak negative band of 3 could be due either to
axial complexation or to the dansyl group being positioned
outside the cavity in an equatorial orientation. The circular


dichroism spectrum of 5, with the same absolute configura-
tion of the side arm of 4, showed a weak negative nature of
the 350 nm band, indicating that the spectrum of the latter
compound is not due to the asymmetry of the side arm, but
rather to its interaction with the cyclodextrin cavity.


Two-dimensional NMR spectra (ROESY and TOCSY)
were used to better characterize the different conformations.
Figure 2 reports the portions of the ROESY spectra showing
the cross-peaks connecting the aromatic with the cyclodex-
trin protons.


In the case of the l-Phe-containing cyclodextrin 4, corre-
lations between the protons of the dansyl group– protons 3’
and 7’ in particular–with those of the cyclodextrin were de-
tected, suggesting equatorial inclusion within the CD cavity.
In the case of 3, only correlations between the phenylala-
nine aromatic protons and the cyclodextrin cavity were de-
tected, thus suggesting a predominant conformation with
the dansyl group outside and the phenyl ring inside or on
top of the cavity.


Since the NMR timescale did not allow the contributions
of the different conformations to be evaluated, steady-state
and time-resolved fluorescence measurements were also per-
formed.


The absorption spectra of 4, 3 and 5 in water solutions are
similar but not superimposible, showing a small red shift
(from 333 to 335 nm) and a lowering of the molar absorptiv-
ity (3900, 3700 and 3600m�1 cm�1, respectively) in that order.


Figure 3 shows the fluorescence emission spectra of the
two cyclodextrins 3 and 4, measured under the same condi-
tions, and that of the linear analogue 5. Table 1 lists the cor-
responding excited state lifetimes and pre-exponential
terms.


The fluorescence spectra of 3, 4 and 5 in water solutions
(Figure 3, normalized to the same relative intensity) show a
trend very similar to that observed for the absorption spec-
tra, but quantitatively more pronounced. A red shift in the


Scheme 1. Synthesis of the cyclodextrins 3 and 4 and of the amide 5 :
i) NaBH3CN, CH3COOH, in MeOH, RT, 2 h; ii) AlCl3, anisole, CH3NO2,
CH2Cl2, 0 8C, 15 min; iii) dansyl chloride, Li2CO3 in H2O/CH3CN, 0 8C,
4 h; iv) HBTU/DIEA in DMF dry, 3 h. Figure 1. Circular dichroism spectra of: a) 4, b) 3 in aqueous solution


(0.1m borate buffer, pH 7.3), and c) 5 in MeOH/H2O 9:1 (0.02m borate
buffer, pH 8.0).
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fluorescence maximum is again observed on going from 4 to
3 and on to 5, together with a decrease in the relative fluo-
rescence intensity in the same order. In addition, while the
excited state decay of 5 was strictly mono-exponential (t =


4 ns), the decay of 3 and 4 can be conveniently fitted only if


two different lifetimes are taken into account (t1 = 4 ns;
t2 = 15 ns).


The charge-transfer excited state responsible for the
dansyl fluorescence is very sensitive to the polarity of its en-
vironment; in particular, its maximum experiences a shift to-
wards higher energy in apolar media, as shown by fluores-
cent measurements on other dansyl derivatives.[35] At the
same time, increases in the fluorescence quantum yield and


Figure 2. Portions of the ROESY 400 MHz spectra (D2O, pH 7.0) of: a) 3, b) 4, showing cross-peaks between aromatic and aliphatic protons. A±G refer
to different glucose rings.


Figure 3. Fluorescence emission spectra. Left: a) 3 (6î10�5
m), b) 3 (6î


10�5
m) after addition of a 50-fold excess of adamantane-1-carboxylic acid


(ACA). Right: a) 4 (6î10�5
m), b) 4 (6î10�5


m) after addition of a 50-fold
excess of ACA, c) 5 (6î10�5


m). Solvent: borate buffer 0.1m, pH 7.3. lex
= 345 nm for 3 and 4, 335 for 5. Intensities are expressed as the percent-
age of the fluorescence of cyclodextrin 4 (corrected as described in the
Experimental Section).


Table 1. Excited state lifetimes (t) and pre-exponential terms (a) ob-
served for samples of 3, 4 and 5 solutions in aqueous borate buffer (0.1m,
pH 7.3), and of 5 in MeOH/H2O 9:1 borate buffer (0.2m, pH 7.9).


Sample tA [ns] aA [%] tB [ns] aB [%]


3 15 38 4 62
Cu-3 16 26 4 74


Cu-3/l-Pro[a] 16 30 4 70
Cu-3/d-Pro[a] 16 31 4 69


4 16 69 4 31
Cu-4 16 59 4 41


Cu-4/l-Pro[a] 17 51 5 49
Cu-4/d-Pro[a] 18 53 5 47


5 - - 4 100
5[b] - - 13.2 100


[a] Copper(ii)/cyclodextrin/amino acid 1:1:1.[b] Measured in MeOH/H2O
(9:1) borate buffer (0.2m, pH 7.9).
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in the excited state lifetime are observed, according to the
shielding of the cyclodextrin cavity[19] and in agreement with
the energy gap rule.[36]


From the presence of two different lifetimes, the overall
fluorescence bands observed for 3 and 4 can be interpreted
as a linear combination of two different bands: one with
higher energy and longer lifetime, originating from dansyl
units lying in a relatively apolar environment, and the other
at lower energy with shorter lifetime, originating from units
lying in a more polar environment.


The observed behaviour is thus consistent with a two-
state model for the dansylated cyclodextrins, as previously
described, with equilibrium between one conformation (out)
in which the dansyl group is outside the cavity (more polar
environment) and has a short fluorescence lifetime (t1), and
one (in) with self-inclusion of the dansyl moiety (t2, more
polar environment). The pre-exponential terms (a1 and a2),
corresponding to the molar fractions of these two conforma-
tions, were found to be different for the two cyclodextrins: 3
showed only 38% of the ™in∫ conformation, while 4 showed
69%. The difference in the normalized fluorescence intensi-
ties between the two cyclodextrins is thus due solely to the
different extent of self-inclusion of the dansyl group, which
is larger for 4. This conclusion finds further support in anal-
ysis of the excited state lifetime of 5, which increases from 4
to 16 ns in the presence of an excess of b-cyclodextrin, as a
result of its inclusion in the cavity of the host.


Moreover, the addition of a 50:1 excess of 1-adamantane-
carboxylic acid (ACA), which is known to form inclusion
complexes with b-cyclodextrin, induced decreases in the
fluorescence intensity for both 3 and 4 (Figure 3); after the
addition, both cyclodextrins showed the same fluorescence
maxima, suggesting that the inclusion of the guest had shift-
ed the equilibrium towards the ™out∫ for both 3 and 4.


Similar results had previously been described by Ueno
and co-workers for diastereomeric mono-functionalized b-
cyclodextrins containing dansyl-d- or -l-leucine:[22] the latter
was found to have a larger fraction (a = 0.77) of the isomer
showing a long excited state lifetime than the former (a =


0.67), indicating that the chirality of the leucine residue
could bias the conformational–and hence the molecular
recognition and sensing–properties of these molecules. In
the present case the difference in the distributions of the
two conformations is much larger, suggesting that the self-
inclusion of the dansyl moiety is more affected by the con-
figuration of the phenylalanine linker.


The fluorescence properties of 5 in methanol/water (9:1)
solutions are very similar to those typical of dansyl deriva-
tives in methanol, and, as expected, its excited state decay
was again strictly mono-exponential (t = 13 ns).


Copper(ii) binding : Both cyclodextrins were shown to be
quenched by copper(ii) (Figure 4a); the quenching effects
upon addition of Cu2+ in a 1:1 ratio were found to be in the
same range for the two cyclodextrins.


It is important to note that in both cases a residual fluo-
rescence band can still be observed even upon addition of
one equivalent of metal ion. These bands have the same
shapes and the same lifetimes (with the same distribution)


as for the free 3 and 4, indicating that they are due to un-
complexed ligand (Table 1). Since direct titration with
excess of Cu2+ ion was unsuccessful, due to precipitation,
competition experiments were performed with Cu(EDTA)2�


as titrant (Figure 4b).
From these data the conditional equilibrium constants (K)


for the equilibrium (1) at pH 7.0 could be calculated (K(3)
= 0.020, s.d. = 0.002 and K(4) = 0.013, s.d. = 0.001). If it
is assumed that no tertiary complexes are formed in these
experiments, the stability of Cu-3 can be gauged higher than
that of Cu-4. This effect could be due to a lower degree of
flexibility in 4 due to the inclusion of the dansyl group
within the cavity.


CuðEDTAÞ2� þ 3 ðor 4Þ Ð Cu-3 ðor Cu-4Þ þ EDTAþ nHþ


ð1Þ


Enantioselective recognition of amino acids : The addition of
amino acids to the copper(ii) complexes of 3 or 4 in a 1:1
ratio caused increases in the fluorescence. These were de-
pendent on the type of amino acid used and, for some
amino acids, on the absolute configuration.[29]


The enantioselectivity displayed by the copper(ii) com-
plexes of cyclodextrins 3 and 4 was evaluated in terms of re-
producibility, in order to ascertain whether and under which
conditions the enantioselective effect might be useful for an-
alytical applications. Three samples were analysed for each
amino acid, to assess the significance of enantioselectivity
observed at three different amino acid/copper(ii) complex
molar ratios (1:1, 2:1 and 10:1). The results obtained were
compared by use of Student×s t-test to verify the significance
of the differences observed in fluorescence intensity
(Table 2 and Table 3).


The best enantioselectivity was observed for proline with
both cyclodextrins, and cyclodextrin 4 showed better enan-
tiomeric recognition than 3.


With 3, good enantioselectivity and high significance were
found only in the case of Pro for all the molar ratios utiliz-
ed; Val and Ser gave significant differences at low amino


Figure 4. a) Fluorescence intensity decrease of 3 and 4 upon addition of
CuSO4 in 1:1 ratio, b) titration of 3 (&) and 4 (~) with Cu(EDTA)2� com-
plex at pH 7.0. Concentration: 6î10�5


m, lex = 345 nm, lem = 516 nm.
Vertical bars indicate standard deviations.
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acid excess, while Leu gave a significant difference only at
10:1 excess. When cyclodextrin 4 was used instead, the
copper complex gave good enantioselectivities for Pro, Val,
Leu, Ser, Phe, and PhGly at all ratios, while Lys and Tyr
enantiomers were discriminated only at low molar excess.


It is worth noting that alanine, with a small aliphatic side
chain, produced negligible differences between the two
enantiomers in fluorescence response, while the larger ring
of proline and the aromatic moiety of phenylalanine in-
duced enantiomeric differentiation. Large differences were
also found in the case of tryptophan, but the large standard
deviations obtained for this amino acid did not allow enan-
tioselectivity to be assessed.


The linear ligand 5 was tested with Pro and Phe enan-
tiomers, and the results showed remarkably lower enantiose-
lectivity, thus indicating that the cyclodextrin cavity in 4
plays a role in determining the discriminating ability of the
ligand (Table 3).


The good enantioselectivity obtained with proline for 4 al-
lowed us to perform quantitative measurements of the enan-
tiomeric purities of samples of intermediate composition by
fast fluorescence measurements, with an accuracy within
5%.[29]


The Cu-3 and Cu-4 complexes might therefore be usable
as model systems for the development of enantioselective
fluorescence chemosensors for unmodified amino acids for
use in analytical applications. It was thus of great interest to
understand the origin of the enantioselectivity and the sens-
ing mechanism involved.


Mechanism of chiral discrimination : The observed enantio-
selectivity in the ™switching on∫ process of the fluorescence
of the two complexes can only be explained in terms of the
formation of ternary cyclodextrin/copper(ii)/amino acid
complexes. The formation of these species was confirmed by
ESI-MS measurements (see Supporting Information) per-
formed under pH conditions comparable to those used for
fluorescence experiments (pH 7.0). In the presence of 4,
copper(ii) ions, and proline enantiomers, we detected signals
for the ligand alone (as potassium adduct [LK]+), for the
copper(ii) complex ([CuLH�2K2]


2+ and [CuLH�2K]+), and
of the ternary complex ([CuLH�1(Pro)K]+ and [CuLH�1-
(Pro)K2]


2+). Therefore, both the amide and sulfonamide are
deprotonated at this pH in the binary complex, while the
ternary complex is mono-deprotonated, suggesting that the
bidentate amino acid has displaced the sulfonamide group
from the copper ion. The binary copper(ii)/amino acid com-
plex [Cu(Pro)2K]+ was also detected. Although the concen-
trations of the species were higher in these experiments
than in the fluorescence measurements, due to the lower
sensitivity of this technique, the formation of ternary com-
plexes can be clearly demonstrated by this experiments.


Further evidence of the formation of ternary complexes
and of their structures was provided by circular dichroism
spectra (Figure 5).


The formation of the copper complex is accompanied by
an increase in the signal intensity of the band at 350 nm,
which indicated a more rigid structure, with the dansyl
group equatorially oriented. A second band appeared at
280 nm, and was attributed to the deprotonated sulfonamide
group, on the basis of circular dichroism spectra of the cy-
clodextrin 2 copper complex. This band appears at the same
pH at which the deprotonation of the sulfonamide takes
place (results not shown). Upon addition of one molar
equivalent of d- or l-Pro, or of d- or l-Phe, the CD spectra
showed a positive band at 350 nm, more intense than that of
the free ligand and, in the case of l-Pro and d-Phe, of the
copper(ii) binary complex. At the same time, the band at
280 nm disappeared, indicating decomplexation of the sul-
fonamide group. The CD spectra therefore strongly support
the hypothesis of formation of ternary complexes.


In order to understand the mechanism involved in the
enantioselective sensing, we investigated the excited state
lifetimes of the dansyl chromophore in the Cu/3/amino acid
(1:1:1) and Cu/4/amino acid (1:1:1) mixtures (Table 1). In
each case we found that the same two lifetimes with the
same pre-exponential terms as the free ligand were also


Table 2. Enantioselectivity factors (a = DFD/DFL) of Cu-3 (60 mm) to-
wards amino acids (0.1m borate buffer, pH 7.3; lex = 345 nm, lem =


516 nm).


a.a. [a.a.]:[Cu-3] = 1 [a.a.]:[Cu-3] = 2 [a.a.]:[Cu-3] = 10
a. Signific. [%] a. Signific. [%] a. Signific. [%]


Pro 0.77 99 0.74 99 0.87 99
Ala 0.98 <20 0.85 99 0.94 80
Val 1.31 99 1.20 99 1.04 95
Leu 1.46 60 0.97 <20 1.39 99
His 1.05 60 1.00 <20 0.99 20
Asp 1.11 80 1.02 20 0.94 50
Lys 1.39 80 1.13 99 1.03 20
Ser 0.57 99 0.91 90 1.02 95
Phe 1.01 <20 1.02 <20 1.00 <20
Phgly 0.78 80 0.96 20 0.92 80
Trp 1.19 60 1.07 90 0.99 <20
Tyr 1.49 60 0.92 40 1.06 20


Table 3. Enantioselectivity factors (a = DFD/DFL) of Cu-4 and Cu-5 to-
wards amino acids.


a.a. [a.a.]/[Cu-4(or 5)]
= 1


[a.a.]/[Cu-4(or 5)]
= 2


[a.a.]/[Cu-4(or 5)]
= 10


a Signific. [%] a Signific. [%] a Signific. [%]


Cu-4[a]


Pro 3.93 99 2.90 99 1.55 99
Ala 1.04 50 1.01 <20 0.99 40
Val 0.34 99 0.50 99 0.65 99
Leu 0.31 99 0.41 99 0.78 99
His 0.94 95 1.00 50 0.99 20
Asp 0.89 95 0.92 95 0.94 90
Lys 0.79 95 0.74 99 0.98 99
Ser 0.68 99 0.77 99 0.87 99
Phe 0.19 99 0.58 99 0.89 99
Phgly 0.43 99 0.70 95 0.87 99
Trp 0.62 95 0.77 99 0.98 90
Tyr 0.44 99 0.71 99 0.91 95


Cu-5[b]


Pro 1.20 95 1.14 99 0.97 95
Phe 1.00 <20 0.95 50 1.00 40


[a] 60 mm in 0.1m aqueous borate buffer, pH 7.3; lex = 345 nm, lem =


516 nm. [b] 60 mm in MeOH/H2O 9:1, 0.02m borate buffer, pH 8.0; lex =


335 nm, lem = 535 nm.
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present after the addition of the amino acid. From these re-
sults, we believe that the dansyl fluorescence is almost com-
pletely quenched in the ternary complex. It seems very un-
likely that each ternary complex could have the same photo-
physical properties and the same conformer distribution as
the parent free ligand. In addition, the copper ion in the ter-
nary complex lies very close to the chromophore, and for
this reason, it can still reasonably produce efficient energy-
or electron-transfer processes. In a previous study we dem-
onstrated that simple dansylated polyamine ligands could
bind copper(ii) over a wide pH range.[35] The fluorescence of
the dansyl group was quenched when copper(ii) complexes
were formed, as well as in species in which the dansyl group
was not coordinated to the metal ion. Therefore, a quench-
ing process of the dansyl group involving the copper(ii) ion


is still effective in the ternary
complex, though the dansyl
group is displaced by the metal
ion, as indicated by its neutral
charge (observed in the ESI
spectrum) and by circular di-
chroism studies.


The observed sensing process
can therefore be interpreted in
terms of a simple model as
shown in Scheme 2, Equili-
bria (2)±(4).


Equilibrium (2) is copper(ii)
complexation, and is dependent
on the conformation of the
ligand, being more effective for
the cyclodextrin 4, as shown by
the quenching experiments re-
ported in Figure 3. The ™switch


on∫ process is then composed of two equilibria: Equili-
brium (3) the formation of a non-fluorescent ternary com-
plex, and Equilibrium (4) the displacement of copper(ii) by
the amino acid to form a 1:2 complex with displacement of
the free fluorescent ligand. The enantioselectivity in the
fluorescence ™switching on∫ is therefore based on competi-
tion between the non-fluorescent ternary complex and the
binary copper(ii):amino acid complex, since K2(l)¼6 K2(d)
and K3(l)¼6 K3(d).


From this scheme, enantioselectivity could also be ob-
served in the reverse process reported in Equilibrium (4), by
titration of the cyclodextrin 4 with the 2:1 copper(ii) com-
plex of the amino acid. Figure 6 reports the quenching ob-
served during the titration experiment, which allows the dif-
ference in the stability constants of the ternary diastereo-
meric complexes formed to be evaluated.


According to this model, the high ratio of the association
constants for the two enantiomers (KSV(l)/KSV(d) = 2.36)
corresponds to the ratio between the overall stability con-
stants of the diastereomeric ternary complexes, since the


Figure 5. Circular dichroism spectra of: a) 4, b) Cu/4 (1:1), c) Cu/4/d-Pro (1:1:1), d) Cu/4/l-Pro (1:1:1), e) Cu/4/
d-Phe (1:1:1), f) Cu/4/l-Phe (1:1:1) in aqueous borate buffer, pH 7.0 at concentrations of 6î10�5


m.


Scheme 2. Equilibria involved in the sensing process and proposed cop-
per(ii) coordination in the various species.


Figure 6. Stern±Volmer plot obtained by quenching the fluorescence of 4
(6î10�5


m) with Cu(l-Pro)2 (upper line) or Cu(d-Pro)2 (lower line) in
0.1m borate buffer, pH 7.3.
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binary species have the same stability for the two enantiom-
ers.


The higher enantioselectivity observed in the case of 4
can be explained by taking the conformational properties of
the ligand into account: the higher degree of self-inclusion
of the dansyl group within the cyclodextrin cavity did not
affect the copper(ii) binding ability, suggesting that in the
copper(ii) complex the dansyl group retained the same con-
formation. A more rigid ternary complex could therefore be
formed, and the different orientation of the amino acid side
chain with respect to the cavity could give rise to different
interactions. The same effect could not be obtained with the
cyclodextrin 3, which has the dansyl group outside the
cavity, or by the linear ligand 5, which has the same configu-
ration as 4 but lacks the pre-organization induced by the cy-
clodextrin cavity.


Conclusion


Rationally designed enantioselective fluorescent sensors are
of great importance in the development of new analytical
tools for assessment of optical purity. Herein we have dem-
onstrated that the combination of a fluorophore, a metal
binding site and a lipophilic cavity gives rise to high enantio-
selectivity for some amino acids. The mechanism of sensing
can be attributed to competition between the ternary cop-
per(ii)/ligand/amino acid complex and the binary copper(ii)/
amino acid complex.


Our results indicated that a highly pre-organized structure
can be achieved by allowing self-inclusion of the fluoro-
phore in the cyclodextrin cavity, thus giving rise to more
rigid structures. The stereochemistry of the side arm used
was found to be important, in the present case, for determi-
nation of the conformational properties of ligands 3 and 4,
since they affect the ability to complex copper(ii) and to dis-
criminate between enantiomers of amino acids. Other selec-
tors designed with the same structural features are being
synthesized in order to obtain a pool of selectors for parallel
analysis.


The proposed method can be used for analytical purposes,
at least when fast screening procedures are required. Unlike
many other proposed methods for parallel analysis of enan-
tiomers, the present one is based not on kinetic enantiodis-
crimination, but on enantioselectivity in complex formation.
Therefore, only a simple mixing procedure, which can easily
be automated, is required. Parallel read-out devices can be
used for this purpose. Future development could be envis-
aged for chiral analysis of unmodified natural or synthetic
amino acids, providing new and efficient tools for screening
of synthetic processes or of enantioselective catalysts both
in traditional organic synthesis and in combinatorial chemis-
try.


Experimental Section


General : Starting materials were obtained from commercial suppliers
and were used without further purification. Melting points were deter-


mined on a Gallenkamp melting point apparatus and are uncorrected.
TLC chromatography was performed on precoated silica gel SIL G/
UV254 aluminium support (0.20 mm layer; Macherey Nagel). HPLC chro-
matography was performed on a Waters HPLC Chromatograph, equip-
ped with a model 4000 pump and a model 2487 UV detector, set at
330 nm, with a C18 Spherisorb column (25î200 mm). IR spectra were re-
corded on a Nicolet 5PC FT-IR spectrometer, and 1H NMR and 13C
NMR were recorded on Bruker AC 300 or AMX 400 spectrometers. The
optical purities of 3, 4 and 5 were checked by GC/MS analysis on a Hew-
lett±Packard HP 6890 chromatograph fitted with a Hewlett Packard
HP 5973 detector and a Chirasil-Val column. ESI-MS experiments were
performed on a Micromass ZMD mass spectrometer (Micromass, Man-
chester, UK), fitted with an electrospray source and a single quadrupole
mass analyser. Data were acquired by use of Masslynx 3.4 software (Mi-
cromass, Manchester, UK). UV spectra were recorded on a Perkin±
Elmer Lambda 40 spectrophotometer. CD spectra were obtained on a
Jasco 715A spectropolarimeter. Fluorescence spectra were recorded on a
Perkin±Elmer Ls50B instrument in a 1î0.2 cm quartz cell thermostatted
at 25 8C. The fluorescence lifetimes (uncertainty �5%) were obtained
with an Edinburgh single-photon counting apparatus (D2-filled flash
lamp). To allow comparison of emission intensities, corrections were per-
formed for instrumental response, inner filter effects, and phototube sen-
sitivity. Elemental analysis were performed with a Carlo Erba CHNS-O
EA1108 elemental analyzer.


Na-[N2-(tert-Butoxycarbonyl)aminoethyl]-d(or l)-phenylalanine (d-6 or
l-6): These compounds were synthesized as described previously.[37]


Na-[N2-(5-Dimethylamino-1-naphthalenesulfonyl)aminoethyl]-d (or l)-
phenylalanine (d-8 and l-8): Anisole (0.49 mL, 4.52 mmol) and d-6 (or l-
6) (0.3 g, 0.75 mmol) were dissolved in CH2Cl2 (30 mL) and cooled to
0 8C. AlCl3 (0.6 g, 4.52 mmol) in CH3NO2 (15 mL) was then added with
stirring. The mixture was stirred at room temperature for 15 min, and the
reaction was stopped by addition of few mL of water. The solution was
extracted with CH2Cl2 to remove anisole, the pH of the aqueous phase
was adjusted to 8, and the formed Al(OH)3 precipitate was removed by
filtration. The filtrate was evaporated to dryness to yield a solid residue,
which was dissolved in a solution of Li2CO3 (0.17 g, 2.25 mmol) in water
(10 mL, pH 9.5), prepared immediately before use. Dansyl chloride
(0.20 g, 0.75 mmol) in CH3CN (10 mL) was added dropwise at 0 8C
(0.25 equiv per hour). Unreacted dansyl chloride was removed by extrac-
tion with diethyl ether. The product was precipitated after acidification
(pH 8) of the aqueous layer. Yield 69%. Rf = 0.55 (BuOH/H2O/acetic
acid 4:1:1).


Compound d-8 : M.p. 200±215 8C (decomp); [a]20D = �9.7 (c = 1 in
water, pH 12); compound l-8 : m.p. 200±215 8C (decomp); [a]20D = ++10.5
(c = 1 in water, pH 12); 1H NMR (300 MHz, D2O, 25 8C): d = 2.18±2.26
(m, 3H), 2.41±2.50 (m, 1H), 2.89 (s, 6H; N(CH3)2), 2.78±3.01 (m, 3H;
N�CH, SO2N�CH2), 6.97±7.01 (m, 2H; Ph), 7.24±7.30 (m, 3H; Ph), 7.43
(d, 3J(H,H) = 7.4 Hz, 1H; H6’), 7.68 (t, 3J(H,H) = 8.4 Hz, 1H; H3’), 7.75
(t, 3J(H,H) = 7.8 Hz, 1H; H7’), 8.14 (d, 3J(H,H) = 7.1 Hz, 1H; H8’), 8.39
(d, 3J(H,H) = 8.4 Hz, 1H; H2’), 8.69 (d, 3J(H,H) = 8.6 Hz, 1H;
H4’) ppm; 13C NMR (75 MHz, D2O, 25 8C): d = 42.08, 47.92, 48.29, 51.13,
68.51, 118.83, 124.61, 127.44, 129.69, 130.70, 130.93, 131.31, 131.68, 132.29,
132.35, 133.18, 141.41, 142.11, 153.55, 184.31 ppm; IR (KBr): ñ=


3308 cm�1 (N�H), 1574 cm�1 (C=O), 1323 cm�1 (S=O); MS (C.I.): m/z
(%): 442 (12) [M+H]+ , 171 (57) [dimethylaminonaphthalene+H]+ , 122
(100) [C8H12N]+ ; elemental analysis calcd (%) for C23H27N3O4S (441.54):
C 62.57, H 6.16, N 9.42; found: C 62.20, H 6.41, N 9.42.


6-Deoxy-6-N-(Na-[(5-dimethylamino-1-naphthalenesulfonyl)aminoethyl]-
phenylalanylamino-b-cyclodextrin (3, 4): HBTU (0.024 g, 0.062 mmol)
and mono-6-deoxy-6-amino-b-cyclodextrin hydrochloride (0.066 g,
0.056 mmol) were dissolved in dry DMF (4 mL) at 0 8C. Compound d-8
(or l-8; 0.027 g, 0.062 mmol) and DIEA (0.031 mL, 0.180 mmol) were
added in small portions every five minutes. The reaction was stopped
after three hours by addition of few mL of water. Water and DMF were
evaporated under vacuum at 40 8C. The obtained yellow solid was dis-
solved in water, and the insoluble residue, unreacted 8, was removed by
filtration. The product was precipitated in acetone and purified by HPLC
chromatography; the mobile phase was water (eluent A) and CH3CN/
TFA (0.1%) (eluent B), with a linear gradient from 100% of A to 100%
of B in 10 minutes with a flow rate of 20 mLmin�1; retention times of 3
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or 4 were 8±8.5 minutes. The products were thus isolated and character-
ized as trifluoroacetate salts.


Compound 3 : Yield 22%. Rf = 0.56 (PrOH/H2O/NH3 5:3:1). M.p. 206 8C
(decomp); ee = 95%; 1H NMR (300 MHz, D2O, 25 8C): d = 2.78 (m,
1H), 2.96 (m, 1H), 3.04 (s, 6H; N(CH3)2), 3.23±3.42 (m, 6H), 3.55±3.88
(m, 26H), 3.93±4.16 (m, 14H), 4.93 (d, 3J(H,H) = 3.4 Hz, 1H; H1), 5.05
(d, 3J(H,H) = 3.4 Hz, 1H; H1), 5.10 (d, 3J(H,H) = 3.4 Hz, 1H; H1), 5.13
(d, 3J(H,H) = 3.7 Hz, 1H; H1), 5.19 (d, 3J(H,H) = 3.4 Hz, 2H; H1), 5.23
(d, 3J(H,H) = 3.5 Hz, 1H; H1), 7.15±7.25 (m, 2H; Ph), 7.40±7.50 (m, 3H;
Ph), 7.57 (d, 3J(H,H) = 7.6 Hz, 1H; H6’), 7.84 (t, 3J(H,H) = 8.6 Hz, 1H;
H3’), 7.87 (t, 3J(H,H) = 8.7 Hz, 1H; H7’), 8.40 (d, 3J(H,H) = 7.5 Hz, 1H;
H2’), 8.44 (d, 3J(H,H) = 8.7 Hz, 1H; H8’), 8.65 (d, 3J(H,H) = 8.6 Hz, 1H;
H4’) ppm; 13C NMR (75 MHz, D2O, 25 8C): d = 40.77, 43.56, 48.56, 49.10,
62.88, 63.23, 63.37, 63.53, 65.44, 74.49, 74.90, 74.98, 75.09, 75.56, 75.91,
76.20, 76.46, 76.63, 83.10, 83.53, 83.79, 84.29, 84.38, 85.97, 103.76, 104.76,
105.07, 105.31, 119.17, 122.35, 127.43, 130.82, 131.93, 132.27, 132.44,
133.11, 133.61, 137.08, 138.42, 154.53 ppm; IR (KBr): ñ= 3650±3050 cm�1


(O�H, N�H), 1650 cm�1 (C=O), 1150 cm�1 (S=O); MS (ESI): m/z (%):
1558 (100) [M+H]+ , 1579 (20) [M+Na]+ , 1597 (26) [M+K]+ ; elemental
analysis calcd for C69H98N4O41SF6¥1H2O (1804): C 45.95, H 5.59, N 3.11;
found: C 45.87, H 5.28, N 3.23.


Compound 4 : Yield 29%. Rf = 0.56 (PrOH/H2O/NH3 5:3:1); m.p. 200 8C
(decomp); ee = 94%; 1H NMR (300 MHz, D2O, 25 8C): d = 3.10±4.05
(m, 53H), 4.15 (m, 1H), 4.33 (m, 1H), 5.00±5.20 (m, 7H; H1), 7.25±7.34
(m, 2H; Ph), 7.45±7.58 (m, 3H; Ph), 8.07±8.12 (m, 2H; H3’, H7’), 8.27 (d,
3J(H,H) = 7.8 Hz, 1H; H6’), 8.46 (d, 3J(H,H) = 7.5 Hz, 1H; H8’), 8.64 (d,
3J(H,H) = 8.4 Hz, 1H; H2’), 8.93 ppm (d, 3J(H,H) = 8.7 Hz, 1H; H4’);
13C NMR (75 MHz, D2O, 25 8C): d = 39.70, 42.25, 45.22, 50.17, 63.51,
63.66, 63.83, 64.45, 74.79, 74.99, 75.16, 75.21, 75.35, 75.53, 75.77, 75.90,
76.31, 76.43, 76.48, 76.60, 84.15, 84.51, 84.57, 85.06, 85.47, 88.15, 104.57,
105.00, 105.37, 105.46, 105.51, 105.63, 119.84 (q, 1J(C,F) = 289.7 Hz;
CF3), 123.12, 129.17, 129.25, 129.86, 130.32, 131.69, 131.80, 132.06, 132.40,
132.47, 136.48, 141.97, 166.29 (q, 3J(C,F) = 34.6 Hz; COCF3),
170.70 ppm; IR (KBr): ñ= 3650±3050 cm�1 (O�H, N�H), 1683 cm�1 (C=
O), 1150 cm�1 (S=O); MS (ESI): m/z (%): 1558 (100) [M+H]+ , 798 (65)
[M+H+K]2+ , 779 (83) [M+2H]2+ ; elemental analysis calcd for
C67H97N4O39SF3¥15H2O (1941): C 41.46, H 6.54, N 2.89; found: C 41.42,
H 6.82, N 3.03.


N1-Propyl-Na-[N2-(5-dimethylamino-1-naphthalenesulfonyl)aminoethyl]-
l-phenylalaninamide (5): HBTU (0.171 g, 0.451 mmol) and n-propyl-
amine hydrochloride (0.058 g, 0.607 mmol) were dissolved in dry DMF.
Compound l-8 (0.132 g, 0.300 mmol) and DIEA (0.235 mL, 1.350 mmol)
were added in small portions every five minutes over one hour. The reac-
tion was stopped by addition of few mL of water. Water and DMF were
evaporated under vacuum at 40 8C. The yellow solid obtained was dis-
solved in water at pH 2 and extracted with chloroform; the organic layer
was washed with basic water (pH 8), dried over MgSO4 and evaporated
to dryness. The product was purified by HPLC: the mobile phase was
MeOH/H2O 95:5 (v/v) with TFA (0.035%), flow rate = 18 mLmin�1: re-
tention time of 5 was 4.5 min. The product was isolated as a trifluoroace-
tate salt, dissolved in water at pH 8 and extracted in chloroform; it was
then treated with a HCl/methanol solution and precipitated with metha-
nol/diethyl ether.


Compound 5 : Yield 48%. Rf = 0.30 (ethyl acetate/hexane 1:1, TFA
0.1%); m.p. 168 8C; ee = 91%; 1H NMR (300 MHz, CD3OD, 25 8C): d
= 0.72 (t, 3J(H,H) = 7.4 Hz, 3H; CH3 propyl), 1.24±1.34 (m, 3J(H,H) =


7.4 Hz, 3J(H,H) = 7.2 Hz, 2H; CH2 propyl), 2.94±3.28 (m, 8H; CH2


propyl, CH2Ph, CH2N), 3.11 (s, 6H; N(CH3)2), 4.06 (dd, 3J(H,H) =


9.8 Hz, 3J(H,H) = 5.3 Hz, 1H; CH), 7.19±7.37 (m, 5H; Ph), 7.59 (d,
3J(H,H) = 7.7 Hz, 1H; H6’), 7.69±7.75 (m, 2H; H3’, H7’), 8.30 (dd,
3J(H,H) = 7.3 Hz, 4J(H,H) = 1.1 Hz, 1H; H8’), 8.53 (d, 3J(H,H) =


8.6 Hz, 1H; H2’), 8.60 (d, 3J(H,H) = 8.6 Hz, 1H; H4’) ppm; 13C NMR
(75 MHz, CD3OD, 25 8C): d = 11.88, 23.40, 37.99, 40.20, 42.68, 46.70,
47.71, 63.43, 118.31, 123.17, 125.83, 129.06, 129.63, 130.25, 130.41, 130.64,
130.82, 130.99, 131.19, 135.53, 136.68, 149.41, 169.03 ppm; IR (KBr): ñ=
3266 cm�1 (N�H), 3066 cm�1 (C�H), 2964 cm�1 (C�H), 1683 cm�1 (C=O),
1566 cm�1 (N�H), 1337 cm�1 (S=O), 1147 cm�1 (S=O); MS (CI): m/z
(%): 483 (100) [M]+ , 396 (67) [M�(CONHPr)]+ , 170 (35) [dimethylami-
nonaphthalene]+ ; elemental analysis calcd for C26H34N4O3S¥2HCl¥3=4 H2O
(569.07): C 54.87, H 6.64, N 9.85; found: C 54.59, H 6.27, N 9.53.


Fluorescence measurements : Concentrated stock solutions of 3 and 4
(1î10�3


m in water) and 5 (1î10�3
m in methanol) were prepared; solu-


tions of 3 and 4 were diluted to final concentrations of 6î10�5
m at


pH 7.3 in 0.1m borate buffer, the solution of 5 was diluted to a final con-
centration of 6î10�5


m at pH 8.0 methanol/water (9:1 v/v, 0.02m borate
buffer). In the titration experiments with copper(ii), 0.5 mL aliquots of
these solutions were titrated in the cell by addition of 6î10�3


m CuSO4 in
water with a 10 mL syringe. Three measurements were performed. The
same procedure was followed in the titrations of 3 and 4 with
Cu(EDTA)2� (6î10�2


m in water), adamantanecarboxylic acid (ACA, 6î
10�2


m in methanol) and in the titration of 4 with Cu(Pro)2 (6î10
�2
m in


water). Fluorescence intensities were corrected by a literature proce-
dure;[38] a futher correction of the fluorescence intensity of all the sam-
ples was made according to In = I/Ist, where I is the observed fluores-
cence intensity and Ist is the intensity of a reference solution of 4, both
measured at the same excitation and emission wavelength.


Fluorescence intensities from the titration with Cu(EDTA)2� were used
according to the following model. By considering that [EDTA] = [Cu-3
(or Cu-4)] in equilibrium (1) (i.e., by neglecting the dissociation of the
Cu(EDTA) complex, due to its high stability) and by keeping the pH
buffered, Equation (5) could be obtained, where I is the corrected fluo-
rescence intensity, I0 is the fluorescence of each cyclodextrin alone, CCD


and CCu(EDTA) are the analytical concentrations of the cyclodextrin and of
Cu(EDTA)2� respectively, and A=KCCu(EDTA)�KCCD+2CCD.


I=I0 ¼
�Aþ ½A2 þ 4 ðKCCD�CCDÞCCD
1=2


2ðKCCD�CCDÞ
ð5Þ


Nonlinear regressions of I/I0 values were performed with the aid of the
Sigmaplot program (18 data points for each cyclodextrin, from three in-
dependent measurements).


Titrations of Cu-3 and Cu-4 with amino acids were carried out with 6î
10�5


m solutions of the complexes in 0.1m borate buffer at pH 7. To
0.5 mL of these solutions were added aliquots of d- or l-amino acids (6î
10�2


m in water); each titration was repeated three times: mean values
and standard deviations were calculated. During each titration, the pH
was constant, as verified by a combined glass electrode.


Samples analyzed by time-resolved fluorescence were prepared in the
same way; amino acids were added in tenfold excess to the solutions of
Cu-3 and Cu-4.


UV and CD measurements : Samples for UV and CD measurements were
prepared as described for fluorescence measurements.


2D NMR spectroscopy : 2D spectra were performed at 400 MHz on a
Bruker AMX 400 spectrometer. Compounds 3 and 4 were dissolved in
D2O at concentrations of 10 mm and the pH was adjusted to 7 with
NaOD. The corresponding 1H chemical shifts observed in the 2D experi-
ments were different from those reported above in the characterization
part, due to different degrees of protonation; the signal assignments are
based on TOCSY and ROESY spectra. The mlevtp pulse program was
used for the TOCSY experiments, with different mixing times (30, 60 and
90 ms). The roesysh pulse program was used for the ROESY experi-
ments, with 250 ms mixing time.


ESI-MS measurements : Solutions for MS experiments were prepared by
diluting standard solutions of 3 or 4, CuSO4, l- and d-proline to final
concentrations of 5î10�4


m in water: solutions were basified to pH 7 by
addition of 0.1m KOH.


ESI-MS spectra were recorded in positive ion mode by perfusion of the
solutions directly into the mass spectrometer at a flow rate =


10 mLmin�1 (conditions: capillary voltage 3000 V, cone voltage 50 V, de-
solvation flow (N2) = 500 Lh�1, nebulizer flow (N2) = 100 Lh�1, desol-
vation temperature = 80 8C, source block temperature = 150 8C, scan
range m/z 200±2000 Da, scan time 4 s).


GC-MS measurements : The enantiomeric excesses of the ligands 3, 4 and
5 were checked by GC/MS analysis of the corresponding 4-N-trifluoroa-
cetyl-3-benzylpiperazine-2-ones.The ligands (1±2 mg) were hydrolysed at
100 8C with HCl (6n, 2 mL) for 6 h to the corresponding N-2-aminoethyl-
phenylalanine, then suspended in CH2Cl2 (2 mL) and treated with tri-
fluoroacetic anhydride (0.3 mL) for 1 hour at 60 8C. After removal of
excess reagent by evaporation under vacuum, the samples were dissolved
in CH2Cl2 and injected into the GC (1 mL). Analysis were performed
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with a chiral capillary column: Chirasil-Val, 10 m, I.D. = 0.25 mm, film
thickness: 0.12 mm. carrier: He. Flow: 1.1 mLmin�1. injector temperature:
230 8C. detector temperature: 230 8C.; isotherm 180 8C, detection: MS,
SIM mode (m/z 91, 286, 167).
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Total Synthesis and Biological Evaluation of the Protein Phosphatase 2A
Inhibitor Cytostatin and Analogues


Laurent Bialy[a, b] and Herbert Waldmann*[a, b]


Introduction


The reversible phosphorylation of proteins is employed by
living organisms for the regulation of innumerable cellular
processes, and aberrant protein phosphorylation contributes
to the development of many human diseases, including
cancer and diabetes.[1] Protein kinases (PKs) catalyze pro-


tein phosphorylation, whereas protein phosphatases (PPs)
are responsible for dephosphoshorylation. PKs are establish-
ed targets of drug discovery.[2] However, the development of
small-molecule inhibitors of PPs is emerging only recently
as a very rapidly growing area of investigation in clinical bi-
ology and medicinal chemistry.[3] Natural products, which
have widely been used to antagonize PP action in biological
experiments, can serve as invaluable starting points in struc-
tural space for the development of potent and selective PP
inhibitors.[4] The serine-threonine phosphatase 2A (PP2A) is
one of the most important and abundant phosphatases and
is involved in the regulation of many crucial biological pro-
grams such as signal transduction cascades and the cell
cycle. Several toxic and biologically active natural products
have been identified as nanomolar PP2A inhibitors, in par-
ticular the diarrhetic shellfish poisoning toxin okadaic
acid,[5] the microcystins[6] and calyculin.[7] However, the most
selective PP2A inhibitors belong to the fostriecin family.[8±11]


They show an unprecedented discrimination between the
highly homologous serine-threonine phosphatases PP2A
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Abstract: The total synthesis of the
natural product cytostatin is described
which inhibits protein phosphatase 2A.
Cytostatin has anti-metastatic proper-
ties and induces apoptosis. On the
basis of this synthesis the relative and
absolute configuration of cytostatin
could be assigned. Key structural ele-
ments of cytostatin are an a,b-unsatu-
rated lactone group and a side chain
embodying a phosphate and a rather
unstable (Z,Z,E)-triene subunit. In ad-
dition, the natural product carries six
stereocenters. For the construction of
the stereocenters reagent-controlled
transformations were used in order to
ensure maximum stereochemical flexi-
bility. The Evans syn-aldol reaction was
chosen to establish the stereochemistry
at C-4, C-5, C-9 and C-10; C-6 was in-
troduced by means of the Evans asym-


metric alkylation. In all cases the same
chiral auxiliary was employed as ster-
eodirecting group. The stereocenter at
C-11 was established by an asymmetric
reduction using CBS-oxazaborolidine.
Temporary protection of the phosphate
group was achieved best by using the
base-labile 9-fluorenylmethyl group,
which could be cleanly cleaved by an
excess of triethylamine; this reaction
yielded analytically pure phosphates
after a simple aqueous work-up. The
(Z,Z,E)-triene embodied in cytostatin
was synthesized by means of a Stille
coupling as key transformation. The
synthesis sequence established in this


way readily gave access to a series of
analogues with simplified structure. Ini-
tial biological testing of these ana-
logues proved that the a,b-unsaturated
lactone, the C-11-hydroxy group and a
fully deprotected phosphate moiety at
C-9 are essential for the PP2A-inhibi-
tory activity of cytostatin. The rather
unstable triene moiety in the side chain
can be replaced by other lipophilic resi-
dues with only moderate decrease of
biological activity. Other phosphatases,
that is, PP1, VHR, PTP1B, CD45, were
not inhibited by cytostatin or any of
the analogues, demonstrating the high
selectivity of this compound. These
findings will be useful for the design
and synthesis of cytostatin-derived
chemical tools for the study of biologi-
cal processes influenced by PP2A.


Keywords: cytostatin ¥ natural
products ¥ phosphorylation ¥ protein
phosphatases ¥ total synthesis
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(IC50 3.2nm±3.7mm) and PP1 (IC50 >100mm),[8d,9d ,10c] accom-
panied by interesting biological activities such as anti-can-
cer[8f±i,9b] and thrombopoietic activity.[10d]


Cytostatin 1 was isolated from a new Streptomyces strain
by Ishizuka et al.[9a] and belongs to the fostriecin family. It
inhibits PP2A with an IC50 value of 210nm,[9d] blocks the ad-
hesion of B16 melanoma cells to components of the extra-
cellular matrix (laminin and collagen),[9a] displays anti-meta-
static and cytotoxic activity,[9] and induces apoptosis of B16
melanoma cells at submicromolecular concentrations.[9d] Ish-
izuka et al. determined the constitution of the natural prod-
uct, but not its relative and absolute configuration.[9e] In
order to develop chemical tools for the study of the biologi-
cal phenomena influenced by PP2A we embarked on a total
synthesis of cytostatin to prove the stereochemistry of the
natural product, get access to a variety of more stable ana-
logues and establish an initial structure±activity relationship
(SAR).[12] Herein we disclose a full account of this synthesis,
the assignment of the relative and absolute configuration of
cytostatin 1 and the synthesis and biological evaluation of
analogues of the natural product. These results demonstrate
which structural features of cytostatin are required for
PP2A inhibition.


Results and Discussion


Retrosynthesic analysis : In planning the synthesis, we drew
from the structurally related fostriecin 2 and the phoslacto-
mycins 3, whose absolute configurations have been deter-
mined by NMR spectroscopy[8e,10b] and total synthesis
(Figure 1).[13] Based on the assumption that these natural


products might have been synthesized via similar biosynthet-
ic pathways, the configuration of stereocenters 4, 5, 9, and
11 of cytostatin was chosen by analogy. The configuration of
stereocenter 10 was chosen based on the reported coupling
constant (3J=9.4 Hz) between H-10 and H-11.[9e] Assuming


that an intramolecular hydrogen bond between O-9 and
OH-11 is formed,[8e] one can deduce an anti-configuration
between H-10 and H-11 based on the Karplus relationship
(Figure 2). The configuration of stereocenter 6 was deter-
mined by synthesis of a short substructure of cytostatin.[14]


The unknown configuration of cytostatin prompted us to
design the synthesis with a high degree of flexibility to allow
rapid and reliable variation of absolute and relative configu-
ration if desired. Therefore, we chose to employ the asym-
metric Evans aldol methodology (which gives access to syn-
and anti-aldol products in both enantiomeric forms[15,16]), the
asymmetric Evans alkylation,[17] and the enantioselective re-
duction of an acetylenic ketone (for which efficient reagent-
controlled processes that give rise to both possible stereo-
isomers are known[18]) as synthesis methods for the genera-
tion of the stereocenters.


Initial retrosynthesic analysis of (2S,3S,4S,9S,10S,11S)-cy-
tostatin (1a) traced the molecule back to enediyne 4, from
which it should be accessible via partial hydrogenation
(Figure 3). The enediyne can be dissected into alkyne 5 and
alkynylhalide 6 (retro yne±yne coupling). The a,b-unsaturat-
ed lactone 5 was traced back to b-hydroxy aldehyde 7, from
which it should be accessible via Still±Gennari olefination[19]


and subsequent lactonization. It was planned to generate
both syn-diols (corresponding to C-4/C-5 and C-9 and C-10
in the natural product) by means of an asymmetric aldol re-
action employing N-propionyloxazolidinone (8) and the
chiral aldehyde 9, which in turn is accessible by asymmetric
alkylation of 8.[17] Conversion of the double bond into an al-
dehyde group and a second aldol reaction employing again
8 as chiral auxiliary would then be carried out. Finally, trans-
formation of the N-acyl group into an alkynyl ketone using
trimethylsilylacetylene (10) as nucleophile followed by
asymmetric reduction of the ketone would yield 7.


Synthesis of the (Z,Z,E)-triene unit–model studies : The
feasibility of the planned partial reduction of enediyne 4
was investigated employing a model analogue. Partial reduc-
tion of diynes has been carried out mainly by hydrogenation
with the Lindlar catalyst[20] and zinc reduction.[21] Pent-1-yn-
3-ol (11) was protected as p-methoxybenzyl ether 12
(Scheme 1). Trimethylsilylacetylene (10) and (E)-1-bromo-1-
propene (13) were coupled in a Sonogashira reaction to
yield trimethylsilylenyne 14,[22] which was converted to bro-
moenyne 15[23] by means of the Isobe protocol.[24] The at-
tempted synthesis of the more reactive iodoalkyne led to
formation of substantial amounts of the undesired (Z)-
isomer. Enediyne 16a was then generated by palladium-cat-
alyzed coupling employing conditions previously described


Figure 1. Members of the fostriecin class and IC50 values for the inhibi-
tion of protein phosphatase 2A (PP2A).


Figure 2. Proposed configuration of cytostatin.
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by Vasella et al.[25] The corresponding unprotected enediyne
16b was synthesized similarly from 11 and 14.


Unfortunately, all attempts to generate the corresponding
(Z,Z,E)-triene 17 from 16 failed. Different reaction condi-
tions using the Lindlar catalyst (palladium on charcoal,
lead-poisoned),[26a] the Rosenmund catalyst (palladium on
barium sulfate),[26b] freshly prepared Zn/Ag/Cu[27] and Zn


with potassium cyanide[28] were examined and led to overre-
duction and isomerization of 16a and 16b to yield complex
mixtures of compounds. In one case (with Zn/Cu/Ag), two
products 18 and 19 generated from addition of one molecule
H2 were identified as main products by 1H NMR and GC-
MS (Scheme 2). However, further treatment of the mixture
with fresh reagent and heating up led to a mixture of differ-
ent reduced products which could not be further separated.


As alternative starting material for the hydrogenation di-
enyne 23 was investigated (Scheme 3). (E)-Crotonic alde-
hyde (20) was transformed to dibromoalkene 21 following


the Corey±Fuchs protocol.[29] Selective reduction to (Z)-bro-
moalkene 22 and subsequent Sonogashira reaction with
alkyne 12 yielded the desired dienyne 23. This compound
could not be selectively hydrogenated to triene 17. Rather
overreduced compounds were formed under all reaction
conditions investigated. Similar difficulties were encoun-
tered in an early synthetic study towards fostriecin, although
no detailed description of the results was given.[30]


At this stage we anticipated that a Stille coupling strat-
egy,[31] which already had been successfully used to build up
similar trienes,[32] would be a more promising methodology.
For this purpose the dibromoalkene 21 was converted into
the alkynylstannane 24 by the Corey±Fuchs protocol


Figure 3. Retrosynthesic analysis of (2S,3S,4S,9S,10S,11S)-cytostatin 1a.


Scheme 1. Synthesis of the model diynes 16a/b : a) 1.1 equiv NaHMDS,
THF, DMF, 0 8C, 30 min; 1.2 equiv PMBCl, 0.05 equiv Bu4N


+I� , room
temperature, 16 h, 67%; b) 0.05 equiv [Pd(PPh3)4], 2 equiv NEt3,
0.1 equiv CuI, THF, RT, 18 h, 69%; c) 1.25 equiv NBS, 0.25 equiv
AgNO3, DMF, 0 8C!RT, 4 h; ca. 50%; d) 0.03 equiv [Pd2(dba)3],
0.25 equiv CuI, 0.2 equiv LiI, 4.2 equiv 1,2,2,6,6-pentamethylpiperidine,
DMSO, room temperature, 0.66 equiv 11, 19 h, 50% (based upon 11);
e) 0.03 equiv [Pd2(dba)3], 0.25 equiv CuI, 0.2 equiv LiI, 4.2 equiv
1,2,2,6,6-pentamethylpiperidine, DMSO, room temperature, 0.66 equiv
12, 18 h, 56% (based upon 12).


Scheme 2. Attempted partial reduction of the endiynes 16a,b to the
(Z,Z,E)-trienes: a) Zn/Cu/Ag, MeOH, RT, 14 h; b) Zn/Cu/Ag, MeOH,
55 8C, 24 h.


Scheme 3. Synthesis and attempted partial reduction of the dienyne 23 to
the (Z,Z,E)-triene 17: a) 2 equiv CBr4, 4 equiv PPh3, CH2Cl2, 0 8C, 8 min,
87%; b) 0.04 equiv [Pd(PPh3)4], 1.07 equiv Bu3SnH, THF, room tempera-
ture, 2 h; c) 0.2 equiv 12, 0.11 equiv CuI, DIPEA, THF, RT, 16 h, 36%
(based upon 12).
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(Scheme 4). Reduction of stan-
nane 24 to (Z)-alkenylstannane
25 was achieved by treatment
with zirconocene hydrochlo-
ride (Schwartz×s reagent).[33]


Subsequent hydrolysis of the
zirconium species was best car-
ried out by filtration through
silica gel. Aqueous work-up
with saturated ammonium
chloride solution led to sub-
stantial isomerization to the
(E,E)-isomer. Alkynyliodide
26 was obtained by silver cata-
lyzed iodination of alkyne 12.
Subsequent diimide reduc-
tion[34] yielded (Z)-alkenyl
iodide 27. Overreduction to
the alkyl iodide could be large-
ly suppressed by adding the re-
agents (potassium azodicarbox-
ylate, acetic acid and pyridine)
in two portions, careful moni-
toring of the reaction by GC-
MS, and termination of the
conversion when the amounts
of alkinyl iodide and alkyl
iodide present were compara-
ble. The Stille coupling be-
tween 25 and 27 was effected
under ligand-free conditions as
described before[31] and yielded
the desired (Z,Z,E)-triene 17
in high yield and stereoselec-
tively. For this reaction, the ad-
dition of a small amount of
THF as cosolvent proved to be
necessary since stannane 25 is
not soluble in DMF. Interest-


ingly, the corresponding (Z)-bromoalkene did not react at
all with stannane 25 (not shown).


The p-methoxybenzyl group could serve as a potential
phosphate protecting group in the course of the synthesis.[35]


Therefore, deprotection of triene 17 was investigated in
order to find conditions for its removal which are compati-
ble with the sensitivity of the triene moiety. Unfortunately
acidic and oxidative conditions examined led to extensive
decomposition of the material, probably by polymerization
of the triene. These results suggest that an acidic cleavage of
protecting groups should be avoided after installation of the
triene moiety.


Synthesis of the C1±C13 fragment of (2S,3S,4S,9S,10S,11S)-
cytostatin : After the general methodology for the synthesis
of the triene moiety had been established the construction
of the C1±C13 fragment was investigated (Scheme 5). Start-
ing from the known alcohol 28 which was obtained by asym-


Scheme 4. Synthesis and attempted deprotection of the triene 17:
a) 2 equiv nBuLi, THF, �78 8C, 1 h, RT, 70 min; b) 1.05 equiv Bu3SnCl,
THF, �78 8C!RT, 15 h, 50% over 2 steps; c) 2.25 equiv Cp2ZrHCl, THF,
RT, 30 min, silica gel, 99%; d) 0.20 equiv AgNO3, 1.25 equiv NIS, ace-
tone, 4 h; 71%; e) 1.88 equiv potassium azodicarboxylate, 4.32 equiv pyri-
dine, 3.75 equiv HOAc in two portions, methanol, RT, 20 h, 92%;
f) 0.05 equiv [Pd(CH3CN)2Cl2], DMF/THF 28:1, RT, 16 h, 74%;
g) 2.4 equiv DDQ, CH2Cl2/H2O 20:1, RT, 30 min; h) 2 equiv cerium am-
monium nitrate, CH3CN/H2O 9:1, 0 8C, 45 min; i) 2 equiv Ph3C


+BF4
� ,


DCM/H2O 5:1, 0 8C, 5 min; j) CH2Cl2/TFA/thioanisol 43:1:1, �15 8C,
30 min.


Scheme 5. Synthesis of the C3±C13 fragment with all stereocenters of (all-S)-cytostatin implemented:
a) 1.3 equiv TBSCl, 3 equiv imidazole, DMF, room temperature, 15 h, 100%; b) 1.2 equiv TBDPSCl, 2 equiv
imidazole, DMF, RT, 17 h, 97%; c) 1.1 equiv 9-BBN, THF, 0 8C, RT, 15 h, 3.5 equiv NaOH, H2O2, 24 h, RT,
83% (31a from 30a); d) 1.1 equiv 9-BBN, THF, RT, 19.5 h, 3.5 equiv NaOH, H2O2, RT, 24 h, 100% (31b from
30b); e) 2.6 equiv (COCl)2, 6 equiv DMSO, CH2Cl2, �78 8C, 150 min, 7.5 equiv NEt3, �78!0 8C (32a from
31a); f) 1.5 equiv DMP, 11.5 equiv NaHCO3, CH2Cl2, 1 h (32b from 31b); g) 1.18 equiv Bu2BOTf, 1.36 equiv
(iPr)2NEt, CH2Cl2, 0 8C, 1 h, �78 8C, 8, 50 min, RT, 130 min, pH 7, H2O, 0 8C, methanol, H2O2, H2O, RT,
90 min, 89% over 2 steps (33 from 32a); h) 1.2 equiv Bu2BOTf, 1.35 equiv (iPr)2NEt, CH2Cl2, 0 8C, 45 min,
�78 8C, 8, RT, 90 min, H2O2, pH 7, 43% over 2 steps (34b from 31b); i) 2 equiv TBSCl, 4 equiv NEt3,
0.1 equiv DMAP, CH2Cl2, 0 8C, 30 min, RT, 15 h, 97%; j) 4.6 equiv Me3Al, 5 equiv Cl�+H2N(Me)OMe, THF,
�20!0 8C, 15 h, 84% (35a from 34a); k) 5 equiv Me3Al, 5 equiv Cl�+H2N(Me)OMe, THF, �10!0 8C, 15 h
(35b from 34b); l) 10 equiv MOMCl, 13 equiv (iPr)2NEt, CH2Cl2, 0 8C, 1 h, RT, 18 h, 94%; m) 10 equiv
MOMCl, 13 equiv (iPr)2NEt, CH2Cl2, 0 8C, 1 h, RT, 19 h, 86% over 2 steps; n) 3 equiv BuLi, 6 equiv Me3SiC�
CH, THF, �78!�10 8C, 75 min (37a from 36a); o) 3 equiv BuLi, 6 equiv Me3SiC�CH, THF, �78!�10 8C,
45 min, 84% (37b from 36b); p) 0.01 equiv Na2B4O7/methanol 5:1, �10 8C!RT, 70 min, 95% over 2 steps;
q) 2 equiv 40, 5 equiv BH3¥Me2S, THF, �30 8C, 1 h, 84% (42a from 38a); r) 1 equiv 39, 1.2 equiv BH3¥Me2S,
THF, 0 8C, 40 min, 71% (41 from 38b); s) 1.1 equiv K2CO3, MeOH, 22 h, 84%; t) 1.35 equiv TBDPSCl,
2.5 equiv Imidazole, DMF, 15 h, RT (43a from 42a); u) 1.5 equiv TBDPSCl, 2.5 equiv imidazole, DMF, 21 h,
86% (43b from 42b); v) 1.1 equiv NaHMDS, DMF, 0 8C, 30 min, 1.2 equiv PMBCl, 0.05 equiv Bu4N


+I� , RT,
24 h, 30%; w) 70% HF/py/THF 1:10, room temperature, 40 min, 88% over 2 steps.
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metric Evans alkylation followed by reduction,[17] alcohol 29
was synthesized by oxidation to the corresponding aldehyde,
Evans aldol reaction with 8, MOM protection of the aldol
product and reduction of the acyloxazolidinone.[14] For pro-
tection of the primary hydroxy function, initially the
TBDPS (tert-butyldiphenylsilyl) group was examined. How-
ever, further progression of the synthesis prompted us to
use TBS (tert-butyldimethylsilyl) group instead (see below).
Therefore, the synthesis of both the TBS and TBDPS pro-
tected compounds is described together to allow for a better
comparison of the results. Protection of alcohol 29 as silyl
ether to give 30a (TBS ether) and 30b (TBDPS ether)
turned out to be straightforward. After hydroboration with
9-BBN followed by oxidative work-up, alcohols 31a and
31b were oxidized by the Swern method[36] (for 32a) or with
the Dess±Martin periodinane[37] (for 32b). In our hands this
hypervalent iodine compound gave a higher yield than the
tetrapropylammonium perruthenate catalyzed oxidation de-
veloped by Ley et al.[38] Next, a syn-selective Evans aldol re-
action with freshly distilled dibutylboryl triflate and H¸nig×s
base was carried out. The commercially available solutions
of dibutylboryl triflate gave unreproducible results. Surpris-
ingly, the TBS group was cleaved off in the course of the re-
action (yielding diol 33), whereas this was not the case for
the TBDPS compound; 34b was obtained in high yield and
with complete stereoselectivity. Fortunately, selective repro-
tection of the primary hydroxy group was possible using
TBSCl, triethylamine and catalytic amounts of DMAP
(N,N-dimethylaminopyridine) in dichloromethane to give
the desired silyl ether 34a in high yield. Standard proce-
dures were used for the conversion of the oxazolidinones
34a,b to the Weinreb amides[17,39] 35a,b and the MOM
ethers 36a,b. The Weinreb amides were then converted to
alkynyl ketones which were suitable for an asymmetric re-
duction to the corresponding alkynols. Initial attempts with
commercial bromomagnesium acetylide were unsuccessful.
Upon treatment with lithium trimethylsilyl acetylide, pre-
pared in situ from n-butyllithium and trimethylsilylacetylene
(10), the TMS-protected alkynones 37a,b were obtained in
high yields. However, varying amounts of the terminal alky-
nones 38a and 38b were detected. These compounds are
probably generated through TMS cleavage by impurities in
the butyllithium solutions used. For example, lithium hy-
droxide could cleave the TMS group from 37a,b.


We therefore searched for a method to convert the mix-
tures of protected and deprotected alkynones to the depro-
tected alkynes. Treatment with potassium carbonate in
methanol led to rapid decomposition of alkynone 37a. Ex-
posure of alkynone 37a to catalytic amounts of borax
(sodium tetraborate) in aqueous methanol[40] at room tem-
perature surprisingly led to substantial decomposition (up to
50%) via b-elimination of the MOM-protected hydroxy
group. Finally, it was discovered that slow addition of the
aqueous borax solution to a solution of alkynol 37a in meth-
anol precooled to �10 8C followed by warming to room tem-
perature, yielded deprotected alkynol 38a in very high yield
and purity. This modified procedure may be generally useful
for deprotection of TMS-alkynones prone to b-elimina-
tion.


Next the asymmetric reduction of the ketone at C-11 was
investigated. In initial experiments with Midland×s Alpine
borane[18a] no conversion of alkynone 37a was observed,
which is probably due to steric hindrance. Reduction with
(R)-phenylglycine-derived oxazaborolidine 39, which has
been reported to reduce TMS-alkynones with high stereose-
lectivity,[18e] gave varying yields of alkynol 41 (71% in the
best case). However, problems were encountered in the pu-
rification of the product, especially since 41 could hardly be
separated from the chiral ligand by column chromatography.
Fortunately, Corey×s methyl CBS oxazaborolidine 40[18c,d]


gave good yields of alkynol 42a with complete stereoselec-
tivity. The C-13 epimer could not be detected by 1H NMR
spectroscopy. The TBDPS-analogue 42b could be obtained
via deprotection of TMS-protected alkynol 41 with potassi-
um carbonate in methanol.


Next, the protection of the C-11-hydroxy group was inves-
tigated. The protecting group should be orthogonally stable
to the silyl protecting group of the primary alcohol and
resist the planned acidic deprotection of the MOM groups.
The first candidate which was examined was the PMB
group, which should be more stable under acidic conditions
than the MOM groups.[41] However, deprotonation of the al-
cohol with a strong base such as sodium hexamethyldisila-
zide (NaHMDS) and subsequent treatment with p-methoxy-
benzyl chloride in the presence of catalytic amounts of tetra-
butylammonium iodide[42] gave PMB ether 43c in only poor
yield (30%). Under those conditions, migration and cleav-
age of the TBDPS group by the intermediate alcoholate
probably occurred, leading to a mixture of compounds. Pro-
tection with PMB-trichloroacetimidate under various acidic
conditions (0.02 equiv triflic acid in diethyl ether, 0.1 equiv
camphorsulfonic acid in dichloromethane or 0.05 equiv
BF3¥Et2O complex in dichloromethane) was only sluggish.
Under forced conditions, the starting compound decom-
posed. An alternative protecting group would be the p-me-
thoxyphenyl group.[43] However, no reaction was observed
when alcohol 42b was treated with 4-methoxyphenol under
Mitsunobu conditions (PPh3, DEAD, THF, 90 8C). Next,
silyl protecting groups were examined. The TIPS (triisopro-
pylsilyl) group should be more stable than the TBDPS
group under basic deprotection conditions[44] and than the
MOM protecting groups under acidic conditions. Unfortu-
nately, the attempted protection of the C-11 OH group in
42b by treatment with TIPSCl and imidazole in DMF was
not successful even at 90 8C. A further possibility was of-
fered by the TBDPS group, which should be more stable at
the C-11 position than the primary TBDPS-group at C-3
due to steric hindrance. Gratifyingly and–in the light of the
difficulties encountered with the other protecting groups ex-
amined–quite surprisingly, treatment of 42b with TBDPSCl
and imidazole in DMF gave the bis-silyl ether 43b in 86%
yield.


The selective mono-deprotection of the bis(TBDPS)-ether
43b turned out to be problematic. Upon treatment with
TBAF, no selectivity was observed. A low selectivity for the
desired TBDPS ether 44 was observed with the HF/pyridine
complex. Surprisingly, a reversed selectivity was observed
with ammonium fluoride in methanol: the secondary


Chem. Eur. J. 2004, 10, 2759 ± 2780 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2763


Cytostatin 2759 ± 2780



www.chemeurj.org





TBDPS group was cleaved off faster than the primary silyl
ether. This result may be due to the propargylic character of
the C-11-OTBDPS group. To test this hypothesis a diol with
two primary TBDPS-protected hydroxy groups was synthe-
sized (Scheme 6). Hex-5-yn-1-ol (46) was protected as


TBDPS-ether 47, then hydroxy-
methylated to alcohol 48 which
was protected to give the
bis(TBDPS)-ether 49. Treat-
ment of 49 with ammonium
fluoride in methanol yielded
the expected alcohol 48 in a
non-optimized yield of 82%.
These results are in accordance
with previous observations
showing that allylic silyl-pro-
tected alcohols can be depro-
tected selectively in the pres-
ence of other silyl-protected al-
cohols.[45]


Application of neutral alumina,[46] which has been report-
ed to deprotect primary silyl ethers selectively, was tested
but failed to deprotect 43b. Finally, it was decided to change
the silyl protecting group at C-3 to the more labile TBS
group. Gratifyingly, the TBS group of compound 43a could
be removed in a highly selective manner by treatment with
HF/pyridine for 40 min with a yield of 88% (over two steps
from 42a).


The synthesis of the lactone fragment of the natural prod-
uct is depicted in Scheme 7. Alcohol 44 was oxidized with
the Dess±Martin periodinane. The resulting aldehyde was
submitted to a (Z)-selective Still±Gennari olefination to
yield ester 50 in high yield and complete stereoselectivity.
No (E)-isomer was detected. It was planned to synthesize
lactone 51 by selective acid-mediated cleavage of the
MOM-protecting groups and concomitant ring closure.
While treating ester 50 with TMS-bromide for 1 h at �30 8C
in dichloromethane yielded deprotected ester 52 along with
starting material, treatment of this mixture with TMS-bro-
mide again at 0 8C for 40 min gave a 40:60 epimeric mixture
of the bromides 53, probably resulting from a Michael addi-
tion of bromide ion to the unsaturated lactone 51. In con-
trast, heating ester 50 with tetrabromomethane in 2-propa-
nol[47] led to a clean reaction and a high yield of the desired
lactone 51. In this transformation probably HBr is generated
slowly thereby establishing conditions mild enough to de-
protect MOM groups in the presence of the TBDPS-ether.


Completion of the synthesis–Choice of the right phosphate
protecting group : For completion of the synthesis the trans-
formation of the alkyne moiety in 51 into a (Z)-alkenyl
iodide suitable for the planned Stille coupling, the deprotec-
tion and phosphorylation of the C-11-hydroxy group, and
the Stille coupling were considered the major problems to
be solved. It was planned to assemble the triene at a late
stage and to deprotect the phosphotriester at C-11 in the
final step to allow for facile purification of the intermedi-
ates. Since acid-mediated deprotection of model triene 17
led to extensive decomposition of the compound, an acid-
labile phosphate protecting group was ruled out. A Pd0


labile protecting group such as the allyl group[48] would not
be compatible with the Stille coupling. A protecting group
sensitive to hydrogenation such as the benzyl group would


also not be a good choice due to the presence of the triene
unit. Therefore, base-labile protecting groups were investi-
gated which should be compatible to all structural features
of the molecule (for a detailed discussion see below). The
first choice was the well-established b-cyanoethyl group.[49]


Iodination of alkyne 51 to alkynyl iodide 54 (Scheme 8)
could not be effected by treatment of 51 with N-iodosuccini-
mide and catalytic amounts of silver nitrate probably due to
steric hindrance by the adjacent TBDPS group. In contrast,


Scheme 6. Selective deprotection of a propargylic silyl ether: a) 1.2 equiv
TBDPSCl, 3 equiv imidazole, DMF, room temperature, 48 h, 95%;
b) 1.2 equiv BuLi, THF, �40 8C, 1 h, 3 equiv 1/x(HCHO)x, �78 8C!RT,
5 h, 70%; c) 1.2 equiv TBDPSCl, 3 equiv imidazole, DMF, room temper-
ature, 15 h, 90%; d) 10 equiv NH4F, MeOH, room temperature, 8 h,
82%.


Scheme 7. Synthesis of the lactone 51: a) 1.5 equiv DMP, 11.5 equiv NaHCO3, CH2Cl2, RT, 85 min; b) 2 equiv
(CF3CH2O)2P(O)CH2C(O)OMe, 4 equiv [18]crown-6, 1.5 equiv KHMDS, THF, �78 8C, 35 min, aldehyde,
�78 8C, 260 min, 86% over 2 steps; c) 0.5 equiv CBr4, 2-propanol, 82 8C, 14 h, 83%.


Scheme 8. Synthesis of the phosphorylated alkynyl iodide 57: a) I2,
5 equiv 15 equiv DMAP, toluene, 50 8C, 3 h, 76%; b) 6.1 equiv (b-CE)2P-
NiPr2, 4.45 equiv tetrazole, CH3CN, 0 8C!RT, 105 min; 6.1 equiv I2,
THF/pyridine/H2O 7:2:1, RT, 5 min, quantitative (starting from 51);
c) 70% HF¥pyridine/THF 17:83, RT, 24 h, 84%; d) 1.5 equiv NIS,
0.15 equiv AgNO3, DMF, RT, 90 min, 88%.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2759 ± 27802764


FULL PAPER H. Waldmann and L. Bialy



www.chemeurj.org





treatment with iodine and morpholine in toluene at 50 8C
for 2.5 h (60% yield) or with iodine and DMAP (76%) was
successful.


At this stage of the synthesis it was decided to introduce
the phosphate in order to get access to diverse phosphory-
lated analogues for biological screening. For this purpose
phosphoramidite chemistry was employed.[51] However,
upon treatment of alcohol 54 with (NCCH2CH2O)2PN(iPr)2
and tetrazole in acetonitrile and subsequent oxidation with
hydrogen peroxide, surprisingly the deiodinated, phosphory-
lated compound 55 was isolated. Changing the oxidant to
iodine in a pyridine/water solution, also resulted in a clean
conversion to 55 (71% yield). Thus, we speculate that the
phosphoramidite, a phosphorous(iii) reagent, had reduced
the iodoalkyne to the terminal alkyne in the presence of an
acid (in this case tetrazole). To test this hypothesis, a simple
alkynyl iodide was synthesized and exposed to an excess of
triphenylphosphine in the presence of tetrazole in acetoni-
trile. The corresponding terminal alkyne was obtained in
quantitative yield. To our knowledge, this is the first report
on the reduction of a iodoalkyne by phosphorous reagents
such as triphenylphosphine (Scheme 9).


Consequently the reaction se-
quence was reversed and
alkyne 51 was treated with
phosphoramidite (b-CE)2PNiPr2
and subsequently oxidized to
phosphotriester 55. Because of
the base lability of the b-cya-
noethyl group, the conditions
established for the synthesis of
alkynyliodide 54 could not be
adopted. The C-13-OTBDPS
group was removed before iodi-
nation to reduce the steric hin-
drance. To avoid simultaneous
cleavage of the base-labile
phosphate protecting group,
acidic conditions had to be
used. Ammonium fluoride in
methanol led to the removal of
one b-cyanoethyl group, to give
phosphodiester 60 (Scheme 8).
Treatment of 55 with tetrabutyl-
ammonium fluoride (TBAF) in
the presence of an excess
(400 equivalents) of acetic
acid[52] resulted in no conver-


sion. Finally, the use of the HF/pyridine complex (70% HF)
in THF led to a high yield of the desired alcohol 56. Iodina-
tion of alkyne 56 with N-iodosuccinimide in the presence of
catalytic amounts of silver nitrate gave a high yield of the
desired iodoalkyne 57.


With iodoalkyne 57 at hand, the diimide reduction to the
(Z)-iodoalkene was investigated. Treatment with diazodicar-
boxylate, acetic acid and pyridine in methanol led to a very
low yield along with extensive decomposition of the starting
compound (not shown). This was traced back to reduction
of the lactone double-bond, giving the saturated lactone 62
and probably to nucleophilic attack of hydrazine, which can
be formed by disproportionation of diimide,[26c] to the a,b-
unsaturated lactone. This would lead to water-soluble com-
pounds. The last reaction was thought to be the main side
reaction, as considerable loss of material was observed
during diimide reduction of 57. Conditions for the diimide
reduction were optimized employing a mixture of model
compounds 59 and 63,[53] and after variation of the solvent
(CH3CN, DMSO, dioxane, 2-propanol), equivalents of
HOAc and azodicarboxylate added and reaction time condi-
tions were found under which the desired vinyl iodide 61
was obtained in 44% isolated yield (Scheme 10).


(Z)-Alkenyliodide 61 was then subjected to reaction con-
ditions developed for the synthesis of the model triene 17
(Scheme 11), and bis(b-cyanoethyl)protected cytostatin 66
was obtained in 40% yield by Stille coupling with stannane
25 in the presence of catalytic amounts of tris(dibenzylide-
neacetone)dipalladium.


For the final deprotection of bis-cyanoethyl cytostatin
problems were expected since phosphotriesters are readily
cleaved to phosphodiesters under basic conditions followed
by a much slower cleavage of the second phosphoester


Scheme 9. Reduction of a iodoalkyne with triphenylphosphine:
a) 1.2 equiv TBDPSCl, 2 equiv imidazole, DMF, RT, 77%; b) 1.25 equiv
NIS, 0.2 equiv AgNO3, acetone, RT, 4.5 h; 96%; c) PPh3, tetrazole,
CH3CN, quantitative.


Scheme 10. Reduction of alkynyl iodide 57 to vinyl iodide 61: a) 2 equiv K+�OOC�N=N�COO�+K, 4 equiv
HOAc, 2-propanol, RT, 24 h, 44% (61) and 9% (62).


Scheme 11. Stille coupling and attempted deprotection of b-cyanoethyl protected (all-S) cytostatin:
a) 1.3 equiv 25, 0.05 equiv [Pd2(dba)3¥CHCl3], DMF/THF 20:1, RT, 14 h, 40%; b) 8 equiv DBU, 4 equiv
TMSCl, CH2Cl2, room temperature, 8 h; c) (N,O)-bis-trimethylsilyl-acetamide, CH2Cl2, hñ, 12 equiv DBU,
CH2Cl2.
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group.[54] Indeed, conditions for the complete deprotection
of both cyanoethyl esters are harsh[55] and competing attack
at the unsaturated lactone was feared. To find conditions
compatible with this structural element, model compound
68 was synthesized and exposed to a variety of different
conditions (Scheme 12). However, use of different amines


(Me2NEt, tBuNH2) in different solvents (CH3OH, 2-propa-
nol, DMF, neat, pyridine, acetonitrile) led to formation of
diester 69. Application of Me2NEt/H2O 1:1 for five days
gave the desired phophate 70 in quantitative yield but expo-
sure of 51 to these reaction conditions resulted in conjugate
addition of hydroxide to the enoate and ring opening. Final-
ly, the use of a base (NEt3, DBU) together with TMSCl (to
temporarily mask the intermediary formed phosphodiester)
developed by Evans et al. in the synthesis of calyculin[54] was
investigated. Indeed, 68 was converted to 70 when DBU/
TMSCl was applied but under these conditions bis-cya-
noethyl cytostatin 66 was only deprotected once. In the light
of these findings the use of the cyanoethyl phosphate pro-
tecting groups had to be abandoned.


The 9-fluorenylmethyl group was demonstrated by Wata-
nabe et al. to be an efficient base-labile phosphomonoester
protecting group, allowing for complete deprotection of
bis(9-fluorenylmethyl) protected phosphotriesters by means
of an excess of triethylamine under anhydrous conditions.[56]


The suitability of this protecting group for the completion of
the cytostatin synthesis was investigated with a truncated,
C1±C9 fragment of cytostatin
(Scheme 13). To this end, alco-
hol 31b was protected as
MOM ether protected to give
71. After cleavage of the
TBDPS group, the alcohol 72
obtained was oxidized to the
corresponding aldehyde which
was immediately subjected to
a Still±Gennari olefination to
yield the (Z)-configured unsat-
urated ester 73. Upon heating
in aqueous HCl and THF, lac-
tone 74 was formed. Phosphor-
ylation with phosphoramidite
(FmO)2PNiPr2 (75) and subse-
quent oxidation with m-chloro-
perbenzoic acid (mCPBA)


gave the desired phosphotriester 76. Gratifyingly, treatment
of 76 with an excess of triethylamine in acetonitrile gave
completely deprotected compound 77 in high yield.


Encouraged by these results, the reaction sequence devel-
oped for the synthesis of cytostatin was carried out by analo-
gy (Scheme 14). Phosphorylation of alcohol 51 with phos-
phoramidite 75 had to be performed in a mixture of di-
chloromethane and acetonitrile. Phosphoramidite 75 is only
very poorly soluble in acetonitrile, but in CH2Cl2 no conver-
sion was observed. TBDPS deprotection of phosphotriester
78 could be effected in high yield by using a higher concen-
tration of HF/pyridine in THF and longer reaction times in
comparison to the b-cyanoethyl protected phosphotriester
55. This lower reactivity is probably due to higher steric hin-
drance due to the presence of the larger neighboring 9-fluo-


Scheme 12. Model reactions for the deprotection of bis(b-cyanoethyl)
phosphate triesters under non-nucleophilic conditions: a) 2 equiv tetra-
zole, 2 equiv (NCCH2CH2O)2PNiPr2, CH3CN, 3 h, room temperature;
2 equiv I2, pyridine/H2O/THF, 5 min, room temperature, 74%.


Scheme 13. Investigation of the 9-fluorenylmethyl group on a C1±C9
fragment of cytostatin: a) 10 equiv MOMCl, 13 equiv (iPr)2NEt, CH2Cl2,
0 8C, 1 h, room temperature, 13 h; b) 1.2 equiv TBAF, THF, room temper-
ature, 15 h, 90% over 2 steps; c) 1.5 equiv Dess±Martin periodinane,
11.5 equiv NaHCO3, CH2Cl2, room temperature, 90 min; d) 2 equiv
(CF3CH2O)2P(O)CH2C(O)Me, 4 equiv 18-crown-6, 1.5 equiv KHMDS,
THF, �78 8C, 35 min, aldehyde, �78 8C, 3 h, 80% over 2 steps; e) 1n
HCl, H2O, THF, 15 h, 60 8C, 88%; f) 4 equiv (iPr2)NP(OFm)2 (75),
3 equiv tetrazole, CH2Cl2, 270 min, 10 equiv m-CPBA, �78 8C, 0 8C,
90 min; 88%; g) NEt3/CH3CN 1:4.8 v/v, room temperature, 18 h, 75%.


Scheme 14. Final steps of the total synthesis: a) 3 equiv (iPr)2NP(OFm)2, 2.7 equiv tetrazole, CH3CN/CH2Cl2
5:4 v/v, RT, 330 min, 3 equiv I2, THF/pyridine/H2O 7:2:1 (v/v), 5 min, 95%; b) HF/py/THF 1:4.75 v/v, RT, 24 h,
then 1:2.4, room temperature, 8 h, 82%; c) 1.5 equiv NIS, 0.15 equiv AgNO3, DMF, 90 min, 100%;
d) 1.73 equiv K+(�OOCN=NCOO�)+K, 3.47 equiv HOAc, 2-propanol/dioxane 11:1 v/v, 870 min, 63% (81),
(and 21% 80); e) 4.3 equiv (iPr2)NP(OFm)2 (75), 0.24 equiv [PdCl2(CH3CN)2], DMF/THF 17:1 v/v, RT, 20.5 h,
62%; f) NEt3/CH3CN 2:9 v/v, RT, 20 h, quantitative; g) Na+-Dowex, MeOH/H2O 1:1 v/v, 85%.
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renylmethyl groups. The synthesis of iodoalkyne 80 by reac-
tion of 79 with N-iodosuccinimide (NIS) and a catalytic
amount of silver nitrate in DMF was straightforward. The
diimide reduction could not be effected in 2-propanol as de-
veloped for the b-cyanoethyl protected compound 57 due to
the insolubility of iodoalkyne 80 in the solvent. However,
this problem was readily solved by addition of a small
amount of dioxane as cosolvent. Use of 2-propanol/dioxane
(11:1) gave a 63% yield of (Z)-iodoalkene 81 if the reaction
was stopped before the entire starting material had been
consumed (21% 80 recovered). The Stille coupling was per-
formed under ligand-free conditions with stannane 25 and a
catalytic amount of bis(acetonitrile)palladium(ii) chloride
and triene 82 was isolated in 62% yield after reversed-phase
HPLC. Gratifyingly, deprotection of the triester 82 proceed-
ed smoothly under the conditions developed for the truncat-
ed compound 76, that is, with an excess of triethylamine in
acetonitrile. The obtained monotriethylammonium salt was
converted to the sodium salt 1a by ion-exchange filtration
over Dowex resin.


To verify that the relative configuration of
(2S,3S,4S,9S,10S,11S)-cytostatin 1a was chosen correctly, we
made a direct NMR comparison of 1a with a sample of the
isolated natural product[57] by mixing synthetic and natural
cytostatin in equimolar amounts. 1H NMR, 31P NMR and
13C NMR spectroscopic (determined by HSQC) examination
in CD3OD proved spectroscopic identity of the two com-
pounds. Unfortunately, the sample of the isolated material
provided by Ishizuka was seriously contaminated with im-
purities which could not be removed by reversed-phase
HPLC. The optical rotation of the isolated sample ([a]20D =


+20 (c=0.265, methanol)) was lower than the value record-
ed for synthetic 1a ([a]20D =++46 (c=0.265, methanol)). How-
ever, in the light of the NMR spectroscopic identity of the
compounds and the fact that the specific rotation is positive
for both samples we propose that the absolute configuration
of natural cytostatin is (4S,5S,6S,9S,10S,11S).


Synthesis of cytostatin analogues : After successful comple-
tion of the total synthesis a set of analogues of the natural
product was prepared in order to unravel the decisive struc-
tural parameters of cytostatin. To this end, several synthesis
intermediates and model compounds were deprotected.
Since the phosphate moiety of the natural product is indis-
pensable for inhibition of PP2A,[9d] it was decided to investi-
gate only phosphorylated analogues. The C1±C9 fragment
of cytostatin 77 was synthesized as shown in Scheme 13. The
synthesis of the other derivatives is depicted in Scheme 15.
All fluorenylmethyl-deprotection reactions were carried out
under the conditions described above, that is, with an excess
of triethylamine in acetonitrile and yielded analytically pure
compounds after simple aqueous work up. Alkyne 79, io-
doalkyne 80 and (Z)-iodoalkene 81 were converted to com-
pounds 83, 86 and 87 in very high yields. To evaluate the im-
portance of the C-11-hydroxy function, alcohol 79 was ace-
tylated with acetic anhydride in the presence of catalytic
amounts of DMAP in pyridine to give acetate 84. Deprotec-
tion yielded compound 85 acetylated at C-11. The saturated
lactone 88 was formed in small amounts as by-product in


the course of the diimide reduction of 80. It was deprotected
to give compound 89 in order to shed light on the impor-
tance of the electrophilic double bond in the lactone moiety
of the natural product. Finally, the bis(b-cyanoethyl) pro-
tected compound 56 was selectively monodeprotected to
diester 90 by treatment with an excess of triethylamine in
acetonitrile. Investigation of this compound would show if
the phosphate needs to be fully deprotected in order to
ensure PP2A inhibitory activity.


Biological evaluation of cytostatin analogues : The cytostatin
analogues were evaluated by means of in vitro inhibition
assays of the serine-threonine phosphatases of type 2A
(PP2A) and 1 (PP1). These are of particular interest be-
cause cytostatin has been described as a highly selective
PP2A-, but not PP1 inhibitor.[9d] In addition, the inhibition
of protein tyrosine phosphatases PTP1B (which is consid-
ered as a potential target for diabetes therapy[58]) and CD45
(a positive regulator of T-cell activation and therefore a po-
tential target for treatment of autoimmune diseases and sup-
pression of graft rejection[59]), and the dual-specifity phos-
phatase VHR (which dephosphorylates ERK, a member of
the ras signal transduction pathway[60]) was examined. The
enzymatic activity was determined by hydrolysis of p-nitro-
phenyl phosphate (p-NPP) in standard buffers for PP2A1,
PP1, VHR, PTP1B, and a commercially available peptide
for CD45 (see the Experimental Section).


Under the conditions described by Ishizuka et al. ,[9d] only
low enzymatic activity of PP2A in the hydrolysis of p-NPP
was observed. A much higher activity could be obtained by
using a different buffer at a higher pH value (8.1).[61] The in-
hibition curves determined for the inhibition of PP2A1 are
shown in Figure 4, the determined IC50 values are given in
Table 1. Synthetic cytostatin 1a displays an IC50 value of
33 nm which is about seven times smaller than the value re-


Scheme 15. Synthesis of cytostatin analogues: a) NEt3/CH3CN 1:4.6 v/v,
room temperature, 15 h, 98% (83), 49% (85), quantitative (86, 87), 92%
(89), 85% (90); b) Ac2O, pyridine, cat. DMAP, 1 h, 60%.
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ported for the isolated compound. Two reasons can be in-
voked to explain this deviation: 1) We used an enzyme from
a different source than Ishizuka et al. (see Experimental
Section), 2) we used different assay conditions (buffer, pH
value) than Ishizuka et al. The truncated cytostatin analogue
77 (C1±C9) is totally inactive (entry 2). The shortened frag-
ments of the natural product show a lower activity against
PP2A, albeit still in the submicromolecular range. It is inter-
esting to note that alkyne 83 is less active than the more hy-
drophobic iodoalkyne 86. This analogue in turn is less active
than the (Z)-iodoalkene 87 which is nearly as potent as the
natural product itself (entries 3, 5 and 6). The acetylated de-
rivative 85 is totally inactive (entry 4), while saturated lac-
tone 89 and phosphodiester 90 show very weak activities
with IC50 values in the high micromolar range.


From these results, the basic structure±activity relation-
ship shown in Figure 5 can be derived. The unsaturated lac-
tone is necessary for the biological activity of the natural
product. It is prudent to speculate that covalent modifica-
tion of the enzyme may take place, for example by nucleo-
philic attack of a cysteine residue in a Michael-type reac-
tion. Furthermore, the phosphate group must be fully depro-
tected, suggesting that a very tight interaction of the phos-
phate with the enzyme is required for inhibition. The C-11-
hydroxy group seems to be essential for activity, as suggest-
ed by the lack of inhibition by the truncated compound 77
and the acetylated compound 85. The triene moiety is not
essential for PP2A inhibition. The presence of a (Z)-config-


ured double bond with a hydrophobic group attached (here
an iodine) seems to be sufficient for high PP2A-inhibitory
activity.


Clinical phase I trials of fostriecin have been stopped by
the NCI due to impurities in the natural product samples.[62]


Most probably the triene moiety in fostriecin and cytostatin
is responsible for the instability of the natural products


upon storage. Thus, the finding
that it may be replaced by sim-
pler structural elements with-
out loss of biological activity is
of particular importance for
the design of more stable but
still active analogues.


Notably protein phosphatase
1 (PP1) was not inhibited by
any of the cytostatin analogues
in a p-NPP based assay identi-
cal to the PP2A assay
(Table 1). This demonstrates


that variation of the structure of the natural product can be
carried out without compromising the high selectivity descri-
bed for the natural products of the fostriecin class. Further-
more VHR, PTP1B and CD45 were also not inhibited by
any of the analogues. Thus, biological probes derived from
cytostatin promise to be highly selective tools for biological
investigations, for example in chemical proteomics studies.


Conclusion


We accomplished the first total synthesis of the PP2A-inhib-
itor cytostatin, thereby establishing its relative and absolute
stereochemistry. The natural product was obtained in a 24-
step sequence with an overall yield of 4.1% starting from
the known and easily accessible alcohol 28. The synthesis se-
quence was employed successfully to generate several ana-
logues of the natural product. Assaying the phosphatase-in-
hibiting activity of these analogues revealed the importance
of the unsaturated C-2,C-3 double bond, the phosphate, and
the C-11-hydroxy group for biological activity of cytostatin,
whereas the triene moiety could be replaced by other lipo-
philic groups. Our results demonstrate that highly selective
phosphatase inhibitors with enhanced properties are likely
to emerge from the synthesis of analogues of the natural
products of the fostriecin class. Such compounds could serve
as new molecular tools for the study of cellular phosphoryla-
tion processes.


Figure 4. PP2A1 inhibition by cytostatin analogues 1a (&), 83 (*), 86 (~),
89 (!), and 90 (^).


Table 1. IC50 values [mm] for inhibition of different phosphatases with cytostatin analogues.[c]


Entry Compound PP2A1 PP1 VHR PTP1B CD45


1 1a 0.033�0.003 >20[a] >20[a] >20[a] >20[a]


2 77 >100[a] >100[a] >100[a] >100[a] >100[a]


3 83 0.37�0.05 >100[a] >100[a] >100[a] >100[a]


4 85 >100[a] >100[a] >100[a] >100[a] n.i.[b]


5 86 0.079�0.009 >100[a] >100[a] >100[a] n.i.[b]


6 87 0.039�0.004 >100[a] >100[a] >100[a] n.i.[b]


7 89 ca. 100 >100[a] >100[a] >100[a] n.i.[b]


8 90 42�7 >100[a] >100[a] >100[a] n.i.[b]


[a] Highest concentration investigated. [b] Not investigated. [c] IC50 values were calculated on the basis of at
least three determinations.


Figure 5. Structure±activity relationship for cytostatin (PP2A1 inhibition).
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Experimental Section


General : All reactions were carried out under an argon atmosphere. All
solvents were distilled using standard procedures before use. THF was
distilled under argon from molten potassium. Diethyl ether was distilled
under argon from molten Na/K alloy. CH2Cl2 was distilled under argon
from CaH2. Dibutylboryltriflate was synthesized as previously descri-
bed.[64] All other chemicals were purchased from commercial sources and
used without further purification. Yields refer to isolated and pure com-
pounds unless otherwise stated. 1H and 13C NMR data were recorded on
a Varian Mercury 400 spectrometer. The following abbreviations are
used to explain the multiplicities: s= singlet, d=doublet, t= triplet, q=
quartet, quint=quintet, sext= sextet, sept= septet, m=multiplet, br s=
broad signal. FAB and EI measurements were taken with a Jeol SX
102A using a 3-nitrobenzyl alcohol (3-NBA) matrix. GC-MS analysis was
performed on a Hewlett±Packard HP 5890-Series II gaschromatograph
with a HP 5972-series mass selective detector. HPLC purifications were
performed using a Varian Pro Star machine with a Varian detector model
340. Optical rotations were measured with a Perkin±Elmer Polarimeter
341. Flash chromatography was performed using silica gel from Merck
(silica gel 60). TLC was performed with aluminium-backed silica gel 60
F254 plates (Merck) using UV as a visualizing agent and a 0.5% aqueous
potassium permanganate solution or an ethanolic solution of phosphomo-
lybdic acid and heat as developing agents. Melting points were recorded
on a B¸chi B-540 apparatus and are uncorrected. Enzymatic assays were
measured on a dynatech MR 5000 photometer with Roth polysterene mi-
crotiter plates. The enzymes were purchased from Calbiochem (PP2A1


(bovine kidney), PP1 (a-isoform, rabbit muscle, recombinant)), Biomol
(CD45 (human, recombinant) tyrosine phosphatase assay kit, PTP1B
(human, recombinant), VHR (human, recombinant)). Merck silica gel
(60, partical size 40±63 mm) and Merck aluminium oxide (type 506C)
were used for flash column chromatography.


1-(1-Ethyl-prop-2-ynyloxymethyl)-4-methoxy-benzene (12): A 1m
NaHMDS solution in THF (1.31 mL, 1.31 mmol) was added dropwise at
0 8C to a solution of pent-1-yn-3-ol (100 mg, 1.19 mmol) in DMF (2 mL)
and the mixture was stirred for 30 min at 0 8C. 4-Methoxybenzylchloride
(0.194 mL, 1.43 mmol) and tetrabutylammonium iodide (22 mg,
0.06 mmol) were added at 0 8C and the mixture was stirred for 16 h at
room temperature. The reaction mixture was quenched with 1m aqueous
KH2PO4 (10 mL) and extracted with diethyl ether (3î20 mL). The com-
bined organic layers were washed with brine (10 mL), then dried
(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, pentane/diethyl ether 40:1 to 25:1) to give PMB-ether
12 (163 mg, 67%) as a colourless oil. Rf=0.86 (pentane/diethyl ether
5:1); 1H NMR (400 MHz, CDCl3): d = 7.30 (d, J=8.6 Hz, 2H), 6.89 (d,
J=8.6 Hz, 2H), 4.74 (d, J=11.4 Hz, 1H), 4.46 (d, J=11.4, 1H), 4.00 (dt,
J=2.0, 6.5 Hz, 1H), 3.81 (s, 3H), 2.47 (d, J=2.0 Hz, 1H), 1.81±1.72 (m,
2H), 1.02 (t, J=7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 159.4,
130.1, 129.8, 113.9, 83.0, 73.9, 70.2, 69.5, 55.4, 28.9, 9.7; HRMS (EI): calcd
for C13H16O2: 204.1150; found: 204.1134 [M]+ .


(E)-Trimethyl-pent-3-en-1-ynyl-silane (14): [Pd(PPh4)] (578 mg,
0.5 mmol) and copper iodide (190 mg, 1 mmol) were added at 0 8C to a
solution of (E)-2-bromopropene (0.86 mL, 10 mmol), triethylamine
(2.78 mL, 20 mmol), trimethylsilylacetylene (2.08 mL, 15 mmol), in de-
gassed THF (100 mL). The mixture was stirred for 15 h at 0 8C. The reac-
tion mixture was quenched with saturated aqueous NH4Cl (5 mL) and ex-
tracted with diethyl ether (2î50 mL). The combined organic layers were
washed with brine (40 mL), then dried (Na2SO4) and concentrated. The
residue was purified by flash chromatography (silica gel, pentane) and
distilled (30 mbar, 80 8C) to give TMS-alkyne 14 (960 mg, 69%) as a col-
ourless oil. Rf=0.72 (pentane); 1H NMR (400 MHz, CDCl3): d = 6.22
(dq, J=16.1, 7.0 Hz, 1H), 5.51 (dq, J=16.1, 2.0 Hz, 1H), 1.78 (dd, J=7.0,
2.0 Hz, 3H), 0.17 (s, 9H); MS (EI, 70 meV): m/z (%): 138 (18) [M]+ , 123
(100) [M�CH3]


+ . The analytical data are in agreement with the litera-
ture.[63]


(E)-1-Bromopent-3-en-1-yne (15): Recrystallized N-bromosuccinimide
(70 mg, 0.39 mmol) and AgNO3 (6 mg, 35 mmol) were added at 0 8C to a
solution of TMS-alkyne 14 (50 mg, 0.36 mmol) in DMF (2.5 mL) and the
mixture was stirred at 0 8C for 2 h and room temperature for 1 h. A
second portion of recrystallized N-bromosuccinimide (10 mg, 0.06 mmol)


and AgNO3 (10 mg, 58 mmol) were added and the mixture was stirred at
room temperature for 2 h. The reaction mixture was quenched by addi-
tion of ice-cold water (10 mL) and extracted with pentane (10 mL). The
combined organic layers were washed with brine (5 mL), then dried
(Na2SO4) and concentrated (500 mbar) to yield crude bromoalkyne
(26 mg) as a slightly yellow oil which was used immediately in the next
step without purification. Rf=0.9 (pentane); 1H NMR (400 MHz,
CDCl3): d = 6.21 (dq, J=16.1, 7.0 Hz, 1H), 5.46 (dq, J=16.1, 2.0 Hz,
1H), 1.77 (dd, J=7.0, 2.0 Hz, 3H); MS (EI, 70 meV): m/z (%): 146, 144
(100) [M]+ , 65 (89) [M�Br]+ .


1-[(E)-1-Ethyl-oct-6-ene-2,4-diynyloxymethyl]-4-methoxy-benzene (16a):
A solution of alkyne 12 (56 mg, 0.28 mmol) and bromoalkyne 15 (60 mg,
0.41 mmol) in degassed DMSO (3 mL, and 2î0.5 mL washings) and
1,2,2,6,6-pentamethylpiperidine (0.21 mL, 1.18 mmol) were added to a
mixture of CuI (14 mg, 0.07 mmol), LiI (8 mg, 0.06 mmol) and di-palladi-
um-tris-(dibenzylideneacetone)-chloroform complex (9 mg, 9 mmol). The
reaction mixture was stirred in the dark for 17 h at room temperature.
The reaction mixture was quenched with saturated aqueous NH4Cl
(5 mL) and extracted with diethyl ether (2î10 mL). The combined or-
ganic layers were washed with water (2î5 mL), brine (2î5 mL), then
dried (Na2SO4), filtered through a short pad of silica gel and concentrat-
ed. The residue was purified by flash chromatography (silica gel, cyclo-
hexane/ethyl acetate 1:1) to give endiyne 16a (40 mg, 56%) as a yellow
oil. Rf=0.26 (cyclohexane/ethyl acetate 40:1); 1H NMR (400 MHz,
CDCl3): d = 7.28 (d, J=8.8 Hz, 2H), 6.88 (d, J=8.8 Hz, 2H), 6.35 (dq,
J=15.8, 7.0 Hz, 1H), 5.55 (dqd, J=15.8, 1.8, 0.8 Hz, 1H), 4.72 (d, J=
11.3 Hz, 1H), 4.43 (d, J=11.3 Hz, 1H), 4.08 (t, J=6.5 Hz, 1H), 3.80 (s,
3H), 1.83 (dd, J=6.8, 2.0 Hz, 3H), 1.82±1.70 (m, 2H), 1.00 (t, J=7.4 Hz,
3H); 13C NMR (100 MHz, CDCl3): d = 159.4, 144.1, 130.0, 129.8, 113.9,
109.8, 81.1, 72.0, 71.2, 70.7, 70.5, 70.2, 55.4, 29.0, 19.1, 9.9; HRMS (FAB,
3-NBA): m/z : calcd for C18H20O2: 268.1463, found 268.1473 [M]+ .


(E)-Dec-8-ene-4,6-diyn-3-ol (16b): Endiyne 16b was synthesized by anal-
ogy to 16a starting from pent-1-yn-3-ol (11) (49 mL, 0.57 mmol) to yield a
brown oil (42 mg, 0.28 mmol). Rf=0.4 (pentane/diethyl ether 5:1);
1H NMR (400 MHz, CDCl3): d = 6.33 (dq, J=15.8, 7.0 Hz, 1H), 5.53
(dqd, J=15.8, 1.8, 0.8 Hz, 1H), 4.41 (t, J=6.3 Hz, 1H), 1.82 (dd, J=6.8,
1.8 Hz, 3H), 1.79±1.70 (m, 2H), 1.01 (t, J=7.4 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d = 144.3, 109.7, 82.2, 77.9, 71.7, 69.9, 64.4, 30.9,
19.0, 9.5; HRMS (EI, 70 meV): m/z : calcd for C10H12O: 148.0888; found:
148.0880 [M+H]+ .


(E)-1,1-Dibromopenta-1,3-diene (21): The reaction was carried out in the
dark. CDCl3 was filtered through a layer of basic alumium oxide before
use. To a solution of (E)-crotonic aldehyde (20) (0.41 mL, 5 mmol) and
tetrabromomethane (3.32 g, 10 mmol) in CH2Cl2 was added PPh3 (5.24 g,
20 mmol) in five portions at 0 8C over a period of 3 min and the bright
orange mixture was stirred for 8 min at 0 8C. The reaction mixture was di-
luted with pentane (100 mL), filtered through a layer of neutral alumini-
um oxide and carefully concentrated (100 mbar, room temperature). The
residue was purified by flash chromatography (neutral aluminium oxide,
pentane) to give dibromoalkene 21 (980 mg, 87%) as a yellow oil which
was immediately used for the next step due to its pronounced lability.
Rf=0.9 (pentane); 1H NMR (400 MHz, CDCl3): d = 6.89 (d, J=10.0 Hz,
1H), 6.14±6.07 (m, 1H), 5.92 (dq, J=15.1, 6.7 Hz, 1H), 1.77 (dd, J=1.5,
6.7 Hz, 3H). The analytical data are in agreement with the literature.[22]


1-[(4Z,6E)-1-Ethylocta-4,6-dien-2-ynyloxymethyl]-4-methoxy-benzene
(23): Tri-n-butylstannane (2.0 mL, 7.7 mmol) was added dropwise to a
solution of dibromoalkene 22 (1.65 g, 7.3 mmol) and tetrakis-(triphenyl-
phosphine)-palladium (337 mg, 0.29 mmol) in degassed THF (70 mL) and
the reaction mixture was stirred for 1 h at room temperature. Another
portion of tri-n-butylstannane (0.1 mL, 0.385 mmol) was added dropwise
and the reaction solution was stirred for 1 h at room temperature. The re-
action progress was carefully monitored by GC-MS. To the reaction solu-
tion were added a solution of alkyne 12 (298 mg, 1.46 mmol) in degassed
THF (2 mL), degassed EtNiPr2 (7.5 mL) and CuI (150 mg, 0.79 mmol)
and the mixture was stirred for 16 h at room temperature. The mixture
was quenched with saturated NH4Cl (250 mL) and extracted with diethyl
ether (300 mL). The combined organic layers were washed with brine
(2î50 mL), then dried (Na2SO4) and concentrated. The residue was puri-
fied by flash chromatography (silica gel, pentane to pentane/diethyl ether
10:1) to give dienyne 23 (142 mg, 36% over 2 steps) as a yellow oil. Rf=


0.30 (pentane); 1H NMR (400 MHz, CDCl3): d = 7.32 (d, J=8.8 Hz,
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2H), 6.89 (d, J=8.8 Hz, 2H), 6.66±6.58 (m, 1H), 6.37 (t, J=10.6 Hz,
1H), 5.92 (dq, J=15.1, 7.0 Hz, 1H), 5.38 (d, J=10.8 Hz, 1H), 4.77 (d, J=
11.4 Hz, 1H), 4.49 (d, J=11.4 Hz, 1H), 4.20 (dt, J=1.8, 6.5 Hz, 1H), 3.81
(s, 3H), 1.86±1.78 (m, 5H), 1.04 (t, J=7.4 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d = 159.3, 140.5, 133.6, 130.4, 129.7, 129.2, 113.9, 106.3, 94.0,
83.2, 70.4, 70.2, 55.4, 29.2, 18.6, 10.0; HRMS (FAB, 3-NBA): m/z : calcd
for C16H17O2: 241.1229, found 241.1268 [M�C2H5]


+ .


(E)-Tributyl-pent-3-en-1-ynyl-stannane (24): CDCl3 was filtered through
a layer of basic alumium oxide before use. Silica gel was pretreated with
acetone/pyridine 1:1 and air-dried before use. A 2.5m BuLi solution in
hexanes (3.31 mL, 8.28 mmol) was added at �78 8C over a period of
45 min to a solution of dibromoalkene 21 (936 mg, 4.14 mmol) in THF
(20 mL). The mixture was stirred for 1 h at �78 8C and for 70 min at
room temperature. The mixture was recooled to �78 8C, tributylchloros-
tannane (1.18 mL, 4.35 mmol) was added dropwise at �78 8C and the
mixture was stirred for 15 h at room temperature. The reaction mixture
was quenched with saturated aqueous NH4Cl and the mixture was ex-
tracted with pentane (50 mL). The combined organic layers were washed
with brine (50 mL), then dried (Na2SO4) and concentrated at room tem-
perature. The residue was purified by flash chromatography (silica gel,
cyclohexane) to alkinylstannane 24 (729 mg, 50%) as a colourless oil.
Rf=0.95 (pentane/diethyl ether 10:1); 1H NMR (400 MHz, CDCl3): d =


6.15 (dq, J=15.8, 6.8 Hz, 1H), 5.53 (dq, J=15.8, 2.0 Hz, 1H), 1.76 (dd,
J=6.8, 2.0 Hz, 1H), 1.60±1.52 (m, 6H), 1.33 (sext, J=7.8 Hz, 6H), 1.01±
0.97 (m, 6H), 0.90 (t, J=7.4 Hz, 9H); 13C NMR (100 MHz, CDCl3): d =


139.6, 111.6, 109.0, 91.3, 29.0, 27.1, 18.6, 13.8, 11.2; HRMS (FAB, 3-
NBA): m/z : calcd for C14H23Sn: 299.0822; found: 299.0808 [M�C4H9]


+ .


(1Z,3E)-Tributyl-penta-1,3-dienyl-stannane (25): The reaction was carried
out in the dark. CDCl3 was filtered through a layer of basic alumium
oxide before use. A solution of alkinylstannane 24 (40 mg. 0.113 mmol)
in THF (0.5 mL, and 0.5 mL washing) was added to a mixture of zircono-
cene hydrochloride (65 mg, 0.254 mmol) in THF (0.75 mL). The orange
mixture was stirred for 30 min at room temperature, diluted with pentane
(5 mL), stirred for another 35 min at room temperature, filtered (silica
gel, 7 cm high pad, pentane/diethyl ether 30:1) and concentrated at room
temperature to yield crude alkenylstannane 25 (40 mg, 99%) as a slightly
yellow oil. Compound 25 was immediately used in the next step because
of its marked lability. Rf=0.95 (pentane/diethyl ether 10:1); 1H NMR
(400 MHz, CDCl3): d = 7.02 (dd, J=12.8, 10.4 Hz, 1H), 6.01±5.93 (m,
1H), 5.90 (dd, J=12.8, 0.6 Hz, 1H), 5.72 (dq, J=14.9, 6.6 Hz, 1H), 1.78
(dd, J=6.6, 1.6 Hz, 1H), 1.55±1.47 (m, 6H), 1.32 (sext, J=7.4, 6H), 0.96±
0.92 (m, 6H), 0.89 (t, J=7.2 Hz, 9H); 13C NMR (100 MHz, CDCl3): d =


146.7, 134.7, 131.2, 130.8, 29.3, 27.4, 18.4, 13.8, 10.6; MS (EI, 70 meV):
m/z (%): 357.0 (73) [M�H]+ , 301 (100) [M�C(CH3)3]


+ , 245 (27)
[M�C8H17]


+ , 187 (26) [M�C12H27]
+ .


1-(1-Ethyl-3-iodo-prop-2-ynyloxymethyl)-4-methoxy-benzene (26):
AgNO3 (166 mg, 0.98 mmol) was added in the dark to a solution of
alkyne 13 (1.00 g, 4.90 mmol) and N-iodosuccinimide (1.38 g, 6.12 mmol)
in acetone (40 mL) and the mixture was stirred for 4 h at room tempera-
ture. The reaction mixture was quenched with ice-cold water (100 mL)
and extracted with ethyl acetate (3î150 mL). The combined organic
layers were washed with brine (100 mL), dried (Na2SO4) and concentrat-
ed. The residue was purified by flash chromatography (silica gel, cyclo-
hexane/ethyl acetate 100:1 to 30:1) to give iodoalkyne 26 (1.43 mg, 71%)
as a yellow oil. Rf=0.77 (cyclohexane/ethyl acetate 30:1); 1H NMR
(400 MHz, CDCl3): d = 7.28 (d, J=8.6 Hz, 2H), 6.88 (d, J=8.6 Hz, 2H),
4.72 (d, J=11.3 Hz, 1H), 4.43 (d, J=11.3 Hz, 1H), 4.12 (dt, J=6.5 Hz,
1H), 3.81 (s, 3H), 1.78±1.71 (m, 2H), 0.99 (t, J=7.4 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d = 159.2, 129.8, 129.6, 113.8, 94.1, 71.0, 70.3, 55.3,
28.9, 9.7, 1.4; HRMS (FAB, 3-NBA): m/z : calcd for C13H15INaO2:
353.0014; found: 352.9987 [M+Na]+ .


1-[(Z)-1-Ethyl-3-iodo-allyloxymethyl]-4-methoxy-benzene (27): Acetic
acid (0.27 mL, 4.73 mmol) over a period of 1 h was added to a mixture of
alkynyl iodide 26 (624 mg, 1.89 mmol), potassium azodicarboxylate
(459 mg, 2.36 mmol) and pyridine (0.45 mL, 5.44 mmol) in methanol
(7.9 mL) and the mixture was stirred for 5 h at room temperature. An-
other portion of potassium azodicarboxylate (230 mg, 1. 8 mmol) and
acetic acid (0.14 mL, 2.36 mmol) were added and the mixture was stirred
for further 15 h at room temperature. The pH of the reaction mixture
was adjusted to pH 3 with 1m aqueous HCl and the solution was extract-
ed with diethyl ether (3î30 mL). The combined organic layers were


washed with saturated aqueous NaHCO3 (30 mL), brine (30 mL), dried
(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, cyclohexane/ethyl acetate 30:1) to give alkenyliodide 27
(576 mg, 92%) as a yellow oil. Rf=0.30 (cyclohexane/ethyl acetate 30:1);
1H NMR (400 MHz, CDCl3): d = 7.28 (d, J=8.7 Hz, 2H), 6.87 (d, J=
8.7 Hz, 2H), 6.47 (dd, J=7.8, 1.0 Hz, 1H), 6.19 (t, J=7.8 Hz, 1H), 4.51
(d, J=11.3 Hz, 1H), 4.34 (d, J=11.3 Hz, 1H), 4.05 (ddt, J=7.2, 1.0,
7.0 Hz, 1H), 3.81 (s, 3H), 1.75±1.53 (m, 2H), 0.95 (t, J=7.4 Hz, 3H);
13C NMR (100 MHz, CDCl3): d = 159.1, 142.1, 130.6, 129.5, 113.8, 84.0,
82.0, 70.5, 55.5, 27.8, 9.9; HRMS (FAB, 3-NBA): m/z : calcd for
C13H17IO2: 332.0273, found 332.0285 [M]+ .


1-[(2Z,4Z,6E)-1-Ethylocta-2,4,6-trienyloxymethyl]-4-methoxy-benzene
(17): The reaction was carried out in the dark. CDCl3 was filtered
through a layer of basic alumium oxide before use. To a solution of alke-
nyliodide 27 (137 mg, 0.412 mmol) and alkenylstannane 25 (294 mg,
0.824 mmol) in degassed DMF (7 mL) and degassed THF (0.25 mL) was
added bis(acetonitrile)-palladium(ii)chloride (10 mg) and the mixture was
stirred for 16 h at room temperature. The reaction mixture was quenched
with 10% aqueous NH3 (5 mL) and water (25 mL) and extracted with di-
ethyl ether (3î30 mL). The combined organic layers were washed with
saturated aqueous 1m aqueous KH2PO4 (20 mL), brine (20 mL), then
dried (Na2SO4) and concentrated. The residue was purified by flash chro-
matography (silica gel, pentane/diethyl ether 50:1 to 10:1) to give triene
17 (83 mg, 74%) as a yellow oil. Rf=0.28 (cyclohexane/ethyl acetate
30:1); 1H NMR (400 MHz, CDCl3): d = 7.25 (d, J=8.6 Hz, 2H), 6.86 (d,
J=8.6 Hz, 2H), 6.67 (t, J=10.6 Hz, 1H), 6.60±6.52 (m, 1H), 6.08±5.97
(m, 2H), 5.80 (dq, J=14.7, 6.8 Hz, 1H), 5.38 (t, J=9.6 Hz, 1H), 4.51 (d,
J=11.5 Hz, 1H), 4.27 (d, J=11.5 Hz, 1H), 4.18 (q, J=6.8 Hz, 1H), 3.80
(s, 3H, OCH3), 1.83 (dd, J=6.8 Hz, J=1.4 Hz, 1H), 1.78±1.43 (m, 2H),
0.89 (t, J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 159.2, 132.7,
132.0, 131.1, 131.1, 129.5, 126.8, 126.7, 121.8, 113.8, 75.1, 69.8, 55.4, 28.8,
18.6, 10.0; MS (EI, 70 meV): m/z (%): 272 (2) [M]+ , 121 (100) [C8H9O]+ .


tert-Butyl-[(2S,3S,4S)-3-methoxymethoxy-2,4-dimethyl-hept-6-enyloxy]-
dimethylsilane (30a): tert-Butylchlorodimethylsilane (4.26 g, 28.3 mmol)
was added to a solution of alcohol 29 (4.09 g, 20.2 mmol) and imidazole
(4.26 g, 28.3 mmol) in DMF (25 mL) and the mixture was stirred for 15 h
at room temperature. The reaction mixture was quenched with brine
(150 mL) and extracted with diethyl ether (3î300 mL). The combined
organic layers were washed with brine (100 mL), then dried (Na2SO4)
and concentrated. The residue was purified by flash chromatography
(silica gel, pentane/diethyl ether 50:1 to 10:1) to give TBS ether 30a
(6.46 g, quantitative) as a colourless oil. Rf=0.50 (pentane/diethyl ether
50:1); [a]20D =++7.65 (c=1.15, CHCl3);


1H NMR (400 MHz, CDCl3): d =


5.79 (dddd, J=17.2, 10.2, 8.0, 6.1 Hz, 1H), 5.05±4.98 (m, 2H), 4.68 (d,
J=6.5 Hz, 1H), 4.62 (d, J=6.5 Hz, 1H), 3.50 (dd, J=9.9, 6.3 Hz, 1H),
3.45 (dd, J=9.9, 7.8 Hz, 1H), 3.40 (dd, J=7.4, 2.7 Hz, 1H), 3.39 (s, 3H),
2.43±2.36 (m, 1H), 1.90±1.80 (m, 2H), 1.80±1.70 (m, 1H), 0.89 (s, 9H),
0.86 (d, J=6.8 Hz, 3H), 0.86 (d, J=6.6 Hz, 3H), 0.04 (s, 6H); 13C NMR
(100 MHz, CDCl3): d = 137.9, 115.9, 98.6, 83.2, 66.0, 56.1, 37.8, 37.6,
36.0, 26.1, 18.4, 16.1, 10.9, �5.2, �5.3; HRMS (FAB, 3-NBA): m/z : calcd
for C17H37O3Si: 317.2512; found: 317.2521 [M+H]+ .


(2S,3S,4S)-7-(tert-Butyldimethylsilyloxy)-5-methoxymethoxy-4,6-dime-
thylheptan-1-ol (31a): A 0.5m solution of 9-BBN in THF (44.9 mL,
22.5 mmol) was added dropwise to a solution of alkene 30a (6.46 g,
20.4 mmol) in THF (67 mL) and the mixture was stirred for 15 h at room
temperature. The mixture was cooled to 0 8C, 3m aqueous NaOH (24 mL,
72 mmol) was added dropwise and the mixture was stirred for 24 h at
room temperature. The reaction mixture was diluted with water
(100 mL) and extracted with ethyl acetate (3î160 mL). The combined
organic layers were washed with brine (100 mL), then dried (Na2SO4)
and concentrated. The residue was purified by flash chromatography
(silica gel, cyclohexane/ethyl acetate 5:2) to give alcohol 31a (5.67 g,
83%) as a colourless oil. Rf=0.45 (cyclohexane/ethyl acetate 2:1); [a]20D =


�4.9 (c=0.59, CHCl3);
1H NMR (400 MHz, CDCl3): d = 4.67 (d, J=


6.5 Hz, 1H), 4.62 (d, J=6.5 Hz, 1H), 3.66±3.60 (m, 2H), 3.50±3.39 (m,
3H), 3.38 (s, 3H), 1.88±1.79 (m, 1H), 1.73±1.57 (m, 4H), 1.55±1.45 (m,
1H), 1.23±1.14 (m, 1H), 0.88 (s, 9H), 0.88 (d, J=6.8 Hz, 3H), 0.84 (d,
J=6.8 Hz, 3H), 0.03 (s, 6H); 13C NMR (100 MHz, CDCl3): d = 98.6,
83.3, 66.1, 63.4, 56.1, 37.6, 35.8, 30.5, 28.9, 26.0, 18.4, 16.4, 11.0, �5.2,
�5.3; HRMS (FAB, 3-NBA): m/z : calcd for C17H38NaO4Si: 357.2437;
found: 357.2435 [M+Na]+ .
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tert-Butyl-[(2S,3S,4S)-3-methoxymethoxy-2,4-diphenyl-hept-6-enyloxy]-
dimethyl-silane (30b): TBDPS ether 30b was synthesized by analogy to
30a starting from alcohol 28 (1.06 g, 5.54 mmol) to yield a colourless oil
(2.02 g, 97%). Rf=0.28 (cyclohexane/ethyl acetate 40:1); [a]20D =++10.0
(c=0.5, CHCl3);


1H NMR (400 MHz, CDCl3): d = 7.71±7.66 (m, 4H),
7.46±7.36 (m, 6H), 5.79 (dddd, J=16.6, 10.0, 8.0, 6.0 Hz, 1H), 5.06±5.00
(m, 2H), 4.71 (d, J=6.5 Hz, 1H), 4.63 (d, J=6.5 Hz, 1H), 3.61 (dd, J=
10.0, 8.0 Hz, 1H), 3.54±3.49 (m, 2H), 3.34 (s, 3H), 2.44±2.37 (m, 1H),
1.96±1.82 (m, 2H), 1.82±1.71 (m, 1H), 1.08 (s, 9H), 0.88 (d, J=6.5 Hz,
3H), 0.86 (d, J=7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 137.7,
135.6, 133.9, 129.6, 127.6, 115.9, 98.5, 83.2, 66.8, 56.1, 37.7, 37.7, 36.0, 27.1,
19.6, 16.3, 11.0; HRMS (FAB, 3-NBA): m/z : calcd for C27H40NaO3Si:
463.2644; found: 463.2623 [M+Na]+ .


tert-Butyl-[(2S,3S,4S)-3-methoxymethoxy-2,4-diphenyl-hept-6-enyloxy]-
dimethyl-silane (31b): Alcohol 31b was synthesized by analogy to 31a
starting from alcohol 30b (1.87 g, 4.25 mmol) to yield a colourless oil
(1.67 g, 86%). Rf=0.33 (cyclohexane/ethyl acetate 2:1); [a]20D =�1.6 (c=
0.32, CHCl3);


1H NMR (400 MHz, CDCl3): d = 7.69±7.64 (m, 4H), 7.45±
7.36 (m, 6H), 4.69 (d, J=6.5 Hz, 1H), 4.62 (d, J=6.5 Hz, 1H), 3.65±3.47
(m, 5H), 3.33 (s, 3H), 1.90 (dsext, J=6.5, 2.5 Hz, 1H), 1.73±1.55 (m,
4H), 1.52±1.43 (m, 1H), 1.22±1.14 (m, 1H), 1.06 (s, 9H), 0.89 (d, J=
7.0 Hz, 3H), 0.84 (d, J=7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): d =


135.7, 133.9, 129.7, 127.7, 98.5, 83.3, 66.7, 63.4, 56.0, 37.5, 35.7, 30.4, 28.8,
27.0, 19.4, 16.4, 11.0; HRMS (FAB, 3-NBA): m/z : calcd for
C27H42NaO4Si: 481.2750; found: 481.2722 [M+Na]+ .


(4R,5S)-3-[(2R,3S,6S,7S,8S)-9-(tert-Butyldimethylsilyloxy)-3-hydroxy-7-
methoxymethoxy-2,6,8-trimethyl-nonanoyl]-4-methyl-5-phenyl-oxazoli-
din-2-one (34a): A solution of DMSO (7.1 mL, 99.4 mmol) in CH2Cl2
(38 mL) was added dropwise at �78 8C to a solution of oxalylchloride
(3.64 mL, 42.4 mmol) in CH2Cl2 (250 mL) and the mixture was stirred for
1 h at �78 8C. A solution of alcohol 31a (5.57 g, 16.6 mmol) in CH2Cl2
(49 mL) was added dropwise at �78 8C and the mixture was stirred for
2.5 h at �78 8C. Triethylamine (17.3 mL, 124 mmol) was added dropwise
at �78 8C and the mixture was warmed to 0 8C. The reaction mixture was
quenched with 1m aqueous KH2PO4 (200 mL) and extracted with CH2Cl2
(3î200 mL). The combined organic layers were washed with brine
(100 mL), water (2î100 mL), then dried (Na2SO4) and concentrated to
give crude aldehyde 32a (6.35 g) as a pale yellow oil which was immedi-
ately used in the next step without purification. 32a : Rf=0.77 (cyclohex-
ane/ethyl acetate 2:1).


EtNiPr2 (4.26 g, 18.3 mmol) and freshly distilled dibutylboryltriflate
(5.5 mL, 21.6 mmol) were added at 0 8C to a solution of N-propionyloxa-
zolidinone (8 ; 4.26 g, 18.3 mmol) in CH2Cl2 (75 mL) and the solution was
stirred for 1 h at 0 8C. The solution was cooled to �78 8C and a solution
of aldehyde 33 in CH2Cl2 (20 mL) was added dropwise. The mixture was
stirred for 50 min at �78 8C and for 130 min at room temperature. The
reaction mixture was cooled to 0 8C, quenched with 0.1m phosphate
buffer (pH 7, 200 mL) and extracted with CH2Cl2 (300 mL). The organic
layer were concentrated, the residue was redissolved in methanol
(40 mL), 30% aqueous H2O2 (47 mL) was added dropwise at 0 8C and
the mixture was stirred at room temperature for 90 min. The mixture was
diluted with brine (400 mL) and extracted with CH2Cl2 (3î800 mL). The
combined organic layers were washed with brine (400 mL), then dried
(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, cyclohexane/ethyl acetate 3:1 to 2:1) to give diol 33
(6.64 g, 89%) as a colourless oil, which was immediately used in the next
step without further characterization. Rf=0.32 (cyclohexane/ethyl acetate
3:1); 1H NMR (400 MHz, CDCl3): d = 7.44±7.35 (m, 3H), 7.31±7.28 (m,
2H), 5.68 (d, J=7.2 Hz, 1H), 4.79 (dq, J=7.2, 6.6 Hz, 1H), 4.72 (d, J=
6.8 Hz, 1H), 4.70 (d, J=6.8 Hz, 1H), 3.96±3.91 (m, 1H), 3.80 (dq, J=2.7,
6.8 Hz, 1H), 3.53±3.43 (m, 3H), 3.43 (s, 3H), 2.96 (t, J=6.6 Hz, 1H), 2.88
(d, J=3.1 Hz, 1H), 2.01±1.92 (m, 1H), 1.78±1.60 (m, 3H), 1.40±1.25 (m,
2H), 1.24 (d, J=7.2 Hz, 3H), 0.89 (d, J=6.6 Hz, 3H), 0.87 (d, J=6.8 Hz,
3H), 0.80 (d, J=7.0 Hz, 3H).


To a mixture of alcohol 33 (6.17 g, 13.7 mmol), N,N-dimethylaminopyri-
dine (167 mg, 1.37 mmol) and triethylamine (7.6 mL, 54.6 mmol) in
CH2Cl2 (70 mL) was added dropwise a solution of tert-butylchlorodime-
thylsilane in CH2Cl2 (30 mL) at 0 8C. The reaction mixture was stirred for
30 min at 0 8C, for 15 h at room temperature, quenched with 1m aqueous
KH2PO4 (200 mL) and extracted with ethyl acetate (3î200 mL). The
combined organic layers were washed with brine (100 mL), then dried


(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, cyclohexane/ethyl acetate 5:2 to 3:2) to give TBS ether
34a (7.46 g, 97%) as a pale yellow oil. Rf=0.20 (cyclohexane/ethyl ace-
tate 4:1); [a]20D =++ 8.7 (c=0.515, CHCl3);


1H NMR (400 MHz, CDCl3): d
= 7.44±7.35 (m, 3H), 7.31±7.29 (m, 2H), 5.68 (d, J=7.1 Hz, 1H), 4.79
(quint, J=7.1 Hz, 1H), 4.69 (d, J=6.5 Hz, 1H), 4.64 (d, J=6.5 Hz, 1H),
3.96±3.91 (m, 1H), 3.78 (dq, J=2.9, 7.0 Hz, 1H), 3.51±3.36 (m, 3H), 3.40
(s, 3H), 2.92 (d, J=3.3 Hz, 1H), 1.90±1.80 (m, 1H), 1.74±1.61 (m, 3H),
1.41±1.34 (m, 2H), 1.24 (d, J=7.0 Hz, 3H), 0.89 (d, J=6.8 Hz, 3H), 0.89
(d, J=6.8 Hz, 3H), 0.89 (s, 9H), 0.85 (d, J=6.8 Hz, 3H), 0.04 (s, 6H);
13C NMR (100 MHz, CDCl3): d = 177.3, 152.7, 133.3, 128.9, 125.8, 98.7,
83.3, 79.0, 72.0, 66.1, 56.1, 54.9, 42.7, 37.7, 35.8, 31.6, 29.2, 26.1, 18.4, 16.3,
14.5, 10.8, 10.5, �5.2, �5.3; HRMS (FAB, 3-NBA): m/z : calcd for
C30H51NNaO7Si: 588.3332, found 588.3325 [M+Na]+ .


(4R,5S)-3-[(2R,3S,6S,7S,8S)-(tert-Butyldiphenylsilyloxy)-3-hydroxy-7-me-
thoxymethoxy-2,6,8-trimethyl-nonanoyl]-4-methyl-5-phenyl-oxazolidin-2-
one (34b): TBDPS ether 34b was synthesized by analogy to 34a starting
from alcohol 31b (753 mg, 1.64 mmol) to yield a colourless oil (486 mg,
43% over 2 steps). Rf=0.33 (cyclohexane/ethyl acetate 2:1); [a]20D =�1.6
(c=0.32, CHCl3);


1H NMR (400 MHz, CDCl3): d = 7.68±7.64 (m, 4H),
7.45±7.35 (m, 9H), 7.32±7.29 (m, 2H), 5.67 (d, J=7.2 Hz, 1H), 4.79
(quint, J=7.0 Hz, 1H), 4.69 (d, J=6.5 Hz, 1H), 4.62 (d, J=6.5 Hz, 1H),
3.95±3.90 (m, 1H), 3.78 (dq, J=2.9, 7.0 Hz, 1H), 3.59 (dd, J=10.0,
8.0 Hz, 1H), 3.53±3.48 (m, 2H), 3.33 (s, 3H), 1.94±1.88 (m, 1H), 1.73±
1.61 (m, 3H), 1.39±1.34 (m, 2H), 1.24 (d, J=7.0 Hz, 3H), 1.06 (s, 9H),
0.89 (d, J=6.6 Hz, 3H), 0.89 (d, J=6.6 Hz, 3H), 0.83 (d, J=6.8 Hz, 3H);
13C (100.6 MHz, CDCl3): d = 177.3, 152.8, 135.8, 134.0, 133.3, 129.7,
128.9, 127.8, 125.8, 98.7, 83.4, 79.0, 72.0, 66.8, 56.1, 54.9, 42.8, 37.6, 35.7,
31.5, 29.2, 27.0, 19.4, 16.4, 14.3, 10.9, 10.6.


(2R,3S,7S,8S,9S)-9-(tert-Butyldimethylsilyloxy)-3-hydroxy-N-methoxy-7-
methoxymethoxy-N-2,6,8-tetramethyl-nonanoic acid amide (35a): A 2m
solution of trimethylaluminium in toluene (30 mL, 60 mmol) was added
dropwise at 0 8C to a mixture of N,O-dimethylhydroxylamine hydrochlo-
ride (6.34 g, 65.0 mmol) in THF (50 mL) and the mixture was stirred for
30 min at room temperature. The solution was cooled to �20 8C and a
solution of oxazolidinone 34a (7.36 g, 13.0 mmol) in THF (25 mL) was
added dropwise at �20 8C. The mixture was warmed to 0 8C over a
period of 30 min and stirred for 15 h at 0 8C. The reaction mixture was
poured into a well-stirred mixture of 1m aqueous HCl (430 mL) and
chloroform (500 mL) at 0 8C. The pH of the aqueous layer should be 4±5.
The layers were separated and the aqueous layer was extracted with
CHCl3 (3î400 mL). The combined organic layers were washed with satu-
rated aqueous NaHCO3 (200 mL), brine (200 mL), then dried (Na2SO4)
and concentrated. The residue was purified by flash chromatography
(silica gel, pentane/diethyl ether 1:3 to 1:8) to give Weinreb amide 35a
(4.89 g, 84%) as a pale yellow oil. Rf=0.50 (pentane/diethyl ether 1:4);
[a]20D =�6.4 (c=0.5, CHCl3);


1H NMR (400 MHz, CDCl3): d = 4.67 (d,
J=6.5 Hz, 1H), 4.63 (d, J=6.5 Hz, 1H), 3.85±3.80 (m, 1H), 3.71 (br s,
1H), 3.69 (s, 3H), 3.51±3.38 (m, 3H), 3.38 (s, 3H), 3.19 (s, 3H), 2.85±2.80
(m, 1H), 1.89±1.80 (m, 1H), 1.70±1.60 (m, 3H), 1.32±1.27 (m, 2H), 1.17
(d, J=7.0 Hz, 3H), 0.89 (d, J=6.5 Hz, 3H), 0.88 (s, 9H), 0.84 (d, J=
7.0 Hz, 3H), 0.03 (s, 6H); 13C NMR (100 MHz, CDCl3): d = 178.5, 98.6,
83.3, 72.0, 66.1, 61.7, 56.1, 39.0, 37.6, 36.1, 32.1, 31.8, 29.3, 26.1, 18.4, 16.3,
10.9, 10.4, �5.2, �5.3; HRMS (FAB, 3-NBA): m/z : calcd for
C22H48NO6Si: 450.3251, found: 450.3241 [M+H]+ .


(2R,3S,7S,8S,9S)-9-(tert-Butyldiphenylsilyloxy)-3-hydroxy-N-methoxy-
3,7-bis-methoxymethoxy-N-2,6,8-tetramethyl-nonanoic acid amide (36a):
Chloromethyl methyl ether (8.1 mL, 107 mmol) at 0 8C was added drop-
wise to a solution of alcohol 35a (4.79 g, 10. 7 mmol) in CH2Cl2 (120 mL)
and EtNiPr2 (23.7 mL, 138.5 mmol). The solution was stirred for 1 h at
0 8C and for 18 h at room temperature. The orange solution was
quenched 1m KH2PO4 (170 mL) and extracted with CH2Cl2 (3î500 mL).
The combined organic layers were washed with water (100 mL), brine
(100 mL), then dried (Na2SO4) and concentrated. The residue was puri-
fied by flash chromatography (silica gel, pentane/diethyl ether 1:2) to
give MOM ether 36a (4.97 g, 94%) as a pale yellow oil. Rf=0.40 (pen-
tane/diethyl ether 1:2); [a]20D =�7.0 (c=0.63, CHCl3);


1H NMR
(400 MHz, CDCl3): d = 4.68±4.59 (m, 4H), 3.78 (q, J=5.6 Hz, 1H), 3.69
(s, 3H), 3.50 (dd, J=9.6, 7.6 Hz, 1H), 3.43 (dd, J=9.6, 6.3 Hz, 1H), 3.38
(s, 6H), 3.35 (dd, J=6.8, 2.0 Hz, 1H), 3.18 (s, 3H), 3.10±3.02 (m, 1H),
1.88±1.79 (m, 1H), 1.69±1.59 (m, 3H), 1.50±1.44 (m, 1H), 1.21±1.14 (m,
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1H), 1.19 (d, J=7.0 Hz, 3H), 0.88 (s, 9H), 0.86 (d, J=6.8 Hz, 3H), 0.84
(d, J=6.8 Hz, 3H), 0.03 (s, 6H); 13C NMR (100 MHz, CDCl3): d =


176.0, 98.4, 96.7, 83.5, 79.7, 66.2, 61.5, 56.1, 56.1, 39.6, 37.7, 36.3, 32.4,
30.9, 28.4, 26.1, 18.4, 16.2, 13.7, 11.1, �5.2, �5.3; HRMS (FAB, 3-NBA):
m/z : calcd for C24H52NO7Si: 494.3513, found 494.3521 [M+H]+ .


(2R,3S,7S,8S,9S)-9-(tert-Butyldiphenylsilyloxy)-3-hydroxy-N-methoxy-
3,7-bis-methoxymethoxy-N-2,6,8-tetramethyl-nonanoic acid amide (36b):
Weinreb amide 35b was synthesized by analogy to 35a starting from al-
cohol 34b (221 mg, 0.320 mmol) to yield a colourless oil (241 mg). Com-
pound 35b was used without chromatographic purification in the next
step. 35b : Rf=0.40 (cyclohexane/ethyl acetate 2:1); 1H NMR (400 MHz,
CDCl3): d = 7.68±7.63 (m, 4H), 7.43±7.34 (m, 6H), 4.68 (d, J=6.4 Hz,
1H), 4.62 (d, J=6.4 Hz, 1H), 3.84±3.79 (m, 1H; CHOH), 3.66 (s, 3H;
CH3ON), 3.59 (dd, J=10.0, 8.0 Hz, 1H), 3.52±3.47 (m, 2H), 3.31 (s, 3H),
3.19 (s, 3H), 2.93±2.81 (br s, 1H), 1.96±1.87 (m, 1H), 1.72±1.55 (m, 3H),
1.33±1.25 (m, 2H), 1.17 (d, J=7.2 Hz, 3H), 1.05 (s, 9H), 0.89 (d, J=
6.8 Hz, 3H), 0.83 (d, J=6.8 Hz, 3H); 13C (100.6 MHz, CDCl3): d =


178.4, 135.7, 134.0, 129.7, 127.7, 98.5, 83.2, 72.0, 66.8, 61.6, 56.0, 39.0, 37.5,
36.1, 32.1, 31.8, 29.3, 27.0, 19.4, 16.3, 10.9, 10.4.


MOM ether 36b was synthesized by analogy to 36a starting from alcohol
35b to yield a colourless oil (171 mg, 86% over two steps). 36b : Rf=0.40
(cyclohexane/ethyl acetate 2:1); 1H NMR (400 MHz, CDCl3): d = 7.68±
7.63 (m, 4H), 7.44±7.35 (m, 6H), 4.67±4.52 (m, 3H), 4.60 (d, J=6.4 Hz,
1H), 3.80±3.76 (m, 1H), 3.67 (CH3ON), 3.59 (dd, J=10.1, 7.9 Hz, 1H),
3.50±3.45 (m, 2H), 3.37 (s, 3H), 3.30 (s, 3H), 3.18 (s, 3H), 3.12±3.02 (m,
1H), 1.90 (dsext, J=7.5, 2.6 Hz, 1H), 1.70±1.60 (m, 3H), 1.49±1.41 (m,
1H), 1.19 (d, J=7.1 Hz, 3H), 1.22±1.12 (m, 1H), 1.05 (s, 9H), 0.85 (d,
J=6.7 Hz, 3H), 0.84 (d, J=6.7 Hz, 3H); 13C (100.6 MHz, CDCl3): d =


176.2, 135.7, 134.0, 129.7, 127.7, 98.5, 96.7, 83.5, 79.6, 66.9, 61.5, 56.0, 56.0,
39.6, 37.7, 36.2, 32.4, 30.8, 28.3, 27.0, 19.4, 16.3, 13.7, 11.0; MS (ESI-MS):
m/z : 640.6 [M+Na]+ .


(3R,4S,5S,8S,9S,10S)-11-(tert-Butyldiphenylsilyloxy)-5,9-bis-methoxyme-
thoxy-4,8,10-trimethyl-1-trimethylsilyl-undec-1-yn-3-one (37b): TMS-al-
kynone 37b was synthesized by analogy to 37a starting from Weinreb
amide 36a (18 mg, 0.029 mmol) to yield a colourless oil (16 mg, 84%).
Rf=0.46 (cyclohexane/ethyl acetate 10:1); 1H NMR (400 MHz, CDCl3):
d = 7.68±7.63 (m, 4H), 7.44±7.35 (m, 6H), 4.68 (d, J=6.5 Hz, 1H), 4.64±
4.60 (m, 3H), 4.15±4.08 (m, 1H), 3.58 (dd, J=10.1, 7.9 Hz, 1H), 3.52±
3.47 (m, 2H), 3.33 (s, 3H), 3.32 (s, 3H), 3.25 (dq, J=3.7, 6.7 Hz, 1H),
1.90 (dsext, J=2.7, 6.7 Hz, 1H), 1.82±1.74 (m, 1H), 1.70±1.62 (m, 1H),
1.61±1.53 (m, 1H), 1.44±1.37 (m, 1H), 1.23±1.15 (m, 1H), 1.17 (d, J=
6.7 Hz, 3H), 1.05 (s, 9H), 0.89 (d, J=6.7 Hz, 3H), 0.83 (d, J=7.1 Hz,
3H), 0.25 (s, 9H); 13C (100.6 MHz, CDCl3): d = 189.7, 135.8, 134.0,
129.8, 127.8, 101.9, 99.0, 98.5, 96.4, 83.3, 78.4, 66.8, 56.1, 55.9, 51.8, 37.6,
36.2, 30.4, 28.7, 27.0, 19.4, 16.4, 11.0, 9.7, �0.6.


(3R,4S,5S,8S,9S,10S)-11-(tert-Butyldimethylsilyloxy)-5,9-bis-methoxyme-
thoxy-4,8,10-trimethyl-undec-1-yn-3-one (38a): A solution of n-butyllithi-
um in hexanes at �78 8C was added dropwise to a solution of trimethylsi-
lylacetylene (5.16 mL, 36.5 mmol) in THF (30 mL) and the reaction mix-
ture was stirred for 1 h at �78 8C and 15 min at room temperature. This
lithium trimethylsilyacetylide solution was added dropwise to a solution
of Weinreb amide 36a (3.00 g, 6.08 mmol) in THF (120 mL) and the mix-
ture was warmed to �10 8C over a period of 20 min. The mixture was stir-
red for 75 min at �10 8C, recooled to �78 8C, quenched with saturated
aqueous NH4Cl (200 mL), diluted with diethyl ether (200 mL) and
warmed to room temperature. The mixture was diluted with water
(200 mL) and extracted with diethyl ether (3î300 mL). The combined
organic layers were washed with brine (100 mL), then dried (Na2SO4)
and concentrated. The residue was purified by flash chromatography
(silica gel, cyclohexane/ethyl acetate 7:1 to 5:1) to give a mixture of
TMS-alkynone 37a and alkynone 38a (3.28 g) which was used in the next
step without separation. 37a : Rf=0.78 (cyclohexane/ethyl acetate 2:1).


A solution of disodium tetraborate (Borax, 12.6 mg) in water (120 mL) at
�10 8C was added dropwise to a solution of the mixture of 37a and 38a
in methanol (600 mL) and the mixture was stirred for 10 min at �10 8C,
then for 70 min at room temperature. The reaction progress is carefully
monitored by TLC. The reaction mixture was quenched with 1m aqueous
KH2PO4 (100 mL), diluted with brine (400 mL) and extracted with dieth-
yl ether (3î500 mL). The combined organic layers were washed with
brine (300 mL), then dried (Na2SO4) and concentrated. The residue was


purified by flash chromatography (silica gel, cyclohexane/ethyl acetate
5:1) to give alkynone 38a (2.64 g, 95% over 2 steps) as a colourless oil.
Rf=0.68 (cyclohexane/ethyl acetate 2:1); [a]20D =�11.2 (c=1.09, CHCl3);
1H NMR (400 MHz, CDCl3): d = 4.68 (d, J=6.5 Hz, 1H), 4.66 (d, J=
6.8 Hz, 1H), 4.62 (d, J=6.5 Hz, 1H), 4.61 (d, J=6.8 Hz, 1H), 4.15 (dt,
J=3.7, 6.6 Hz, 1H), 3.49 (dd, J=9.8, 7.8 Hz, 1H), 3.44 (dd, J=9.8,
6.1 Hz, 1H), 3.41 (dd, J=7.2, 2.5 Hz, 1H), 3.39 (s, 3H), 3.33 (s, 3H), 3.25
(s, 1H), 2.74 (dq, J=3.7, 6.8 Hz, 1H), 1.89±1.75 (m, 2H), 1.71±1.64 (m,
1H), 1.55±1.63 (m, 1H), 1.50±1.39 (m, 1H), 1.26±1.15 (m, 1H), 1.19 (d,
J=7.0 Hz, 3H), 0.90 (d, J=7.0 Hz, 3H), 0.89 (s, 9H), 0.85 (d, J=6.8 Hz,
3H), 0.04 (s, 6H); 13C NMR (100 MHz, CDCl3): d = 189.2, 98.5, 96.4,
83.1, 81.2, 79.3, 78.3, 66.0, 56.1, 56.0, 52.1, 37.7, 36.2, 30.5, 28.9, 26.0, 18.4,
16.4, 11.0, 9.3, �5.2, �5.3; HRMS (FAB, 3-NBA): m/z : calcd for
C24H46NaO6Si: 481.2961, found 481.2979 [M+Na]+ .


(3R,4S,5S,8S,9S,10S)-11-(tert-Butyldiphenylsilyloxy)-5,9-bis-methoxyme-
thoxy-4,8,10-trimethyl-1-trimethylsilyl-undec-1-yn-3-ol (41): THF
(0.2 mL) and a solution of TMS-alkynone 37b (73 mg, 0.111 mmol) in
THF (0.2 mL) were added dropwise at 0 8C to a 0.4m solution of oxaza-
borolidine 39[18e] in toluene (0.28 mL, 0.133 mmol) and a 2m solution of
BH3¥Me2S in THF (67 mL, 0.134 mmol). The reaction mixture was stirred
for 40 min at 0 8C. The reaction was quenched by slow addition of metha-
nol (0.25 mL) at 0 8C. The mixture was stirred for 20 min at room temper-
ature and concentrated. The residue was purified by flash chromatogra-
phy (silica gel, cyclohexane/ethyl acetate 5:1 to 2:1) to give TMS-alkynol
41 (52 mg, 71%) as a colourless oil. Rf=0.24 (cyclohexane/ethyl acetate
6:1); 1H NMR (400 MHz, CDCl3): d = 7.67±7.63 (m, 4H), 7.44±7.36 (m,
6H), 4.69±4.65 (m, 3H), 4.60 (d, J=6.5 Hz, 1H), 4.30 (d, J=8.5 Hz, 1H),
3.88 (dt, J=2.5, 7.0 Hz, 1H), 3.57 (dd, J=10.0, 8.0 Hz, 1H), 3.52±3.46 (m,
2H), 3.40 (s, 3H), 3.32 (s, 3H), 1.92±1.84 (m, 2H), 1.78±1.62 (m, 2H),
1.57±1.49 (m, 1H), 1.42±1.31 (m, 1H), 1.18±1.09 (m, 1H), 1.05 (s, 9H),
0.99 (d, J=7.0 Hz, 3H), 0.88 (d, J=7.0 Hz, 3H), 0.83 (d, J=7.0 Hz, 3H),
0.17 (s, 9H); MS (MALDI-TOF): m/z : 679.6 [M+Na]+ .


(3R,4S,5S,8S,9S,10S)-11-(tert-Butyldimethylsilyloxy)-5,9-bis-methoxyme-
thoxy-4,8,10-trimethyl-undec-1-yn-3-ol (42a): A 1m solution of (R)-2-
methyl-CBS-oxazolidinone 40 in toluene (11.2 mL, 11.2 mmol) was
evaporated to dryness. To the residue was added a solution of alkynone
38a (2.56 g, 5.58 mmol) in THF (70 mL) and the solution was cooled to
�30 8C. To this solution was added a 2m solution of BH3¥Me2S in THF
(14.0 mL, 28.0 mmol) and the mixture was stirred for 1 h at �30 8C. To
the reaction mixture was added dropwise methanol (22.5 mL) at �30 8C.
The mixture is diluted with saturated aqueous NH4Cl (100 mL) and ex-
tracted with ethyl acetate (3î170 mL). The combined organic layers
were washed with saturated aqueous NaHCO3 (50 mL), brine (50 mL),
then dried (Na2SO4) and concentrated. The residue was purified by flash
chromatography (silica gel, cyclohexane/ethyl acetate 5:1) to give alkynol
42a (2.30 g, 89%) as a colourless oil. Rf=0.35 (cyclohexane/ethyl acetate
3:1); [a]20D =++ 29.1 (c=0.23, CHCl3);


1H NMR (400 MHz, CDCl3): d =


4.70 (d, J=6.5 Hz, 1H), 4.67 (d, J=6.5 Hz, 1H), 4.67 (d, J=6.5 Hz, 1H),
4.62 (d, J=6.5 Hz, 1H), 4.31 (ddd, J=8.0, 5.8, 2.2 Hz, 1H), 3.90 (dt, J=
2.7, 7.0 Hz, 1H), 3.70 (d, J=5.8 Hz, 1H), 3.50±3.40 (m, 3H), 3.41 (s, 3H),
3.38 (s, 3H), 2.45 (d, J=2.2 Hz, 1H), 1.94±1.86 (m, 1H), 1.86±1.63 (m,
3H), 1.59±1.50 (m, 1H), 1.43±1.34 (m, 1H), 1.20±1.09 (m, 1H), 1.02 (d,
J=7.0 Hz, 3H), 0.89 (d, J=6.8 Hz, 3H), 0.89 (s, 9H), 0.84 (d, J=7.0 Hz,
3H), 0.04 (s, 6H); 13C NMR (100 MHz, CDCl3): d 98.5, 97.0, 84.8, 83.0,
79.4, 73.1, 66.0, 65.2, 56.1, 56.1, 42.5, 37.6, 36.2, 29.5, 29.1, 26.1, 18.4, 16.4,
10.9, 10.7, �5.2, �5.3; HRMS (FAB, 3-NBA): m/z : calcd for
C24H48NaO6Si: 483.3118, found 483.3128 [M+Na]+ .


(3R,4S,5S,8S,9S,10S)-11-(tert-Butyldiphenylsilyloxy)-5,9-bis-methoxyme-
thoxy-4,8,10-trimethylundec-1-yn-3-ol (42b): K2CO3 (22 mg, 0.159 mmol)
was added to a solution of TMS-alkynone 41 (92 mg, 0.140 mmol) in
methanol (5 mL) and the mixture was stirred for 15 h at room tempera-
ture. The reaction mixture was quenched with saturated aqueous NH4Cl
(20 mL), diluted with brine (100 mL) and extracted with diethyl ether
(3î200 mL). The combined organic layers were concentrated. The resi-
due was purified by flash chromatography (silica gel, cyclohexane/ethyl
acetate 5:1 to 3:1) to give alkynol 42b (67 mg, 82%) as a colourless oil.
Rf=0.15 (cyclohexane/ethyl acetate 5:1); 1H NMR (400 MHz, CDCl3): d
= 7.68±7.63 (m, 4H), 7.45±7.35 (m, 6H), 4.70±4.65 (m, 3H), 4.60 (d, J=
6.5 Hz, 1H), 4.31 (dd, J=8.2, 2.0 Hz, 1H), 3.90 (dt, J=2.7, 7.0 Hz, 1H),
3.58 (dd, J=10.0, 8.0 Hz, 1H), 3.52±3.46 (m, 2H), 3.41 (s, 3H), 3.32 (s,
3H), 2.45 (d, J=2.0 Hz, 1H), 1.93±1.85 (m, 2H), 1.80±1.63 (m, 2H),
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1.58±1.48 (m, 1H), 1.40±1.30 (m, 1H), 1.22±1.09 (m, 1H), 1.06 (s, 9H),
1.00 (d, J=7.0 Hz, 3H), 0.89 (d, J=6.8 Hz, 3H), 0.83 (d, J=6.8 Hz, 3H);
MS (MALDI-TOF): m/z : 607.7 [M+Na]+ .


(3R,4R,5S,8S,9S,10S)-11-(tert-Butyldimethylsilyloxy)-3-(tert-butyldiphe-
nylsilyloxy)-5,9-bis-methoxymethoxy-4,8,10-trimethylundec-1-yne (43a):
tert-Butylchlorodiphenylsilane (1.70 mL, 6.53 mmol) was added dropwise
to a solution of alcohol 42a (2.23 g, 4.84 mmol) and imidazole (824 mg,
12.1 mmol) in DMF (10 mL) and the mixture was stirred for 15 h at
room temperature. The reaction mixture was diluted with brine (100 mL)
and extracted with diethyl ether (3î100 mL). The combined organic
layers were washed with brine (50 mL), then dried (Na2SO4) and concen-
trated. The residue was purified by flash chromatography (silica gel, cy-
clohexane/ethyl acetate 20:1 to 10:1) to give alkynol 43a (4.25 g) as a col-
ourless oil. The product was not totally pure and was used as such in the
next step. An analytical sample was obtained for characterization. Rf=


0.34 (cyclohexane/ethyl acetate 15:1); [a]20D =++17.2 (c=0.5, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.76±7.70 (m, 4H), 7.45±7.34 (m, 6H),
4.64 (d, J=6.5 Hz, 1H), 4.58 (d, J=6.5 Hz, 1H), 4.51 (d, J=6.5 Hz, 1H),
4.49 (d, J=6.5 Hz, 1H), 4.40 (dd, J=5.9, 2.2 Hz, 1H), 3.59 (q, J=5.5 Hz,
1H), 3.51 (dd, J=9.9, 7.8 Hz, 1H), 3.43 (dd, J=9.9, 6.4 Hz, 1H), 3.36 (s,
3H), 3.31 (dd, J=7.2, 2.3 Hz, 1H), 3.30 (s, 3H), 2.26 (d, J=2.2 Hz, 1H),
1.95±1.86 (m, 1H), 1.85±1.77 (m, 1H), 1.59±1.48 (m, 3H), 1.37±1.26 (m,
1H), 1.12 (d, J=6.8 Hz, 3H), 1.11±1.07 (m, 1H), 1.08 (s, 9H), 0.91 (s,
9H), 0.84 (d, J=6.8 Hz, 3H), 0.75 (d, J=6.8 Hz, 3H), 0.06 (s, 6H);
13C NMR (100 MHz, CDCl3): d = 136.2, 136.0, 133.8, 133.6, 129.9, 129.7,
127.8, 127.4, 98.4, 96.6, 83.5, 83.3, 79.2, 74.8, 66.2, 65.2, 56.0, 55.8, 43.6,
37.6, 36.5, 30.2, 28.3, 27.1, 26.1, 19.5, 18.4, 16.1, 10.9, 10.5, �5.2, �5.2;
HRMS (FAB, 3-NBA): m/z : calcd for C40H66NaO6Si2: 721.4296, found
721.4294 [M+Na]+ .


(3R,4R,5S,8S,9S,10S)-Bis-3,11-(tert-Butyldiphenylsilyloxy)-5,9-bis-me-
thoxymethoxy-4,8,10-trimethyl-undec-1-yne (43b): TBDPS ether 43b was
synthesized by analogy to 43a starting from alcohol 42a (39 mg,
0.067 mmol) to yield a colourless oil (47 mg, 85%). Rf=0.22 (cyclohex-
ane/ethyl acetate 20:1); 1H NMR (400 MHz, CDCl3): d = 7.75±7.64 (m,
8H), 7.44±7.33 (m, 12H), 4.62 (d, J=6.5 Hz, 1H), 4.55 (d, J=6.5 Hz,
1H), 4.49 (d, J=6.5 Hz, 1H), 4.46 (d, J=6.5 Hz, 1H), 4.40 (dd, J=5.7,
2.2 Hz, 1H), 3.61±3.55 (m, 2H), 3.47 (dd, J=10.0, 6.3 Hz, 1H), 3.38 (dd,
J=7.4, 2.5 Hz, 1H), 3.28 (s, 3H), 3.27 (s, 3H), 2.25 (d, J=2.2 Hz, 1H),
1.92±1.84 (m, 2H), 1.56±1.50 (m, 3H), 1.35±1.21 (m, 1H), 1.11 (d, J=
6.8 Hz, 3H), 1.08±1.05 (m, 1H), 1.07 (s, 9H), 1.06 (s, 9H), 0.82 (d, J=
6.8 Hz, 3H), 0.74 (d, J=6.7 Hz, 3H); MS (MALDI-TOF): 845.7
[M+Na]+ .


(2S,3S,4S,7S,8S,9R)-tert-Butyl-[9-(4-methoxybenzyloxy)-3,7-bis-methoxy-
methoxy-2,4,8-trimethyl-undec-10-ynyloxy]-diphenyl-silane (43c): A 1m
solution of sodium hexamethyldisilazide (68 mL, 68 mmol) in THF at 0 8C
was added dropwise to a solution of alcohol 42a (36 mg, 62 mmol) in
DMF (0.85 mL) and the mixture was stirred for 30 min at 08C. 4-Methoxy-
benzylchloride (15 mL, 111 mmol) and tetrabutylammoniumiodide (1 mg,
3 mmol) were added at 0 8C and the mixture was stirred for 24 h at room
temperature. The reaction mixture was quenched with saturated aqueous
NH4Cl (5 mL) and extracted with diethyl ether (3î10 mL). The com-
bined organic layers were washed with brine (5 mL), then dried
(Na2SO4), and concentrated. The residue was purified by flash chroma-
tography (silica gel, cyclohexane/ethyl acetate 50:1 to 1:1) to give PMB
ether 43c (13 mg, 30%) as a colourless oil and the starting compound
42a (4 mg, 11%). 43c : Rf=0.42 (cyclohexane/ethyl acetate 5:1);
1H NMR (400 MHz, CDCl3): d = 7.68±7.63 (m, 4H), 7.44±7.34 (m, 6H),
7.29 (d, J=8.8 Hz, 2H), 6.87 (d, J=8.8 Hz, 2H), 4.74 (d, J=10.9 Hz,
1H), 4.65 (d, J=6.5 Hz, 1H), 4.59 (d, J=6.5 Hz, 1H), 4.56 (d, J=6.6 Hz,
1H), 4.54 (d, J=6.6 Hz, 1H), 4.41 (d, J=10.9 Hz, 1H), 4.07 (dd, J=8.4,
2.2 Hz, 1H), 3.79 (s, 3H), 3.81±3.75 (m, 1H), 3.58 (dd, J=10.0, 8.0 Hz,
1H), 3.50±3.44 (m, 2H), 3.32 (s, 3H), 3.29 (s, 3H), 2.48 (d, J=2.0 Hz,
1H), 1.98±1.84 (m, 2H), 1.75±1.45 (m, 3H), 1.40±1.30 (m, 1H), 1.15±1.03
(m, 4H), 1.05 (s, 9H), 0.85 (d, J=6.8 Hz, 3H), 0.83 (d, J=6.8 Hz, 3H).


(2S,3S,4S,7S,8R,9R)-9-(tert-Butyldiphenylsilyloxy)-3,7-bis-methoxyme-
thoxy-2,4,8-trimethyl-undec-10-yn-1-ol (44): The reaction was performed
in a teflon vessel. HF/py (11 mL) was added to a solution of TBS ether
43a in THF (110 mL) and the solution was stirred for 40 min at room
temperature. The reaction was carefully monitored by TLC. The mixture
was diluted with ethyl acetate (150 mL) and saturated aqueous NaHCO3


was carefully added until no more CO2 formation was observed (pH>7).


The mixture was extracted with ethyl acetate (3î300 mL), the combined
organic layers were washed with brine (100 mL), then dried (Na2SO4)
and concentrated. The residue was purified by flash chromatography
(silica gel, cyclohexane/ethyl acetate 2:1 to 1:1) to give alkynol 44 (2.43 g,
88% over two steps) as a colourless oil. Rf=0.32 (cyclohexane/ethyl ace-
tate 2:1); [a]20D =++77.1 (c=0.55, CHCl3);


1H NMR (400 MHz, CDCl3):
d = 7.75±7.68 (m, 4H), 7.46±7.35 (m, 6H), 4.61 (d, J=6.6 Hz, 1H), 4.59
(d, J=6.6 Hz, 1H), 4.51 (d, J=6.8 Hz, 1H), 4.49 (d, J=6.8 Hz, 1H), 4.38
(dd, J=5.7, 2.2 Hz, 1H), 3.54 (q, J=5.9 Hz, 1H), 3.51±3.45 (m, 2H), 3.41
(s, 3H), 3.30 (s, 3H), 3.32±3.28 (m, 1H), 3.06 (t, J=6.5 Hz, 1H), 2.30 (d,
J=2.2 Hz, 1H), 1.95±1.82 (m, 2H), 1.58±1.44 (m, 3H), 1.37±1.25 (m,
1H), 1.14 (d, J=6.8 Hz, 3H), 1.09±1.07 (m, 1H), 1.08 (s, 9H), 0.75 (d,
J=7.0 Hz, 3H), 0.68 (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d
= 136.2, 136.0, 133.7, 133.6, 130.0, 129.8, 127.8, 127.5, 99.2, 96.5, 83.9,
83.3, 79.3, 74.8, 65.2, 65.0, 56.3, 55.8, 43.5, 36.7, 36.5, 29.8, 27.9, 27.1, 19.5,
15.5, 10.6, 9.8; HRMS (FAB, 3-NBA): m/z : calcd for C34H52NaO6Si:
607.3431, found 607.3405 [M+Na]+ .


1,7-Bis(tert-butyldiphenylsilyloxy)hept-2-yne (49): tert-Butyldiphenylsilyl
chloride (86 mL, 0.326 mmol) tert-Butyldiphenylsilyl chloride (86 mL,
0.326 mmol) to a solution of alcohol 48[64] (100 mg, 0.272 mmol) and imi-
dazole (56 mg, 0.816 mmol) in DMF (0.4 mL) and the mixture was stirred
for 15 h at room temperature. The mixture was quenched with brine
(10 mL) and extracted with diethyl ether (3î20 mL). The combined or-
ganic layers were washed with brine (10 mL), then dried (Na2SO4) and
concentrated. The residue was purified by flash chromatography (silica
gel, cyclohexane/ethyl acetate 150:1) to give TBDPS ether 49 (149 mg,
91%) as a colourless oil. Rf=0.83 (cyclohexane/ethyl acetate 2:1);
1H NMR (400 MHz, CDCl3): d = 7.72±7.64 (m, 8H), 7.43±7.34 (m, 12H),
4.30 (t, J=2.0 Hz, 2H), 3.65 (t, J=6.1 Hz, 2H), 2.15 (dt, J=6.6, 2.0 Hz,
2H), 1.65±1.52 (m, 4H), 1.67±1.60 (m, 4H), 1.05 (s, 9H), 1.04 (s, 9H);
13C NMR (100 MHz, CDCl3): d = 135.8, 135.7, 134.1, 133.5, 129.8, 129.7,
127.8 (2îC), 85.8, 78.7, 63.5, 53.1, 31.8, 27.0, 26.9, 25.1, 19.4, 19.3, 18.7;
HRMS (FAB, 3-NBA): m/z : calcd for C32H43NaO4Si: 627.3091, found
627.3110 [M+Na]+ .


7-(tert-Butyldiphenylsilyloxy)-hept-2-yn-1-ol (48): NH4F (30 mg,
0.83 mmol) was added to a solution of the TBDPS ether 48 (50 mg,
83 mmol) in methanol (5 mL) and the mixture was stirred for 8 h at room
temperature. The mixture was quenched with a 1m aqueous phosphate
buffer (pH 7) (10 mL), diluted with brine (10 mL) and extracted with
ethyl acetate (3î50 mL). The combined organic layers were washed with
brine (10 mL), then dried (Na2SO4) and concentrated. The residue was
purified by flash chromatography (silica gel, cyclohexane/ethyl acetate
10:1) to give the alcohol 48 (25 mg, 82%) as a colourless oil. Rf=0.28
(cyclohexane/ethyl acetate 4:1); 1H NMR (400 MHz, CDCl3): d = 7.68±
7.65 (m, 4H), 7.45±7.36 (m, 6H), 4.23 (t, J=2.2 Hz, 2H), 3.68 (t, J=
5.9 Hz, 2H), 2.22 (tt, J=6.6, 2.2 Hz, 2H), 1.70±1.57 (m, 4H), 1.05 (s,
9H); 13C NMR (100 MHz, CDCl3): d = 135.7, 134.1, 129.7, 127.8, 86.6,
78.6, 63.5, 51.6, 31.8, 27.0, 25.2, 19.4, 18.7.


The spectroscopical data are in accordance with the literature.[63]


Methyl (4S,5S,6S,9S,10S,11R)-11-(tert-butyldiphenylsilyloxy)-5,9-bis-me-
thoxymethoxy-4,6,10-trimethyl-tridec-2-en-12-ynoate (50): A solution of
15% (by weight) Dess±Martin periodinane in CH2Cl2 (0.24 mL,
0.11 mmol) was added dropwise at room temperature to a mixture of the
alcohol 44 (43 mg, 74 mmol) and NaHCO3 (71 mg, 0.85 mmol) in CH2Cl2
(1.7 mL) and the mixture was stirred for 85 min at room temperature.
The mixture was added to a well-stirred mixture of saturated aqueous
NaS2O3 (5 mL), saturated aqueous NaHCO3 (5 mL) and diethyl ether
(10 mL). The mixture was stirred for 1 h at room temperature, diluted
with saturated aqueous NaHCO3 (10 mL) and extracted with diethyl
ether (3î30 mL). The combined organic layers were washed with brine
(2î20 mL), then dried (Na2SO4) and concentrated at room temperature.
The residue was purified by flash chromatography (silica gel, pentane/di-
ethyl ether 1:1 to 0:1) to give the aldehyde (40 mg, 93%) as a colourless
oil which was directly used in the next step. Rf=0.50 (cyclohexane/ethyl
acetate 3:1).


A 0.5m solution of potassium hexamethyldisilazide in toluene (10.4 mL,
5.2 mmol) at �78 8C was added dropwise to a solution of [18]crown-6
(3.65 g, 13.8 mmol) and O,O’-bis(2,2,2-trifluoroethyl)-phosphono-acetic
acid methyl ester (1.46 mL, 6.90 mmol) in THF (65 mL) and the solution
was stirred at �78 8C for 35 min. A solution of the aldehyde synthesized
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as described above (2.01 g, 3.45 mmol) in THF (12 mL) was added drop-
wise over a period of 45 min at �78 8C and the mixture was stirred for
260 min at �78 8C. The mixture was quenched with saturated aqueous
NH4Cl (100 mL) and extracted with diethyl ether (3î500 mL). The com-
bined organic layers were washed with brine (100 mL), then dried
(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, cyclohexane/ethyl acetate 5:1 to 2:1) to give ester 50
(2.05 g, 92% over 2 steps) as a colourless oil. Rf=0.71 (cyclohexane/ethyl
acetate 2:1); [a]20D =++53.2 (c=0.52, CHCl3);


1H NMR (400 MHz,
CDCl3): d = 7.75±7.69 (m, 4H), 7.44±7.34 (m, 6H), 6.18 (dd, J=11.5,
10.2 Hz, 1H), 5.73 (dd, J=11.5, 0.8 Hz, 1H), 4.60 (d, J=6.8 Hz, 1H),
4.57 (d, J=6.8 Hz, 1H), 4.49 (d, J=6.8 Hz, 1H), 4.46 (d, J=6.8 Hz, 1H),
4.38 (dd, J=5.9, 2.2 Hz, 1H), 3.85±3.75 (m, 1H), 3.69 (s, 3H), 3.56 (q,
J=5.3 Hz, 1H), 3.37 (s, 3H), 3.28 (s, 3H), 3.12 (dd, J=6.1, 5.1 Hz, 1H),
2.26 (d, J=2.2 Hz, 1H), 1.92±1.84 (m, 1H), 1.60±1.42 (m, 3H), 1.31±1.22
(m, 1H), 1.10 (d, J=6.8 Hz, 3H), 1.09±1.06 (m, 1H), 1.07 (s, 9H), 1.02
(d, J=6.6 Hz, 3H), 0.83 (d, J=6.6 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d = 166.6, 154.1, 136.2, 136.0, 133.8, 133.6, 129.9, 129.7, 127.8,
127.4, 118.0, 98.5, 96.5, 87.4, 83.5, 79.1, 74.8, 65.2, 56.2, 55.8, 51.2, 43.6,
36.8, 34.9, 30.3, 27.7, 27.1, 19.5, 16.3, 14.9, 10.4; HRMS (FAB, 3-NBA):
m/z : calcd for C37H54NaO7Si: 661.3536, found 661.3549 [M+Na]+ .


(5S,6S)-6-[(1S,4S,5R,6R)-6-(tert-Butyldiphenylsilyloxy)-4-hydroxy-1,5-di-
methyl-oct-7-ynyl]-5-methyl-5,6-dihydro-pyran-2-one (51): A solution of
the ester 50 (1.97 g, 3.08 mmol) and CBr4 (510 mg, 1.54 mmol) in 2-prop-
anol (136 mL) was heated for 15 h to 82 8C, then concentrated. The resi-
due was purified by flash chromatography (silica gel, cyclohexane/ethyl
acetate 2:1 to 3:2) to give the lactone 51 (1.33 g, 83%) as a colourless oil.
Rf=0.6 (cyclohexane/ethyl acetate 1:1); [a]20D =++115 (c=0.56, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.76±7.69 (m, 4H), 7.47±7.36 (m, 6H),
6.98 (dd, J=9.6, 6.5 Hz, 1H), 5.97 (d, J=9.6 Hz, 1H), 4.35 (dd, J=4.1,
2.2 Hz, 1H), 4.18±4.13 (m, 1H), 3.98 (dd, J=10.4, 2.9 Hz, 1H), 2.62 (br s,
1H), 2.46 (dquint, J=3.1, 7.0 Hz, 1H), 2.33 (d, J=2.2 Hz, 1H), 1.98±1.90
(m, 1H), 1.80±1.56 (m, 3H), 1.26±1.20 (m, 2H), 1.09 (s, 9H), 1.03 (d, J=
6.5 Hz, 3H), 1.01 (d, J=6.6 Hz, 3H), 0.89 (d, J=6.6 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d = 165.0, 152.0, 136.4, 136.2, 132.9, 132.5, 130.2,
130.0, 127.9, 127.5, 120.2, 84.2, 83.6, 75.2, 71.8, 68.6, 44.1, 34.3, 32.2, 30.6,
29.2, 27.1, 19.5, 14.7, 10.9, 10.0; HRMS (FAB, 3-NBA): m/z : calcd for
C32H43O4Si: 519.2930, found 519.2888 [M+H]+ .


(5S,6S)-6-[(1S,4S,5R,6R)-6-(tert-Butyldiphenylsilyloxy)-4-hydroxy-8-
iodo-1,5-dimethyl-oct-7-ynyl]-5-methyl-5,6-dihydro-pyran-2-one (54): A
solution of iodine (49 mg, 0.193 mmol) and N,N-dimethylaminopyridine
(71 mg, 58 mmol) in toluene (1.5 mL) was stirred in the dark for 1 h at
room temperature. To the dark brown mixture was added a solution of
the alkyne 51 (20 mg, 39 mmol) in toluene (3 mL) and the mixture was
heated for 3 h to 50 8C in the dark. The reaction mixture was cooled to
room temperature, diluted with 0.4m aqueous Na2S2O3 (8 mL), 1m aque-
ous KH2PO4 (16 mL) and brine (30 mL). The mixture was extracted with
ethyl acetate (3î40 mL), the combined organic layers were washed with
brine (30 mL), then dried (Na2SO4) and concentrated. The residue was
purified by flash chromatography (silica gel, cyclohexane/ethyl acetate
5:1 to 3:1) to give the lactone iodoalkyne 54 (19 mg, 76%) as a colourless
oil. Rf=0.37 (cyclohexane/ethyl acetate 2:1); [a]20D =++131 (c=0.3,
CHCl3);


1H NMR (400 MHz, CDCl3): d = 7.73±7.68 (m, 4H), 7.46±7.38
(m, 6H), 6.98 (dd, J=9.6, 6.5 Hz, 1H), 5.97 (dd, J=9.6, 0.6 Hz, 1H), 4.45
(d, J=4.5 Hz, 1H), 4.17±4.12 (m, 1H), 3.99 (dd, J=10.4, 2.9 Hz, 1H),
2.46 (dquint, J=3.1, 7.2 Hz, 1H), 2.00±1.92 (m, 1H), 1.83±1.57 (m, 3H),
1.29±1.22 (m, 2H), 1.08 (s, 9H), 1.02 (d, J=7.0 Hz, 3H), 1.01 (d, J=
7.0 Hz, 3H), 0.90 (d, J=6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): d =


165.0, 152.0, 136.3, 136.2, 132.8, 132.4, 130.3, 129.9, 127.9, 127.6, 120.2,
94.5, 84.2, 71.7, 70.2, 44.2, 34.3, 32.1, 30.6, 29.1, 27.1, 19.5, 14.7, 10.9, 10.0,
4.7; HRMS (FAB, 3-NBA): m/z : calcd for C32H42O4SiI: 645.1897, found
645.1880 [M+H]+ .


{(1S,2S,3R)-3-(tert-Butyldiphenylsilyloxy)-2-methyl-1-[(3S,4S)-3-((3S)-3-
methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl)-butyl]-pent-4-ynyl}-bis(2-cyano-
ethyl) phosphate (55): A solution of the phosphoramidite
(NCCH2CH2O)2PNiPr2


[65] in acetonitrile (0.75 mL) at 0 8C was added
dropwise to a solution of the alcohol 51 (36 mg, 69 mmol) and tetrazol
(22 mg, 0.31 mmol) in acetonitrile (2.2 mL) and the mixture was stirred
for 105 min at room temperature and a 0.1m solution of iodine in pyri-
dine/THF/H2O 2:7:1 (4.2 mL, 0.42 mmol) was added dropwise over
1 min. The mixture was stirred for 5 min at room temperature, then


poured into a well-stirred mixture of saturated aqueous NaHCO3


(5.3 mL), 0.1m Na2S2O3 (5.3 mL) and ethyl acetate (30 mL). The organic
phase was separated and the aqueous phase was extracted with ethyl ace-
tate (2î30 mL). The combined organic layers were washed with 1m
aqueous KH2PO4 (25 mL), brine (20 mL), then dried (Na2SO4) and con-
centrated. The residue was purified by flash chromatography (silica gel,
CH2Cl2/ethanol 30:1) to give the phosphotriester 55 (49 mg, quantitative)
as a colourless oil. Rf=0.31 (CH2Cl2/ethanol 30:1); [a]20D =++76.6 (c=
0.27, CHCl3);


1H NMR (400 MHz, CDCl3): d = 7.75±7.68 (m, 4H), 7.45±
7.35 (m, 6H), 6.99 (dd, J=9.6, 6.5 Hz, 1H), 5.95 (d, J=9.6 Hz, 1H),
4.50±4.43 (m, 1H), 4.34±4.15 (m, 5H), 3.85 (dd, J=10.4, 2.9 Hz, 1H),
2.78 (t, J=6.1 Hz, 2H), 2.70 (t, J=6.1 Hz, 2H), 2.41 (dquint, J=2.9,
7.0 Hz, 1H), 2.36 (d, J=2.2 Hz, 1H), 2.04±1.54 (m, 6H), 1.23 (d, J=
6.8 Hz, 3H), 1.08 (s, 9H), 0.98 (d, J=7.0 Hz, 3H), 0.66 (d, J=6.6 Hz,
3H); 13C NMR (100 MHz, CDCl3): d = 164.8, 152.2, 136.2, 136.0, 133.3,
133.2, 130.0, 129.9, 127.9, 127.6, 120.0, 117.1, 116.7, 83.5, 82.3 (d,
J(13C,31P)=6.9 Hz), 81.9, 75.5, 64.1, 62.5 (d, J(13C,31P)=5.4 Hz), 62.3 (d,
J(13C,31P)=5.4 Hz), 43.4 (d, J(13C,31P)=6.2 Hz), 33.9, 30.4, 29.6 (d,
J(13C,31P)=2.3 Hz), 26.9, 26.2, 19.8 (d, J(13C,31P)=8.5 Hz), 19.7 (d,
J(13C,31P)=7.7 Hz), 19.5, 14.3, 10.9, 10.9; 31P NMR (162 MHz, CDCl3): d
= �2.07; HRMS (FAB, 3-NBA): m/z : calcd for C38H49N2NaO7PSi:
727.2944, found 727.2914 [M+Na]+ .


Bis(cyanoethyl)-{(1S,2S,3R)-3-hydroxy-2-methyl-1-[(3S,4S)-3-((3S)-3-
methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl)-butyl]-pent-4-ynyl} phosphate
(56): The reaction was carried out in a teflon vessel. 70% HF/py
(0.54 mL) was added to a solution of TBDPS ether 55 (49 mg, 69 mmol)
in THF (2.6 mL) and the solution was stirred for 24 h at room tempera-
ture. The reaction mixture was added to a well-stirred mixture of saturat-
ed aqueous NaHCO3 (10 mL) and ethyl acetate (30 mL), the combined
organic layers were washed with 1m aqueous KH2PO4 (6 mL), brine
(6 mL), then dried (Na2SO4), diluted with toluene (5 mL) and concentrat-
ed at room temperature. The residue was purified by flash chromatogra-
phy (silica gel, cyclohexane/ethyl acetate 1:8, then CH2Cl2/ethanol 10:1)
to give the alcohol 56 (27 mg, 84%) as a colourless oil. Rf=0.16 (cyclo-
hexane/ethyl acetate 1:8); [a]20D =++88.0 (c=0.57, CHCl3);


1H NMR
(400 MHz, CDCl3): d = 6.99 (dd, J=9.6, 6.5 Hz, 1H), 5.95 (d, J=9.8 Hz,
1H), 4.91±4.85 (m, 1H), 4.40±4.26 (m, 4H), 4.25 (dd, J=9.2, 2.2 Hz, 1H),
4.08 (dd, J=10.6, 3.1 Hz, 1H), 2.92±2.75 (m, 4H), 2.48 (dquint, J=2.9,
7.0 Hz, 1H), 2.48 (d, J=2.2 Hz, 1H), 1.95±1.85 (m, 4H), 1.56±1.41 (m,
2H), 1.07 (d, J=6.8 Hz, 3H), 1.03 (d, J=7.0 Hz, 3H), 0.91 (d, J=6.8 Hz,
3H); 13C NMR (100 MHz, CDCl3): d = 164.9, 152.1, 120.0, 117.0, 116.7,
84.0, 83.4, 79.9 (d, J(13C,31P)=6.2 Hz), 63.6, 62.9 (d, J(13C,31P)=4.6 Hz),
62.8 (d, J(13C,31P)=6.2 Hz), 44.5 (d, J(13C,31P)=3.8 Hz), 33.4, 30.4, 30.1
(d, J(13C,31P)=3.8 Hz), 28.4, 19.9 (d, J(13C,31P)=8.5 Hz), 19.8 (d,
J(13C,31P)=7.7 Hz), 14.5, 10.9, 9.6; 31P NMR (162 MHz, CDCl3): d =


�0.29; HRMS (FAB, 3-NBA): m/z : calcd for C22H32N2O7P: 467.1947,
found 467.1943 [M+H]+ .


Bis(cyanoethyl)-{(1S,2S,3R)-3-hydroxy-5-iodo-2-methyl-1-[(3S,4S)-3-
((3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl)-butyl]-pent-4-ynyl}
phosphate (57): Iodoalkyne 57 was synthesized by analogy to iodoalkyne
80 starting from alkyne 56 (11.0 mg, 23.6 mmol). The residue was purified
by flash chromatography (silica gel, cyclohexane/ethyl acetate 1:15 to
0:1) to give iodoalkyne 57 (15.6 mg, 84%) as a colourless oil. Rf=0.38
(cyclohexane/ethyl acetate 1:16); [a]20D =++65 (c=0.135, CHCl3);


1H NMR
(400 MHz, CDCl3): d = 6.98 (dd, J=9.6, 6.5 Hz, 1H), 5.94 (dd, J=9.6,
0.6 Hz, 1H), 4.86±4.80 (m, 1H), 4.40±4.27 (m, 5H), 4.07 (dd, J=10.6,
3.1 Hz, 1H), 2.91±2.75 (m, 4H), 2.45 (dquint, J=3.1, 7.0 Hz, 1H), 1.95±
1.84 (m, 4H), 1.56±1.40 (m, 2H), 1.05 (d, J=6.8 Hz, 3H), 1.02 (d, J=
7.0 Hz, 3H), 0.91 (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d =


164.9, 152.1, 120.0, 117.0, 116.7, 94.7, 83.4, 79.9 (d, J(13C,31P)=6.2 Hz),
65.3, 62.9 (d, J(13C,31P)=5.4 Hz), 62.8 (d, J(13C,31P)=5.4 Hz), 44.7 (d,
J(13C,31P)=3.8 Hz), 33.4, 30.4, 30.0 (d, J(13C,31P)=4.6 Hz), 28.4, 19.9 (d,
J(13C,31P)=7.7 Hz), 19.8 (d, J(13C,31P)=7.7 Hz), 14.5, 10.9, 9.7, 2.0;
31P NMR (162 MHz, CDCl3): d = �0.35; HRMS (FAB, 3-NBA): m/z :
calcd for C22H31IN2O7P: 593.0914, found 593.0931 [M+H]+ .


tert-Butyl-(1-ethyl-prop-2-ynyloxy)-diphenylsilane (58): tert-Butyldiphe-
nylsilyl chloride (1.86 mL, 7.12 mmol) was added dropwise to a solution
of pent-1-yn-3-ol (11, 500 mg, 5.94 mmol) and imidazole (809 mg,
11.9 mmol) in DMF (5 mL) and the mixture was stirred for 19.5 h at
room temperature. The reaction mixture was quenched with brine
(50 mL) and extracted with diethyl ether (3î50 mL). The combined or-
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ganic layers were washed with brine (50 mL), then dried (Na2SO4) and
concentrated. The residue was purified by flash chromatography (silica
gel, cyclohexane/ethyl acetate 100:1) to give the TBDPS ether 58 (1.48 g,
77%) as a colourless oil. Rf=0.7 (cyclohexane/ethyl acetate 50:1);
1H NMR (400 MHz, CDCl3): d = 7.77±7.68 (m, 4H), 7.46±7.35 (m, 4H),
4.31 (ddd, J=6.8, 5.5, 2.2 Hz, 1H), 2.31 (d, J=2.2 Hz, 1H), 1.74±1.62 (m,
2H), 1.09 (s, 9H), 0.96 (t, J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3):
d = 136.0, 135.8, 133.7, 133.6, 129.7, 129.6, 127.6, 127.4, 85.0, 72.7, 65.0,
31.6, 27.2, 19.6, 9.4; HRMS (FAB, 3-NBA): m/z : calcd for C21H27OSi:
323.1831, found 323.1863 [M+H]+ .


tert-Butyl-(1-ethyl-3-iodo-prop-2-ynyloxy)-diphenylsilane (59): Iodoal-
kyne 59 was synthesized by analogy to iodoalkyne 26 starting from
alkyne 58 (750 mg, 2.3 mmol) to give a colourless oil (990 mg, 96%).
Rf=0.36 (cyclohexane/ethyl acetate 100:1); 1H NMR (400 MHz, CDCl3):
d = 7.75±7.66 (m, 4H), 7.46±7.36 (m, 6H), 4.41 (dd, J=6.5, 5.7 Hz, 1H),
1.74±1.63 (m, 2H), 1.08 (s, 9H); 0.95 (t, J=7.4 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d = 136.0, 135.8, 133.5, 133.5, 129.7, 129.6, 127.6,
127.4, 95.9, 66.7, 31.8, 27.2, 19.6, 9.5, 1.4; HRMS (FAB, 3-NBA): m/z :
calcd for C21H25IOSi: 448.0719, found 448.0742 [M]+ .


Bis(cyanoethyl)-{(1S,2S,3R,4Z)-3-hydroxy-5-iodo-2-methyl-1-[(3S,4S)-3-
((3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl)-butyl]-pent-4-enyl}
phosphate (61): A solution of acetic acid (2.8 mL, 48 mmol) in 2-propanol
(38 mL) over a period of 45 min was added to a mixture of iodoalkyne 57
(7.1 mg, 12.0 mmol) and potassium azodicarboxylate (4.7 mg, 24 mmol) in
2-propanol (88 mL) and the mixture was stirred for 24 h at room tempera-
ture. The reaction mixture was quenched with a 0.1m phosphate buffer
(1.5 mL) and extracted with ethyl acetate (3î5 mL). The combined or-
ganic layers were washed with brine (1 mL), then dried (Na2SO4) and
concentrated. The residue was purified by flash chromatography (silica
gel, cyclohexane/ethyl acetate 2:3 to 1:3) to give (Z)-iodoalkene 61
(3.9 mg, 44%) as a colourless oil which was contaminated with saturated
the lactone 62 (0.8 mg) and used in the next step without further purifica-
tion. Rf=0.31 (CH2Cl2/ethanol 20:1); 1H NMR (400 MHz, CDCl3): d =


6.99 (dd, J=9.6, 6.5 Hz, 1H), 6.47 (dd, J=7.4, 0.6 Hz, 1H), 6.23 (dd, J=
8.2, 7.6 Hz, 1H), 5.96 (dd, J=9.6, 0.6 Hz, 1H), 4.98±4.90 (m, 1H), 4.44±
4.24 (m, 4H), 4.11±4.06 (m, 2H), 2.88±2.76 (m, 4H), 2.52±2.44 (m, 1H),
1.98±1.74 (m, 3H), 1.57±1.37 (m, 2H), 1.03 (d, J=7.2 Hz, 3H), 0.92 (d,
J=7.0 Hz, 6H); 31P NMR (162 MHz, CDCl3): d = �0.35.


tert-Butyl-(1-ethyl-3-iodo-allyloxy)-diphenylsilane (65): (Z)-Iodoalkene
65 was synthesized by analogy to (Z)-iodoalkene 27 starting from iodoal-
kyne 59 (848 mg, 1.88 mmol) to give a colourless oil (785 mg, 93%). Rf=


0.35 (cyclohexane/ethyl acetate 150:1); 1H NMR (400 MHz, CDCl3): d =


7.70±7.64 (m, 4H), 7.45±7.33 (m, 6H), 6.26 (t, J=7.6 Hz, 1H), 6.09 (dd,
J=7.6, 1.0 Hz, 1H), 4.42±4.37 (m, 1H), 1.64±1.50 (m, 2H), 1.07 (s, 9H),
0.88 (t, J=7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 143.6, 135.9,
135.9, 134.1, 134.1, 129.6, 129.5, 127.6, 127.5, 80.4, 77.2, 30.2, 27.3, 19.6,
9.3; HRMS (FAB, 3-NBA): m/z : calcd for C17H18IOSi: 393.0172, found
393.0187 [M�C(CH3)3]


+ .


Bis(2-cyanoethyl)-{(1S,2S,3R,4Z,6Z,8Z)-3-hydroxy-2-methyl-1-[(3S,4S)-3-
((3S)-3-methyl-3,6-dihydro-2H-hydropyran-2-yl)-butyl]-deca-4,6,8-trienyl}
phosphate (66): The reaction was carried out in the dark. To a solution of
the (Z)-alkenyl iodide 61 (3.3 mg, 5.55 mmol) was added a solution of the
freshly prepared (Z)-alkenylstannane 25 (2.6 mg, 7.2 mmol) in degassed
DMF (0.10 mL) and degassed THF (6 mL), then a solution of
[Pd2dba3¥CHCl3] (0.3 mg) in degassed DMF (20 mL) at 0 8C. The mixture
was stirred for 14 h at room temperature, diluted simultaneously with
ethyl acetate (1 mL) and saturated aqueous NaHCO3 (1 mL), and ex-
tracted with ethyl acetate (3î5 mL). The combined organic layers were
washed with 0.1m pH 7 phosphate buffer (1 mL), brine (1 mL), then
dried (Na2SO4) and concentrated at room temperature. The residue was
purified by flash chromatography (silica gel, CH2Cl2/ethanol/pyridine
100:5:1 to 90:9:1), then preparative reversed-phase HPLC (VP 250/10
NUCLEOSIL 100-5 C18 HD, flow rate 2.5 mLmin�1, t=0 min, 30%
CH3CN, 70% H2O!t=19 min, 80% CH3CN, 20% H2O!t=34 min,
80% CH3CN, 20% H2O!t=35 min, 99% CH3CN, 1% H2O, tR=
21.5 min, UV detection 210 nm) to give triene 66 (1.2 mg, 40%) as a col-
ourless oil. Rf=0.31 (CH2Cl2/ethanol 20:1);


1H NMR (400 MHz, CDCl3):
d = 6.99 (dd, J=9.6, 6.1 Hz, 1H), 6.60 (t, J=11.3 Hz, 1H), 6.57±6.49 (m,
1H), 6.12 (t, J=11.3 Hz, 1H), 6.05 (t, J=10.8 Hz, 1H), 5.96 (d, J=
9.6 Hz, 1H), 5.80 (dq, J=14.9, 6.8 Hz, 1H), 5.42 (t, J=9.8 Hz, 1H), 5.00±
4.92 (m, 1H), 4.47 (t, J=9.8 Hz, 1H), 4.41±4.31 (m, 4H), 4.08 (dd, J=


10.4, 2.9 Hz, 1H), 2.92±2.77 (m, 4H), 2.50±2.44 (m, 1H), 1.82 (dd, J=6.8,
1.4 Hz, 1H), 1.98±1.75 (m, 3H), 1.68±1.45 (m, 2H), 1.30±1.22 (m, 1H),
1.03 (d, J=7.2 Hz, 3H), 0.92 (d, J=6.8 Hz, 3H), 0.85 (d, J=7.0 Hz, 3H);
31P NMR (162 MHz, CDCl3): d = �0.33; MS (ESI): m/z (%): 557.1 (19)
[M+Na]+ , 313.2 (100) [C21H29O2]


+ .


[7-(tert-Butyl-diphenylsilyloxy)-hept-2-ynyl]-bis(2-cyano-ethyl) phosphate
(68): A solution of (NCCH2CH2O)2PNiPr2 (64 mg, 0.175 mmol) in
CH3CN (1 mL) at 0 8C was added to a solution of the alcohol 48 (64 mg,
0.175 mmol) and tetrazole (25 mg, 0.35 mmol) in CH3CN (0.75 mL) and
the mixture was stirred for 3 h at room temperature. To the reaction mix-
ture was added dropwise a 0.1m solution of iodine in pyridine/THF/H2O
2:7:1 (4.2 mL, 0.42 mmol) over 1 min and the mixture was stirred for
5 min at room temperature. The reaction mixture was poured onto a
well-stirred mixture of saturated aqueous NaHCO3 (4.4 mL), 0.1m aque-
ous Na2S2O3 (4.4 mL) and ethyl acetate (30 mL). The mixture was ex-
tracted with ethyl acetate (2î30 mL), the combined organic layers were
washed with 1m aqueous KH2PO4 (30 mL), then dried (Na2SO4) and con-
centrated. The residue was purified by flash chromatography (silica gel,
cyclohexane/ethyl acetate 1:3 to 1:8) to give the phosphotriester 68
(72 mg, 74%) as a colourless oil. Rf=0.30 (cyclohexane/ethyl acetate
1:3); 1H NMR (400 MHz, CDCl3): d = 7.67±7.64 (m, 4H), 7.45±7.36 (m,
6H), 4.73 (dt, J=10.6, 2.2 Hz, 2H), 4.35±4.24 (m, 4H), 3.70±3.66 (m,
2H), 2.76 (t, J=6.3 Hz, 4H), 2.28±2.23 (m, 2H), 1.67±1.60 (m, 4H), 1.05
(s, 9H); 13C NMR (100 MHz, CDCl3): d = 135.7, 134.0, 129.7, 127.8,
116.3, 89.9, 73.7 (d, J(13C,31P)=6.9 Hz), 64.0, 62.4 (d, J(13C,31P)=4.6 Hz),
57.1 (d, J(13C,31P)=5.4 Hz), 31.8, 27.0, 24.9, 19.8 (d, 3J(13C,31P)=6.9 Hz),
19.4, 18.7; 31P NMR (162 MHz, CDCl3): d = �0.33; HRMS (FAB, 3-
NBA): m/z : calcd for C29H37N2NaO5PSi: 575.2107, found 575.2091
[M+Na]+ .


(2S,3S,4S)-7-Bis-methoxymethoxy-2,4-dimethyl-heptan-1-ol (72): MOM-
ether 71 was synthesized by analogy to MOM-ether 36a starting from al-
cohol 31b (208 mg, 0.453 mmol) to give a colourless oil after aqueous
work-up which was immediately used in the next step without purifica-
tion.


To a solution of TBDPS-ether 71 was added dropwise a 1m solution of
tetrabutylammonium fluoride in THF (0.54 mL, 0.54 mmol) at 0 8C and
the solution was stirred for 15 h at room temperature. The reaction mix-
ture was quenched with saturated aqueous NH4Cl (10 mL) and H2O
(10 mL), and extracted with ethyl acetate (3î25 mL). The combined or-
ganic layers were washed with brine (2î10 mL), then dried (Na2SO4)
and concentrated. The residue was purified by flash chromatography
(silica gel, cyclohexane/ethyl acetate 2:1) to give the alcohol 72 (108 mg,
90%) as a colourless oil. Rf=0.28 (cyclohexane/ethyl acetate 2:1); [a]20D =


+73.8 (c=0.5, CHCl3);
1H NMR (400 MHz, CDCl3): d = 4.66 (s, 2H),


4.60 (s, 2H), 3.54±3.47 (m, 4H), 3.41 (s, 3H), 3.41±3.37 (m, 1H), 3.34 (s,
3H), 2.83±2.72 (br s, 1H), 1.99±1.90 (m, 1H), 1.78±1.60 (m, 3H), 1.55±
1.45 (m, 1H), 1.17±1.08 (m, 1H), 0.85 (d, J=6.8 Hz, 3H), 0.78 (d, J=
6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d 99.1, 96.5, 84.0, 68.2, 65.2,
56.3, 55.2, 36.8, 36.0, 29.5, 27.5, 15.8, 10.0; HRMS (FAB, 3-NBA): m/z :
calcd for C13H29O5: 265.2015, found 265.2026 [M+H]+ .


Methyl (2Z,4S,5S,6S)-5,9-bis-methoxymethoxy-4,6-dimethyl-non-2-enoate
(73): A solution of 15% (by weight) Dess±Martin periodinane in CH2Cl2
(1.9 mL, 0.891 mmol) was added dropwise at room temperature to a mix-
ture of alcohol 72 (157 mg, 0.594 mmol) and NaHCO3 (574 mg,
6.83 mmol) in CH2Cl2 (13.5 mL) and the mixture was stirred for 90 min
at room temperature. The mixture was added to a well-stirred mixture of
saturated aqueous NaS2O3 (15 mL), saturated aqueous NaHCO3 (15 mL)
and diethyl ether (30 mL). The mixture was stirred for 1 h at room tem-
perature and extracted with diethyl ether (2î50 mL). The combined or-
ganic layers were washed with brine (20 mL), then dried (Na2SO4) and
concentrated at room temperature. The crude aldehyde was immediately
used in the next step without purification.


A 0.5m solution of potassium hexamethyldisilazide in toluene (1.78 mL,
0.89 mmol) over 15 min at �78 8C was added dropwise to a solution of
[18]crown-6 (630 mg, 2.38 mmol) and O,O’-bis(2,2,2-trifluoroethyl)-phos-
phono-acetic acid methyl ester (0.25 mL, 1.19 mmol) in THF (13 mL)
and the solution was stirred at �78 8C for 35 min. A solution of the alde-
hyde synthesized as described above in THF (1 mL, and 2î0.5 mL wash-
ings) was added dropwise over a period of 45 min at �78 8C and the mix-
ture was stirred for 3 h at �78 8C. The mixture was quenched with satu-
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rated aqueous NH4Cl (15 mL), warmed to room temperature, diluted
with water (15 mL) and extracted with diethyl ether (3î100 mL). The
combined organic layers were washed with brine (40 mL), then dried
(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, cyclohexane/ethyl acetate 3:1) to give the ester 73
(151 mg, 80% over 2 steps) as a colourless oil. Rf=0.37 (cyclohexane/
ethyl acetate 3:1); [a]20D =++ 64 (c=0.16, CHCl3);


1H NMR (400 MHz,
CDCl3): d = 6.16 (dd, J=11.7, 10.4 Hz, 1H), 5.73 (dd, J=11.5, 1.0 Hz,
1H), 4.65±4.61 (m, 2H), 4.60 (s, 2H), 3.86±3.78 (m, 1H), 3.70 (s, 3H),
3.51±3.47 (m, 2H), 3.39 (s, 3H), 3.35 (s, 3H), 3.21 (t, J=5.5 Hz, 1H),
1.75±1.57 (m, 4H), 1.52±1.42 (m, 1H), 1.21±1.10 (m, 1H), 1.04 (d, J=
6.8 Hz, 3H), 0.97 (d, J=7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): d =


166.7, 153.8, 118.2, 98.5, 96.5, 87.4, 68.3, 56.2, 55.2, 51.2, 36.5, 35.1, 28.6,
27.8, 16.5, 15.3; HRMS (FAB, 3-NBA): m/z : calcd for C16H31O6:
341.1940, found 341.1957 [M+Na]+ .


(5S,6S)-6-((1S)-4-Hydroxy-1-methylbutyl)-5-methyl-5,6-dihydro-pyran-2-
one (74): 1m aqueous HCl (7.5 mL) was added to a solution of ester 73
(151 mg, 0.475 mmol) in THF (15 mL) and the mixture was stirred for
15 h at 60 8C. The mixture was cooled to room temperature, quenched
with saturated aqueous NaHCO3, extracted with diethyl ether (3î
30 mL). The combined organic layers were washed with brine (20 mL),
then dried (Na2SO4) and concentrated. The residue was purified by flash
chromatography (silica gel, cyclohexane/ethyl acetate 2:5) to give lactone
74 (83 mg, 88%) as a colourless oil. Rf=0.25 (cyclohexane/ethyl acetate
2:1); 1H NMR (400 MHz, CDCl3): d = 6.98 (dd, J=9.6, 6.5 Hz, 1H),
5.94 (dd, J=9.6, 0.5 Hz, 1H), 3.99 (dd, J=10.4, 3.1 Hz, 1H), 3.69±3.60
(m, 2H), 2.46 (dquint, J=3.1, 6.6 Hz, 1H), 1.96±1.79 (m, 2H), 1.75±1.69
(m, 1H), 1.58±1.47 (m, 1H), 1.27±1.16 (m, 1H), 1.01 (d, J=7.0 Hz, 3H),
0.90 (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 165.0, 152.1,
120.0, 84.0, 63.1, 33.8, 30.5, 29.7, 28.6, 14.7, 10.9; HRMS (FAB, 3-NBA):
m/z : calcd for C11H19O3: 199.1334, found 199.1322 [M+H]+ .


Bis(9H-fluoren-9-ylmethyl)-diisopropylamidophosphite (75):[56] CDCl3
was filtered through a layer of basic alumium oxide before use. Diisopro-
pylaminophosphodichloridite (2.28 g, 11.3 mmol) at 0 8C Diisopropylami-
nophosphodichloridite (2.28 g, 11.3 mmol) at 0 8C to a solution of 9-fluo-
renylmethanol (4.44 g, 22.6 mmol) and EtNiPr2 (5.88 mL, 41.6 mmol) in
THF (25 mL). The mixture was stirred for 1 h at room temperature, then
filtered, and diluted with a 1m pH 7 buffer (pH of aqueous phase should
be 7 after shaking!) and ethyl acetate (200 mL). The mixture was extract-
ed with ethyl acetate (3î150 mL), then dried (Na2SO4) and concentrat-
ed. The residue (5.9 g, quantitative) was further purified by flash chroma-
tography (silica gel, cyclohexane/ethyl acetate/dimethylethylamine
20:1:0.2) to give the phosphoramidite 75 (551 mg starting from 1.0 g of
crude product, 53%) as a pale yellow oil. Rf=0.6 (cyclohexane/ethyl ace-
tate/dimethylethylamine 20:1:0.2); 1H NMR (400 MHz, CDCl3): d = 7.74
(t, J=6.8 Hz, 4H), 7.66±7.62 (m, 4H), 7.40±7.34 (m, 4H), 7.28 (dq, J=
7.6, 1.2 Hz, 4H), 4.17 (t, J=7.0 Hz, 2H), 4.00 (dt, J=10.0, 6.6 Hz, 2H),
3.80 (dt, J=10.0, 7.2 Hz, 2H), 3.70±3.60 (m, 2H), 1.15 (d, J=6.8 Hz,
12H); 13C NMR (100 MHz, CDCl3): d = 144.8, 144.5, 141.3, 141.1, 127.3,
127.3, 126.8, 126.7, 125.4, 125.1, 119.8, 119.7, 66.0 (d, 2J(13C,31P)=
16.9 Hz), 49.3 (d, 3J(13C,31P)=7.7 Hz), 43.2 (d, J(13C,31P)=12.3 Hz, 24.8
(d, J(13C,31P)=6.9 Hz); 31P NMR (162 MHz, CDCl3): d = 147.3.


Bis(9H-fluoren-9-ylmethyl)-{(4S)-4-[(2S,3S)-3-methyl-6-oxo-3,6-dihydro-
2H-pyran-2-yl]-pentyl} phosphate (76): A solution of the phosphorami-
dite 75 (209 mg, 0.400 mmol) in CH2Cl2 (2 mL) at 0 8C was added to a
solution of the alcohol 74 (20 mg, 0.1 mmol) and tetrazole (21 mg,
0.3 mmol) in CH2Cl2 (2 mL) and the mixture was stirred for 4.5 h at
room temperature. The reaction was cooled to �78 8C and 4-chloroper-
benzoic acid (247 mg, 70% purity by weight, 1 mmol) was added. The
mixture was stirred for 90 min at 0 8C, then quenched with 10% aqueous
sodium sulfite (15 mL), and extracted with CH2Cl2 (3î50 mL). The com-
bined organic layers were washed with 1m aqueous KH2PO4 (8 mL), sa-
turated aqueous NaHCO3 (20 mL), brine (2î10 mL), then dried
(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, cyclohexane/ethyl acetate 2:1 to 2:3) to give the phos-
photriester 76 (56 mg, 88%) as a pale yellow oil. Rf=0.19 (cyclohexane/
ethyl acetate 2:3); [a]20D =++ 44.8 (c=0.25, CHCl3);


1H NMR (400 MHz,
CDCl3): d = 7.72 (t, J=7.6 Hz, 4H), 7.56 (d, J=7.6 Hz, 2H), 7.50 (d, J=
7.6 Hz, 4H), 7.41±7.23 (m, 8H), 6.97 (dd, J=9.4, 6.5 Hz, 1H), 5.96 (d,
J=9.4 Hz, 1H), 4.31±4.22 (m, 4H), 4.17±4.13 (m, 2H), 3.94 (dd, J=10.6,
3.2 Hz, 1H), 3.93±3.84 (m, 2H), 2.43 (dquint, J=2.9, 6.7 Hz, 1H), 1.90±


1.65 (m, 3H), 1.60±1.49 (m, 1H), 1.21±1.09 (m, 1H), 1.00 (d, J=7.0 Hz,
3H), 0.83 (d, J=6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 164.7,
151.9, 143.3, 143.2, 143.2, 141.5, 128.0, 128.0, 127.2, 127.2, 125.2, 120.1,
120.1, 120.1, 83.7, 69.2 (d, J(13C,31P)=6.2 Hz), 68.2 (d, J(13C,31P)=6.2 Hz),
48.1 (d, J(13C,31P)=8.0 Hz), 33.7, 30.5, 28.6, 27.4 (d, J(13C,31P)=6.9 Hz),
14.6, 10.9; 31P NMR (162 MHz, CDCl3): d = �0.50; HRMS (FAB, 3-
NBA): m/z : calcd for C39H39NaO6P: 657.2382, found 657.2393 [M+Na]+ .


(Triethylammonium)-monohydrogen-{(4S)-4-[(2S,3S)-3-methyl-6-oxo-3,6-
dihydro-2H-pyran-2-yl]-pentyl} phosphate (77): NEt3 (0.84 mL, 6.04 mL)
was added dropwise at 0 8C to a solution of the phosphotriester 76
(96 mg, 0.151 mmol) in CH3CN (4 mL) and the solution was stirred for
18 h at room temperature. The solution was diluted with toluene (2 mL)
and concentrated at room temperature. The residue was diluted with
water (10 mL) and diethyl ether (5 mL). After separation from the or-
ganic layer, the aqueous layer was washed (no shaking!) with small por-
tions of diethyl ether (5 mL) until no UV-detectable material (TLC, Rf


ca. 1, ethyl acetate) was present in the aqueous layer. The aqueous layer
was lyophilized to yield the phosphate 77 as colourless oil (43 mg, 75%).
Rf=0 (ethyl acetate); [a]20D =++104 (c=0.45, MeOH); 1H NMR
(400 MHz, CD3OD): d = 7.16 (dd, J=9.6, 6.5 Hz, 1H), 5.93 (dd, J=9.6,
0.8 Hz, 1H), 4.08 (dd, J=10.4, 2.9 Hz, 1H), 3.90 (q, J=6.5 Hz, 2H), 3.18
(q, J=7.2 Hz, 6H), 2.59 (dquint, J=3.1, 6.8 Hz, 1H), 2.00±1.75 (m, 3H),
1.69±1.57 (m, 1H), 1.32±1.23 (m, 1H), 1.31 (t, J=7.4 Hz, 9H), 1.01 (d,
J=7.0 Hz, 3H), 0.95 (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d
= 167.2, 155.0, 120.0, 85.5, 66.6 (d, J(13C,P)=5.4 Hz), 47.5, 34.9, 31.6,
29.8, 28.9 (d, 3J(13C,P)=7.7 Hz), 14.8, 10.9, 9.1; 13C NMR (100 MHz,
CD3OD): d = 167.2, 155.0, 120.0, 85.5, 66.6 (d, 2J(13C,P)=5.4 Hz), 47.5,
34.9, 31.6, 29.8, 28.9 (d, 3J(13C,P)=7.7 Hz), 14.8, 10.9, 9.1; 31P NMR
(162 MHz, CD3OD): d = 1.86; HRMS (FAB, 3-NBA): m/z : calcd for
C11H20O6P: 279.0998, found 279.1009 [M+H]+ .


{(1S,2S,3R)-3-(tert-Butyldiphenylsilyloxy)-2-methyl-1-[(3S,4S)-3-((3S)-3-
methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl)-butyl]-pent-4-ynyl}-bis(9H-fluo-
ren-9-ylmethyl) phosphate (78): A solution of phosphoramidite 75
(905 mg, 1.73 mmol) in CH2Cl2 (7.2 mL) at 0 8C was added to a solution
of alcohol 51 (300 mg, 0.58 mmol) and tetrazole (109 mg, 1.56 mmol) in
CH3CN (9 mL) and the mixture was stirred for 5.5 h at room tempera-
ture. To the reaction mixture was added a 0.1m solution of iodine in pyri-
dine/THF/H2O 2:7:1 (17.4 mL, 1.74 mmol) over 1 min and the mixture
was stirred for 5 min at room temperature. The reaction mixture was
poured to a well-stirred mixture of saturated aqueous NaHCO3 (30 mL),
0.1m aqueous Na2S2O3 (30 mL) and ethyl acetate (150 mL). The mixture
was extracted with ethyl acetate (2î150 mL), the combined organic
layers were washed with 1m aqueous KH2PO4 (60 mL), then dried
(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, cyclohexane/ethyl acetate 1:1 to 3:2) to give phospho-
triester 78 (542 mg, 95%) as a colourless oil. Rf=0.49 (cyclohexane/ethyl
acetate 1:1). 1H NMR (400 MHz, CDCl3): d = 7.79±7.76 (m, 8H), 7.56±
7.16 (m, 18H), 6.95 (dd, J=9.6, 6.5 Hz, 1H), 5.97 (d, J=9.6 Hz, 1H),
4.38±4.03 (m, 8H), 3.73 (dd, J=10.4, 3.1 Hz, 1H), 2.35 (dquint, J=3.1,
6.8 Hz, 1H), 2.25 (d, J=2.2 Hz, 1H), 2.00±1.93 (m, 1H), 1.89±1.79 (m,
1H), 1.39±1.60 (m, 3H), 1.15 (d, J=6.6 Hz, 1H), 1.10±1.05 (m, 1H), 0.90
(d, J=7.0 Hz, 3H), 0.60 (d, J=6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d = 164.6, 151.7, 143.5, 143.4, 143.3, 143.3, 141.5, 141.5, 141.4,
136.2, 136.0, 133.5, 133.4, 129.9, 129.8, 127.9, 127.8, 127.8, 127.6, 127.2,
127.2, 127.2, 125.4, 125.4, 125.3, 120.3, 120.0, 120.0, 120.0, 83.7, 82.2, 81.2
(d, J(13C,31P)=6.2 Hz), 75.3, 69.2 (d, J(13C,31P)=6.2 Hz), 69.0 (d,
J(13C,31P)=5.8 Hz), 64.4, 48.1 (d, J(13C,31P)=8.5 Hz), 48.1 (d, J(13C,31P)=
8.1 Hz), 43.2 (d, J(13C,31P)=6.5 Hz), 34.2, 30.4, 29.8 (d, J(13C,31P)=
2.3 Hz), 27.0, 26.3, 19.5, 14.3, 10.9, 10.6; 31P NMR (162 MHz, CDCl3): d
= �1.15; HRMS (FAB, 3-NBA): m/z : calcd for C60H64O7PSi: 955.4159,
found 955.4144 [M+H]+ .


Bis(9H-fluoren-9-ylmethyl)-{(1S,2S,3R)-3-Hydroxy-2-methyl-1-[(3S,4S)-3-
((3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl)-butyl]-pent-4-ynyl}
phosphate (79): The reaction was performed in a teflon vessel. 70% HF/
py (1.2 mL) and the solution was stirred for 24 h at room temperature
was added to a solution of the TBDPS-ether 78 (145 mg, 0.152 mmol) in
THF (5.7 mL). Another portion of 70% HF/py (1.2 mL) was added and
the solution was stirred for another 8 h at room temperature. The reac-
tion mixture was carefully (!) added to a well-stirred mixture of ethyl
acetate (100 mL) and saturated aqueous NaHCO3 (100 mL). The mixture
was extracted with ethyl acetate (3î100 mL). The combined organic
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layers were washed with brine (75 mL), then dried (Na2SO4) and concen-
trated. The residue was purified by flash chromatography (silica gel, cy-
clohexane/ethyl acetate 2:1 to 1:1) to give alcohol 79 (89 mg, 82%) as a
white solid. Rf=0.16 (cyclohexane/ethyl acetate 1:1); [a]20D =++54.6 (c=
0.46, CHCl3); m.p. 79 8C; 1H NMR (400 MHz, CDCl3): d = 7.74±7.68 (m,
4H), 7.57±7.44 (m, 4H), 7.41±7.22 (m, 8H), 6.95 (dd, J=9.6, 6.5 Hz, 1H),
5.93 (dd, J=9.6, 0.4 Hz, 1H), 4.74±4.67 (m, 1H), 4.35 (dt, J=9.8, 6.3 Hz,
1H), 4.27±4.08 (m, 6H), 3.86 (dd, J=10.4, 2.9 Hz, 1H), 2.43 (d, J=
2.2 Hz, 1H), 2.40 (dquint, J=2.8, 6.9 Hz, 1H), 1.85±1.65 (m, 4H), 1.55±
1.45 (m, 1H), 1.16±1.08 (m, 1H), 0.98 (d, J=7.0 Hz, 3H), 0.93 (d, J=
7.0 Hz, 3H), 0.79 (d, J=6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): d =


164.5, 151.7, 143.3, 143.0, 143.0, 141.5, 141.5, 141.4, 141.4, 128.0, 128.0,
128.0, 127.3, 127.2, 127.2, 125.2, 125.1, 120.2, 120.1, 120.1, 84.3, 83.7, 78.6
(d, J(13C,31P)=6.2 Hz), 73.1, 69.5 (d, J(13C,31P)=6.9 Hz), 69.4 (d,
J(13C,31P)=6.2 Hz), 63.6, 48.0 (d, J(13C,31P)=9.2 Hz), 47.9 (d, J(13C,31P)=
8.5 Hz), 43.8 (d, J(13C,31P)=3.8 Hz), 33.9, 30.7 (d, J(13C,31P)=4.6 Hz),
30.4, 28.6, 14.8, 10.8, 9.2; 31P NMR (162 MHz, CDCl3): d = 0.96; HRMS
(FAB, 3-NBA): m/z : calcd for C44H46O7P: 717.2981, found 717.2996
[M+H]+ .


Bis(9H-fluoren-9-ylmethyl)-{(1S,2S,3R)-3-Hydroxy-5-iodo-2-methyl-1-
[(3S,4S)-3-((3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl)-butyl]-pent-
4-ynyl} phosphate (80): A solution of AgNO3 (7.5 mg, 44 mmol) in DMF
(0.23 mL) was added to a solution of the alkyne 79 (210 mg, 0.293 mmol)
and N-iodosuccinimide (99 mg, 0.440 mmol) in DMF (3.3 mL) and the
mixture was stirred for 90 min at room temperature. The reaction mix-
ture was quenched by addition of ice-cold water (50 mL) and extracted
with ethyl acetate (3î100 mL). The combined organic layers were
washed with brine (50 mL), then dried (Na2SO4) and concentrated. The
residue was purified by flash chromatography (silica gel, cyclohexane/
ethyl acetate 1:1 to 2:3) to give the iodoalkyne 80 (247 mg, quantitative)
as an off-white solid. Rf=0.30 (cyclohexane/ethyl acetate 2:3); [a]20D =


+41.4 (c=0.5, CHCl3); m.p. 117 8C; 1H NMR (400 MHz, CDCl3): d =


7.74±7.68 (m, 4H), 7.56±7.43 (m, 4H), 7.41±7.21 (m, 8H), 6.95 (dd, J=
9.6, 6.5 Hz, 1H), 5.93 (dd, J=9.6, 0.6 Hz, 1H), 4.68±4.62 (m, 1H), 4.36±
4.07 (m, 7H), 3.86 (dd, J=10.4, 3.1 Hz, 1H), 2.40 (dquint, J=3.1, 7.0 Hz,
1H), 1.85±1.67 (m, 4H), 1.52±1.43 (m, 1H), 1.15±1.06 (m, 1H), 0.98 (d,
J=7.0 Hz, 3H), 0.90 (d, J=6.8 Hz, 3H), 0.78 (d, J=6.8 Hz, 3H);
13C NMR (100 MHz, CDCl3): d = 164.5, 151.7, 143.3, 143.1, 143.0, 141.5,
141.5, 141.4, 128.1, 128.0, 128.0, 127.3, 127.3, 127.3, 125.2, 125.2, 125.1,
120.2, 120.2, 120.1, 120.1, 95.0, 83.7, 78.6 (d, J(13C,31P)=6.2 Hz), 69.5,
69.4, 65.3, 48.0 (d, J(13C,31P)=8.3 Hz), 48.0 (d, J(13C,31P)=8.2 Hz), 44.1
(d, J(13C,31P)=3.8 Hz), 34.0, 30.8 (d, J(13C,31P)=4.6 Hz), 30.5, 28.6, 14.9,
10.9, 9.3, 1.3; 31P NMR (162 MHz, CDCl3): d=0.80; HRMS (FAB, 3-
NBA): m/z : calcd for C44H45IO7P: 843.1948, found 843.1944 [M+H]+ .


Bis(9H-fluoren-9-ylmethyl)-{(1S,2S,3R,4Z)-3-hydroxy-5-iodo-2-methyl-1-
[(3S,4S)-3-((3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl)-butyl]-pent-
4-enyl} phosphate (81): A solution of acetic acid (0.36 mL, 0.864 mmol)
in 2-propanol (4.6 mL) was added dropwise over a period of 1 h to a mix-
ture of iodoalkyne 80 (210 mg, 0.249 mmol) and potassium azodicarboxy-
late (84 mg, 0.432 mmol) in 2-propanol (1.56 mL) and 1,4-dioxane
(0.21 mL) and the mixture was stirred for 14.5 h at room temperature.
The reaction mixture was quenched with a 0.1m phosphate buffer
(50 mL) and extracted with ethyl acetate (3î100 mL). The combined or-
ganic layers were washed with brine (30 mL), then dried (Na2SO4) and
concentrated. The residue was purified by flash chromatography (silica
gel, cyclohexane/ethyl acetate 2:3 to 1:3) to give (Z)-iodoalkene 81
(139 mg, 63%) as a white solid which was contaminated with saturated
lactone 88 (7 mg) and used in the next step without further purification.
Residual starting compound 80 (45 mg, 21%) could be reisolated after
chromatography. Rf=0.15 (cyclohexane/ethyl acetate 2:3); [a]20D =++49
(c=0.235, CHCl3); m.p. 77 8C; 1H NMR (400 MHz, CDCl3): d = 7.75±
7.67 (m, 4H), 7.61±7.50 (m, 4H), 7.41±7.20 (m, 8H), 6.95 (dd, J=9.6,
6.5 Hz, 1H), 6.39 (d, J=7.6 Hz, 1H), 6.16 (dd, J=8.4, 7.6 Hz, 1H), 5.94
(dd, J=9.6, 0.6 Hz, 1H), 4.82±4.76 (m, 1H), 4.45±4.23 (m, 4H), 4.21±4.13
(m, 3H), 3.87 (dd, J=10.4, 2.9 Hz, 1H), 2.41 (dquint, J=2.9, 6.8 Hz,
1H), 1.85±1.64 (m, 4H), 1.56±1.47 (m, 1H), 1.18±1.10 (m, 1H), 0.99 (d,
J=7.0 Hz, 3H), 0.81 (d, J=6.7 Hz, 3H), 0.78 (d, J=7.0 Hz, 3H);
13C NMR (100 MHz, CDCl3): d = 164.6, 151.7, 143.5, 143.2, 143.1, 142.0,
141.5, 141.5, 128.1, 128.0, 127.3, 125.5, 125.4, 125.3, 120.2, 120.2, 120.2,
120.1, 84.6, 83.8, 78.9, 74.2, 70.0, 69.8, 48.1, 42.7, 34.1, 30.7, 30.5, 28.7,


14.9, 10.9, 8.4; 31P NMR (162 MHz, CDCl3): d = 1.29; HRMS (FAB, 3-
NBA): m/z : calcd for C44H47IO7P: 845.2104, found 845.2109 [M+H]+ .


Bis(9H-fluoren-9-ylmethyl)-{(1S,2S,3R,4Z,6Z,8Z)-3-hydroxy-2-methyl-1-
[(3S,4S)-3-((3S)-3-methyl-3,6-dihydro-2H-hydropyran-2-yl)-butyl]-deca-
4,6,8-trienyl} phosphate (82): All operations were done under exclusion
of slightly. To a solution of (Z)-alkenyliodide 81 (7.0 mg, 8.3 mmol) was
added a solution of the freshly prepared (Z)-alkenylstannane 25
(12.7 mg, 35.6 mmol) in degassed DMF (0.10 mL) and degassed THF
(7 mL), then a 0.1m solution of Pd(CH3CN)2Cl2 in degassed DMF (20 mL,
2 mmol) was added at 0 8C. The mixture was stirred for 20.5 h at room
temperature, a total of 10 mL (8%) of the reaction solution was taken to
monitor reaction progress. The solution was diluted simultaneously with
ethyl acetate (5 mL) and saturated aqueous NaHCO3 (5 mL), and ex-
tracted with ethyl acetate (3î10 mL). The combined organic layers were
washed a 0.1m pH 7 phosphate buffer (3 mL), brine (3 mL), then dried
(Na2SO4) and concentrated at room temperature. The residue was puri-
fied by a SEPAK cartridge (C4-reversed phase material, H2O to metha-
nol), then reversed-phase HPLC (VP 250/10 NUCLEOSIL 100-5 C18
HD, flow rate 2.5 mLmin�1, t=0 min, 50% CH3CN, 50% H2O!t=
20 min, 90% CH3CN, 10% H2O!t=45 min, 90% CH3CN, 10% H2O!
t=50 min, 99% CH3CN, 1% H2O, tR=34.7 min, UV detection 300 nm)
to give triene 82 (3.7 mg, 57%; 62% after 10% correction) as a colour-
less oil. Rf=0.30 (acetonitrile/water 3:1, RP-C8-TLC); [a]20D =++49 (c=
0.235 in CHCl3);


1H NMR (400 MHz, CDCl3): d = 7.75±7.68 (m, 4H),
7.59±7.51 (m, 3H), 7.48±7.45 (m, 1H), 7.41±7.19 (m, 8H), 6.95 (dd, J=
9.6, 6.6 Hz, 1H), 6.54 (t, J=11.4 Hz, 1H), 6.54±6.46 (m, 1H), 5.94 (dd,
J=9.6, 0.6 Hz, 1H), 5.91 (t, J=11.3 Hz, 1H), 5.83 (t, J=11.0 Hz, 1H),
5.75 (dq, J=14.9, 6.8 Hz, 1H), 5.37 (t, J=10.6 Hz, 1H), 4.85±4.78 (m,
1H; CHOP), 4.35±4.21 (m, 5H), 4.17±4.11 (m, 2H), 3.88 (dd, J=10.4,
2.9 Hz, 1H), 2.80±2.67 (br s, 1H, OH), 2.41 (dquint, J=2.9, 7.0 Hz, 1H),
1.81 (dd, J=6.8, 1.0 Hz, 1H), 1.80±1.67 (m, 3H), 1.62±1.47 (m, 2H),
1.19±1.09 (m, 1H), 0.99 (d, J=7.0 Hz, 3H), 0.80 (d, J=6.8 Hz, 3H), 0.72
(d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 164.6, 151.8, 143.2,
143.1, 143.1, 141.5, 141.5, 141.5, 141.5, 132.3, 132.0, 131.3, 128.0, 128.0,
128.0, 127.3, 127.3, 126.9, 125.7, 125.3, 125.2, 125.2, 121.9, 120.2, 120.1,
120.1, 120.1, 83.8, 79.5 (d, J(13C,31P)=6.2 Hz), 69.6 (d, J(13C,31P)=6.2 Hz),
69.5 (d, J(13C,31P)=6.2 Hz), 67.4 (CHOH), 48.1 (d, J(13C,31P)=5.4 Hz),
48.0 (d, J(13C,31P)=5.4 Hz), 43.1 (d, J(13C,31P)=3.8 Hz), 34.0, 30.8 (d,
J(13C,31P)=3.8 Hz), 30.5, 28.7, 18.6, 14.8, 10.9, 8.8; 31P NMR (162 MHz,
CDCl3): d 0.74; HRMS (FAB, 3-NBA): m/z : calcd for C49H54O7P:
785.3607, found 785.3621 [M+H]+ .


(4S,5S,6S,9S,10S,11S)-Cytostatin (1a): Only deionized water was used for
all operations. To a solution of phosphotriester 82 (11.7 mg, 15 mmol) in
CH3CN (2.5 mL) was added dropwise NEt3 (0.55 mL) at 0 8C and the sol-
ution was stirred for 20 h at room temperature. The solution was diluted
with toluene (1 mL) and concentrated at room temperature. The residue
was diluted with water (10 mL) and diethyl ether (5 mL). After separa-
tion from the organic layer, the aqueous layer was washed (no shaking!)
with small portions of diethyl ether (5 mL) until no UV-detectable mate-
rial (TLC, Rf ca. 1, ethyl acetate) was present in the aqueous layer. The
aqueous layer was lyophilized to yield the monotriethylammonium phos-
phate 1a as colourless oil (8 mg, quantitative). The sodium salt was pre-
pared by chromatography on ion exchange resin (DOWEX 50W2, 50±
100 mesh, strongly acidic, 10 cm height, 0.8 cm diameter, methanol/water
1:1; the resin was sequentially washed with methanol/water 1:1, 1.0m
aqueous NaHCO3 (CO2!), H2O, methanol/water 1:1 before use) to yield
1a as an amorphous pale yellow powder. Rf=0 (ethyl acetate); [a]20D =


+46 (c=0.285, methanol); 1H NMR (400 MHz, CD3OD): d = 7.15 (dd,
J=9.6, 6.6 Hz, 1H), 6.59 (t, J=11.5 Hz, 1H), 6.62±6.54 (m, 1H), 6.26 (t,
J=11.1 Hz, 1H), 5.99 (t, J=11.5 Hz, 1H), 5.93 (dd, J=9.6, 0.6 Hz, 1H),
5.76 (dq, J=14.9, 6.8 Hz, 1H), 5.41 (t, J=10.2 Hz, 1H), 4.59 (t, J=
10.0 Hz, 1H), 4.55±4.48 (m, 1H), 4.11 (dd, J=10.2, 2.9 Hz, 1H), 2.58
(dquint, J=3.1, 7.0 Hz, 1H), 2.05±1.96 (m, 1H), 1.86±1.75 (m, 2H), 1.80
(dd, J=6.8, 1.0 Hz, 3H), 1.58±1.46 (m, 2H), 1.30±1.24 (m, 1H), 1.01 (d,
J=7.0 Hz, 3H), 0.97 (d, J=6.8 Hz, 3H), 0.80 (d, J=6.8 Hz, 3H);
13C NMR (100 MHz, CD3OD, determined by HSQC and HMBC): d =


167.1, 154.9, 133.7, 132.0, 131.5, 127.9, 126.3, 123.3, 119.9, 85.4, 75.2, 68.7,
43.9, 35.2, 31.5, 31.4, 29.2, 18.4, 14.7, 10.9, 9.1; 31P NMR (162 MHz,
CD3OD): d = 3.96; HRMS (FAB, 3-NBA): m/z : calcd for C21H33NaO7P:
451.1862, found 451.1873 [M+Na]+ .
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(Triethylammonium)-hydrogen-{(1S,2S,3R,4Z)-3-hydroxy-2-methyl-1-
{(3S)-3-[(2S,3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl]-butyl}-pent-4-
ynyl} phosphate (83): Phosphate 83 was synthesized by analogy to mono-
triethylammonium salt of 1a starting from phosphotriester 79 (5.0 mg,
7.0 mmol) to give an amorphous white powder (3.2 mg, 98%). Rf=0
(ethyl acetate); [a]20D =++75.6 (c=0.16, methanol); 1H NMR (400 MHz,
CD3OD): d = 7.16 (dd, J=9.6, 6.5 Hz, 1H), 5.93 (dd, J=9.6, 0.6 Hz,
1H), 4.44 (dddd, J=10.2, 8.0, 6.3, 2.3 Hz, 1H), 4.32 (dd, J=9.8, 2.2 Hz,
1H), 4.11 (dd, J=10.2, 2.9 Hz, 1H), 3.20 (q, J=7.4 Hz, 6H), 2.73 (d, J=
2.2 Hz, 1H), 2.59 (dquint, J=3.1, 7.0 Hz, 1H), 2.01±1.91 (m, 1H), 1.88±
1.74 (m, 3H), 1.53 (ddt, J=16.8, 4.5, 8.0 Hz, 1H), 1.31 (t, J=7.2 Hz, 9H),
1.34±1.24 (m, 1H), 1.02 (d, J=6.8 Hz, 3H), 1.01 (d, J=7.0 Hz, 3H), 0.97
(d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD): d = 167.4, 155.1,
120.0, 85.9, 85.6, 74.9 (d, J(13C,31P)=5.4 Hz), 73.8, 64.8, 47.8, 44.9 (d,
J(13C,31P)=3.8 Hz), 35.4, 31.6, 31.6 (d, J(13C,31P)=3.1 Hz), 29.4, 14.9,
10.9, 9.6, 9.2; 31P NMR (162 MHz, CD3OD): d = 2.96; HRMS (FAB, 3-
NBA): m/z : calcd for C16H25NaO7P: 383.1236, found 383.1223 [M+Na]+ .


{1-{(1S,2S,5S)-2-{Bis(9H-fluoren-9-ylmethoxy)-phosphoryloxy}-1-methyl-
5-[(2S,3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl]-hexyl}-prop-2-ynyl}
ethanoate (84): N,N-Dimethylaminopyridine (ca. 0.2 mg) and acetanhy-
dride (5 mL) were added to a solution of the alcohol 79 (10 mg, 14 mmol)
in pyridine (0.1 mL) and the mixture was stirred for 1 h at room tempera-
ture. The reaction mixture was quenched with 1m aqueous KH2PO4


(10 mL) and extracted with ethyl acetate (3î15 mL). The combined or-
ganic layers were washed with brine (15 mL), then dried (Na2SO4) and
concentrated. The residue was purified by flash chromatography (silica
gel, cyclohexane/ethyl acetate 1:1 to 1:2) to give the ester 84 (6.4 mg,
60%) as a colourless oil. Rf=0.65 (cyclohexane/ethyl acetate 1:3); [a]20D =


+70.3 (c=0.32, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.73±7.66 (m,


4H), 7.59 (d, J=7.5 Hz, 1H), 7.53±7.49 (m, 2H), 7.44 (d, J=7.5 Hz, 1H),
7.40±7.19 (m, 8H), 6.96 (dd, J=9.6, 6.6 Hz, 1H), 5.94 (d, J=9.6 Hz, 1H),
5.26 (dd, J=8.4, 2.2 Hz, 1H), 4.56±4.49 (m, 1H), 4.30±4.04 (m, 6H), 3.89
(dd, J=10.4, 2.9 Hz, 1H), 2.44 (d, J=2.2 Hz, 1H), 2.44±2.38 (m, 1H),
2.16±2.08 (m, 1H), 2.09 (s, 3H), 1.94±1.52 (m, 4H), 1.17±1.07 (m, 1H),
1.05 (d, J=6.8 Hz, 3H), 0.98 (d, J=7.0 Hz, 3H), 0.79 (d, J=6.6 Hz, 3H);
13C NMR (100 MHz, CDCl3): d = 169.9, 164.6, 151.8, 143.4, 143.3, 143.2,
141.4, 128.1, 128.0, 128.0, 127.1, 127.0, 125.3, 125.1, 120.2, 120.0, 83.7,
80.1, 79.0, 74.8, 69.3, 69.2, 64.6, 48.0, 47.9, 40.3, 34.1, 30.3, 29.9, 27.8, 20.9,
14.5, 10.4, 9.6; 31P NMR (162 MHz, CDCl3): d = �0.77; HRMS (FAB, 3-
NBA): m/z : calcd for C46H48O8P: 759.3087, found 759.3119 [M+H]+.


Monotriethylammoniumsalt of {1-{(1S,2S,5S)-1-methyl-5-[(2S,3S)-3-
methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl]-2-phosphonooxy-hexyl}-prop-2-
ynyl}ethanoate (85): Phosphate 85 was synthesized by analogy to the
monotriethylammonium salt of 1a starting from phosphotriester 84
(6.4 mg, 8.4 mmol) to give an amorphous white powder (2.1 mg, 49%).
Rf=0 (ethyl acetate); [a]20D =++118 (c=0.10, methanol); 1H NMR
(400 MHz, CD3OD): d = 7.16 (dd, J=9.6, 6.5 Hz, 1H), 5.93 (d, J=9.6,
0.6 Hz, 1H), 5.28 (dd, J=8.2, 2.2 Hz, 1H), 4.31 (dddd, J=10.6, 7.0, 5.5,
3.7 Hz, 1H), 4.11 (dd, J=10.2, 2.9 Hz, 1H), 3.20 (q, J=7.2 Hz, 6H), 2.88
(d, J=2.2 Hz, 1H), 2.59 (dquint, J=7.0, 3.1 Hz, 1H), 2.17±2.10 (m, 1H),
2.07 (s, 3H), 2.03±1.95 (m, 1H), 1.93±1.78 (m, 2H), 1.63 (ddt, J=16.8,
4.3, 7.2 Hz, 1H), 1.31 (t, J=7.2 Hz, 9H), 1.33±1.24 (m, 1H), 1.13 (d, J=
7.0 Hz, 3H), 1.01 (d, J=7.0 Hz, 3H), 0.97 (d, J=6.8 Hz, 3H); 13C NMR
(100 MHz, CD3OD): d = 171.7, 167.3, 155.0, 120.0, 85.6, 81.8, 76.0 (d,
J(13C,31P)=6.2 Hz), 75.9, 66.6, 47.7, 41.4 (d, J(13C,31P)=6.2 Hz), 35.5,
31.6, 30.9, 28.9, 21.0, 14.8, 11.0, 10.3, 9.2; 31P NMR (162 MHz, CD3OD):
d = 1.33; HRMS (FAB, 3-NBA): m/z : calcd for C46H48NaO8P: 425.1341,
found 425.1328 [M+Na]+ .


(Triethylammonium)-hydrogen-{(1S,2S,3R,4Z)-3-hydroxy-5-iodo-2-
methyl-1-{(3S)-3-[(2S,3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl]-
butyl}-pent-4-ynyl} phosphate (86): Phosphate 86 was synthesized by
analogy to the monotriethylammonium salt of 1a starting from phospho-
triester 80 (5.0 mg, 5.9 mmol) to give an amorphous white powder
(3.5 mg, quantitative). Rf=0 (ethyl acetate); [a]20D =++52.6 (c=0.175,
methanol); 1H NMR (400 MHz, CD3OD): d = 7.16 (dd, J=9.6, 6.6 Hz,
1H), 5.93 (dd, J=9.6, 0.6 Hz, 1H), 4.44 (d, J=9.6 Hz, 1H), 4.46±4.37 (m,
1H), 4.11 (dd, J=10.2, 2.9 Hz, 1H), 3.20 (q, J=7.4 Hz, 6H), 2.63±2.54
(m, 1H), 2.00±1.90 (m, 1H), 1.88±1.73 (m, 3H), 1.54±1.47 (m, 1H), 1.32
(t, J=7.2 Hz, 9H), 1.34±1.24 (m, 1H), 1.01 (d, J=6.8 Hz, 3H), 1.00 (d,
J=6.8 Hz, 3H), 0.96 (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD):
d = 167.4, 155.1, 120.0, 95.9, 85.6, 74.9 (d, J(13C,31P)=6.2 Hz), 65.0, 47.8,


45.2 (d, J(13C,31P)=4.6 Hz), 35.4, 31.6, 31.5, 29.4, 14.9, 11.0, 9.7, 9.2, 4.5;
31P NMR (162 MHz, CD3OD): d = 2.87; HRMS (FAB, 3-NBA): m/z :
calcd for C16H24NaIO7P: 509.0202, found 509.0211 [M+Na]+ .


(Triethylammonium)-hydrogen-{(1S,2S,3R,4Z)-3-hydroxy-5-iodo-2-
methyl-1-{(3S)-3-[(2S,3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl]-
butyl}-pent-4-enyl} phosphate (87): Phosphate 87 was synthesized by
analogy to the monotriethylammonium salt of 1a starting from phospho-
triester 81 (5.0 mg, 5.9 mmol) to give an amorphous white powder
(3.5 mg, quantitative). Rf=0 (ethyl acetate); [a]20D =++76.0 (c=0.175,
MeOH); 1H NMR (400 MHz, CD3OD): d = 7.16 (dd, J=9.6, 6.5 Hz,
1H), 6.51 (dd, J=7.7, 0.8 Hz, 1H), 6.25 (dd, J=8.4, 7.7 Hz, 1H), 5.93
(dd, J=9.6, 0.8 Hz, 1H), 4.49 (dddd, J=10.4, 8.2, 5.9, 2.2 Hz, 1H), 4.37
(t, J=9.2 Hz, 1H), 4.10 (dd, J=10.2, 2.9 Hz, 1H), 3.20 (q, J=7.2 Hz,
6H), 2.62±2.54 (m, 1H), 2.05±1.94 (m, 1H), 1.87±1.67 (m, 3H), 1.53 (ddt,
J=17.2, 4.5, 8.2 Hz, 1H), 1.32 (t, J=7.2 Hz, 9H), 1.34±1.24 (m, 1H), 1.01
(d, J=7.0 Hz, 3H), 0.97 (d, J=6.8 Hz, 3H), 0.91 (d, J=6.8 Hz, 3H);
13C NMR (100 MHz, CD3OD): d = 167.4, 155.0, 143.9, 120.0, 85.5, 83.7,
75.8, 75.2 (d, J(13C,31P)=5.4 Hz), 47.8, 43.3 (d, J(13C,31P)=4.6 Hz), 35.4,
31.6, 31.6 (J(13C,31P)=3.1 Hz), 29.4, 14.9, 10.9, 9.2, 9.1; 31P NMR
(162 MHz, CD3OD): d = 3.05; HRMS (FAB, 3-NBA): m/z : calcd for
C16H26INaO7P: 511.0359, found 511.0351 [M+Na]+ .


Bis(9H-fluoren-9-ylmethyl)-{(1S,2S,3R,4Z)-3-hydroxy-5-iod-2-methyl-1-
[(3S,4S)-3-((3S)-3-methyl-6-oxo-tetrahydropyran-2-yl)-butyl]-pent-4-enyl}
phosphate (88): Reduced lactone 88 was isolated as side-product during
the synthesis of 80 and was purified by reversed-phase HPLC (VP 250/10
NUCLEOSIL 100-5 C18 HD, flow rate 2.5 mLmin�1, t=0 min, 50%
CH3CN, 50% H2O!t=20 min, 90% CH3CN, 10% H2O!t=45 min,
90% CH3CN, 10% H2O!t=50 min, 99% CH3CN, 1% H2O, tR=
31.1 min, UV detection 300 nm) to give a colourless oil (2.2 mg). Rf=0.3
(cyclohexane/ethyl acetate 1:2); [a]20D =�10.2 (c=0.205, CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.77±7.67 (m, 4H), 7.62±7.50 (m, 4H),
7.42±7.15 (m, 8H), 6.39 (d, J=7.6 Hz, 1H), 6.16 (t, J=8.2 Hz, 1H), 4.83±
4.76 (m, 1H), 4.47±4.40 (m, 1H), 4.37±4.29 (m, 2H), 4.27±4.14 (m, 4H),
4.77±4.73 (dd, J=10.0, 2.2 Hz, 1H), 2.48±2.41 (m, 2H), 2.14±2.08 (m,
1H), 2.04±1.95 (m, 1H), 1.88±1.72 (m, 2H), 1.71±1.58 (m, 3H), 1.54±1.45
(m, 1H), 1.18±1.10 (m, 1H), 0.90 (d, J=7.0 Hz, 3H), 0.80 (d, J=6.8 Hz,
3H), 0.78 (d, J=7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 172.0,
143.4, 143.2, 143.1, 142.0, 141.5, 141.5, 128.1, 128.1, 127.3, 127.3, 125.5,
125.4, 120.3, 120.2, 120.1, 86.5, 84.6, 79.1 (d, J(13C,31P)=6.3 Hz), 74.3, 70.0
(d, J(13C,31P)=5.7 Hz), 69.9 (d, J(13C,31P)=6.3 Hz), 48.1 (J(13C,31P)=
8.6 Hz), 48.0 (J(13C,31P)=5.7 Hz), 42.6, 34.9, 30.8, 29.1, 27.0, 26.7, 26.3,
14.9, 11.5, 8.4; 31P NMR (162 MHz, CDCl3): d 0.97; HRMS (FAB, 3-
NBA): m/z : calcd for C44H49O7PI: 847.2261, found 847.2256 [M+H]+ .


(Triethylammonium)-hydrogen-{(1S,2S,3R,4Z)-3-hydroxy-5-iodo-2-
methyl-1-{(3S)-3-[(2S,3S)-3-methyl-6-oxo-tetrahydro-pyran-2-yl]-butyl}-
pent-4-enyl} phosphate (89): Phosphate 89 was synthesized by analogy to
the monotriethylammonium salt of 1a starting from phosphotriester 81
(2.2 mg, 2.6 mmol) to give an amorphous white powder (1.4 mg, 92%).
Rf=0 (ethyl acetate); [a]20D =++32.9 (c=0.07, methanol); 1H NMR
(400 MHz, CD3OD): d = 6.51 (dd, J=7.6, 0.6 Hz, 1H), 6.24 (dd, J=8.4,
7.8 Hz, 1H), 4.48 (dddd, J=10.6, 8.2, 5.9, 2.3 Hz, 1H), 4.36 (t, J=8.8 Hz,
1H), 4.06 (dd, J=10.0, 2.2 Hz, 1H), 3.20 (q, J=7.2 Hz, 1H), 2.58 (ddd,
J=17.9, 8.6, 5.1 Hz, 1H), 2.47 (dt, J=17.9, 8.0 Hz, 1H), 2.26±2.18 (m,
1H), 2.18±2.08 (m, 1H), 2.03±1.94 (m, 1H), 1.80±1.60 (m, 4H), 1.57±1.45
(m, 1H), 1.32 (t, J=17.9 Hz, 9H), 1.32±1.20 (m, 1H), 0.95 (d, J=6.6 Hz,
3H), 0.93 (d, J=7.0 Hz, 3H), 0.89 (d, J=7.0 Hz, 3H); 13C NMR
(100 MHz, CD3OD): d = 175.1, 143.8, 87.9, 83.6, 75.8 (d, J(13C,31P)=
10.0 Hz), 75.1, 47.8, 43.2, 36.2, 31.6, 29.8, 28.2, 27.5, 27.0, 15.1, 11.9, 9.3,
9.2; 31P NMR (162 MHz, CD3OD): d = 3.07; = HRMS (FAB, 3-NBA):
m/z : calcd for C16H28INaO7P: 513.0515, found 513.0502 [M+Na]+ .


(Triethylammonium)-(2-cyanoethyl)-{(1S,2S,3R,4Z)-3-hydroxy-2-methyl-
1-{(3S)-3-[(2S,3S)-3-methyl-6-oxo-3,6-dihydro-2H-pyran-2-yl]-butyl}-pent-
4-ynyl} phosphate (90): Phosphate 90 was synthesized by analogy to the
monotriethylammonium salt of 1a starting fro phosphotriester 56
(11.3 mg, 24.2 mmol) to give a colourless oil (10.6 mg, 85%). Rf=0 (ethyl
acetate); [a]20D =++76.8 (c=0.525, MeOH).; 1H NMR (400 MHz,
CD3OD): d = 7.15 (dd, J=9.6, 6.5 Hz, 1H), 5.93 (d, J=9.6 Hz, 1H),
4.52±4.44 (m, 1H), 4.30 (dd, J=9.2, 2.0 Hz, 1H), 4.14 (dd, J=10.2,
2.9 Hz, 1H), 4.07 (q, J=6.6 Hz, 1H), 3.20 (q, J=7.2 Hz, 6H), 2.81±2.76
(m, 3H), 2.58 (dquint, J=2.9, 6.6 Hz, 1H), 1.90±1.76 (m, 4H), 1.61±1.51
(m, 1H), 1.39±1.30 (m, 1H), 1.32 (t, J=7.2 Hz, 9H), 1.04 (d, J=6.8 Hz,
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3H), 1.01 (d, J=7.0 Hz, 3H), 0.97 (d, J=6.6 Hz, 3H); 13C NMR
(100 MHz, CD3OD): d = 167.2, 154.9, 120.1, 119.4, 85.6, 85.4, 76.3 (d,
J(13C,31P)=6.2 Hz), 74.1, 64.6, 61.7 (d, J(13C,31P)=5.4 Hz), 47.8, 45.1 (d,
J(13C,31P)=4.6 Hz), 35.2, 31.6, 31.4 (d, J(13C,31P)=3.1 Hz), 29.4, 20.4 (d,
J(13C,31P)=8.5 Hz), 14.9, 11.0, 9.8, 9.2; 31P NMR (162 MHz, CD3OD): d
= 1.55; HRMS (FAB, 3-NBA): m/z : calcd for C19H29NO7P: 414.1682,
found 414.1720 [M+H]+ .


Enzymatic assays–PP2A1 inhibition : The enzyme (0.025 U) was pre-in-
cubated with the inhibitors in a buffer[61] (pH 8.1, 100 mL total assay
volume) containing Tris¥HCl (40 mm), KCl (20 mm), MgCl2¥6H2O
(30 mm), DTT (2 mm) and BSA (0.1%) for 10 min at room temperature.
Then p-NPP was added (end concentration 5 mm) and the read-out
(405 nm) was recorded on a microplate-reader after 10±15 min incubation
at room temperature.


Enzymatic assays–PP1 inhibition : The enzyme (0.025 U) was pre-incu-
bated with the inhibitors in a buffer[61] (pH 8.1, 100 mL total assay
volume) containing Tris¥HCl (40 mm), KCl (20 mm), MgCl2¥6H2O
(30 mm) and DTT (2 mm) and BSA (0.1%) for 10 min at room tempera-
ture. Then p-NPP was added (end concentration 5 mm) and the read-out
(405 nm) was recorded on a microplate-reader after 10±15 min incubation
at room temperature.


VHR inhibition : The enzyme (0.001 U) was pre-incubated with the inhib-
itors in a buffer[66] (pH 6.5, 100 mL total assay volume) containing MOPS
(25 mm), EDTA (5 mm), NaCl (125 mm), DTT (2 mm) and BSA (0.1%)
for 10 min at room temperature. Then p-NPP was added (end concentra-
tion 5 mm) and the read-out (405 nm) was recorded on a microplate-
reader after 1 h incubation at 37 8C.


PTP1B inhibition : The enzyme (0.001 U) was pre-incubated with the in-
hibitors in a buffer[66] (pH 6.5, 100 mL total assay volume) containing
MOPS (25 mm), EDTA (5 mm), NaCl (125 mm), DTT (2 mm) and BSA
(0.1%) for 10 min at room temperature. Then p-NPP was added (end
concentration 5 mm) and the read-out (405 nm) was recorded on a micro-
plate-reader after 10±15 min incubation at room temperature.


CD45 inhibition : The assay was performed using the commercially avail-
able Biomol Green CD45 tyrosine phosphatase assay kit.


The enzyme (75 U) was incubated with the inhibitors in a buffer (pH 7.2,
45 mL total assay volume) containing HEPES (50 mm), EDTA (1 mm),
DTT (1 mm), 0.05% NP-40 and pp60c-src peptide (M=1543.7) (0.177 mm


end concentration) as substrate for 1 h at 30 8C. Then 100 mL Biomol
Green reagent was added and the read-out (690 nm) was recorded on a
microplate-reader.
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Introduction


The enzymes dependent on the vitamin B12 coenzyme cata-
lyze homolytic cleavages of various C�H bonds,[1,2] and radi-
cal intermediates are involved in the subsequent 1,2-migra-
tion of hydrogen, alkyl, carbonyl, hydroxyl, or amide
groups.[1±3] Ethanolamine ammonia lyase[4] is a bacterial
enzyme that metabolizes the substrate 2-aminoethanol[5] (1)
to ethanal (4) and ammonia (Scheme 1).[6] The ethanol-


amine ammonia lyase requires the presence of the vita-
min B12 coenzyme for its catalytic activity. In the first step of
the reaction, the homolytic cleavage of the C�CoIII bond in
the vitamin B12 coenzyme is assumed to generate the low-
spin cob(ii)alamin and a 5’-deoxyadenosyl radical, and it is
the latter radical that has been proposed to abstract a hy-
drogen atom from aminoethanol (Scheme 1; 1!2).[7] As for
the initially formed intermediates involved in the subse-
quent rearrangement of 2, extensive computational stud-
ies[8±10] provided a quite plausible picture of the possible re-
arrangement details of 2. It was concluded that the activa-
tion enthalpy for the intramolecular migration of the NH2


group (2!3) is only compatible with experimental data if a
synergistic action of partial protonation of the NH2 group
and partial deprotonation of the OH group of 2 by two con-
ceivable catalytic auxiliaries (for example, Asp/Glu and
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Abstract: Hydrogen abstraction from
2-aminoethanol by the 5’-deoxyadeno-
syl radical, which is formed upon Co�
C bond homolysis in coenzyme B12,
was investigated by theoretical means
with employment of the DFT (B3LYP)
and ab initio (MP2) approaches. As a
model system for the 5’-deoxyadenosyl
moiety the computationally less de-
manding 1,5-dideoxyribose was em-
ployed; two conformers, which differ in
ring conformation (C2- and C3-endo),
were considered. If hydrogen is ab-
stracted from ™free∫ substrate by the
C2-endo conformer of the 1,5-dideoxyr-
ibose-5-yl radical, the activation enthal-
py is 16.7 kcalmol�1; with the C3-endo
counterpart, the value is 17.3 kcal -
mol�1. These energetic requirements
are slightly above the activation enthal-
py limit (15 kcalmol�1) determined ex-
perimentally for the rate-determining


step of the sequence, that is, hydrogen
delivery from 5’-deoxyadenosine to the
product radical. The activation enthal-
py is lower when the substrate interacts
with at least one amino acid from the
active site. According to the computa-
tions, when a His model system partial-
ly protonates the substrate the activa-
tion enthalpy is 4.5 kcalmol�1 for the
C3-endo conformer and 5.8 kcalmol�1


for the C2-endo counterpart. As hydro-
gen abstraction from the fully as well
as the partially protonated substrate is
preceded by the formation of quite
stable encounter complexes, the actual
activation barriers are around 13±


15 kcalmol�1. A synergistic interaction
of 2-aminoethanol with two amino
acids where His partially protonates
the NH2 group and Asp partially de-
protonates the OH group of the sub-
strate results in an activation enthalpy
of 12.4 kcalmol�1 for the C3-endo con-
former and 13.2 kcalmol�1 for the C2-
endo counterpart. However, if encoun-
ter complexes exist in the active site,
the actual activation barriers are much
higher (>25 kcalmol�1) than that re-
ported for the rate-determining step.
These findings together with previous
computations suggest that the energet-
ics of the initial hydrogen abstraction
decrease with an interaction of the sub-
strate with only a protonating auxiliary,
but for the rearrangement of the radi-
cal the synergistic effects of two auxil-
iaries are essential to pull the barrier
below the limit of 15 kcalmol�1.
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His)[10] from the enzyme×s active site is operative. The study
of deuterium kinetic isotope effects suggests that hydrogen
delivery from the 5’-deoxyadenosine to radical 3 constitutes
the rate-limiting step in the overall reaction sequence,[11]


and the estimated energy barrier equals 15 kcalmol�1 at
298 K.[12] The computed activation enthalpy for the rear-
rangement of 2 amounts to 13.7 kcalmol�1 when a synergis-
tic interaction exists between 2 and Asp/Glu and His resi-
dues in the model systems. Interestingly, this ™push±pull∫
action of the two catalytic groups is expected to take place
in a physiologically realistic pH range of 6.0±9.5.[10]


Important questions that remain unresolved for ethanola-
mine ammonia lyase, as well as other coenzyme B12 depend-
ent enzymes, concern the mechanism by which these en-
zymes bring about the homolytic C�H bond activation and
how they catalyze the cleavage of the Co�C bond; for the
latter, bond homolysis is accelerated up to a factor of 1012 in
the presence of the enzyme.[13] Quite a few different mecha-
nisms have been proposed that could account for this enor-
mous rate acceleration: these are enzyme-induced distortion
of the corrin ring to sterically labilize the Co�C bond,[14] en-
zymatic compression of the axial Co�N bond that causes a
weakening of the trans-located Co�C bond,[14c,15] corrin-ring
distortion by twisting the axial Co�N bond to rotate the 5,6-
dimethylbenzimidazole,[16] direct bending of the Co�C bond
by interaction of the adenosyl ligand with the pro-
tein,[14b,d, 16,17] or weakening of the Co�C bond by the sub-
strate itself, as indicated by early studies because cob(ii)-
alamin was not formed in significant quantity in the absence
of the substrate.[18] Direct evidence that a substrate pro-
motes Co�C bond homolysis has been provided for methyl-
malonyl-CoA mutase where it was shown that the rate of
Co�C bond catalysis is sensitive on isotopic substitution in
the substrate.[19]


Another intriguing aspect, which will form the subject of
the present study, concerns the mechanism by which the 5’-
deoxyadenosyl radical abstracts a hydrogen atom from the
substrate. In the case of ethanolamine ammonia lyase, both
steady-state hydrogen-isotope-exchange studies and EPR
spectroscopy of trapped radical intermediates suggested the
involvement of two different species, that is, the 5’-deoxya-
denosyl radical itself and a protein radical formed in the re-
action with the former.[20,21] Evidence for the direct interac-
tion of the 5’-deoxyadenosyl radical with substrate 1 was
provided by isotope-exchange experiments, where the incor-
poration of tritium from 1-[3H]aminoethanol into the coen-
zyme was demonstrated as was the release of tritium from
5’-[3H]adenosylcobalamin to radical 3.[11, 22] Recently, several
different experiments, in particular, the exchange of deuteri-
um between the 5’-deoxyadenosyl radical and the enzyme×s
deactivator, electron nuclear double-resonance studies, and
electron spin-echo envelope-modulation spectroscopy pro-


vided additional support for this mechanism.[20] However,
the isotope effect observed for the incorporation of tritium
from 5’-[3H]deoxyadenosylcobalamin to form ethanal was
contradictory to the conclusion that the three hydrogen
atoms at the C5’ position in 5’-deoxyadenosine (the one ab-
stracted from the substrate and the two from the intact
coenzyme) were equivalent with respect to the probability
of incorporation into the product. Similar observations were
made for the related diol-dehydrase.[23] The anomalous triti-
um isotope effects observed for both enzymes have been ra-
tionalized by a model that rests on the assumption that two
radical species, the 5’-deoxyadenosyl radical itself and a pro-
tein radical, interact with the substrate.[24] In this ™two-radi-
cal∫ model the major part of hydrogen exchange proceeds
through a protein radical, while only in approximately 11%
of cases the 5’-deoxyadenosyl radical directly abstracts a hy-
drogen atom from the substrate. Even though the substrate
and product radicals for the reaction catalyzed by ethanola-
mine ammonia lyase have been detected by EPR spectro-
scopy,[25] a possible candidate for the protein radical has not
yet been identified, in contrast to the related coenzyme B12


dependent ribonucleotide triphosphate reductase for which
the protein radical has been characterized as a cysteine thiyl
radical.[26] However, the 5’-deoxyadenosyl radical appears to
react directly with the substrate for the base-off coen-
zyme B12 dependent enzymes (class I) methylmalonyl-CoA
mutase and glutamate mutase.
In the present study we will focus on the ™nonprotein rad-


ical hypothesis∫, that is, the assumption that the initially
formed C-centered 5’-deoxyadenosyl radical acts as a hydro-
gen-atom abstractor from substrate 1 (Scheme 2). In addi-


tion, we will deal with the question of whether the substrate
is ™free∫ in the active site prior to hydrogen abstraction or
whether its position is fixed and the C�H bond homolysis


Scheme 1. Reaction sequence for the deamination of 2-aminoethanol (1) as catalyzed by ethanolamine ammonia lyase. Ad=5’-deoxyadenosyl moiety.


Scheme 2. Abstraction of a hydrogen atom by the 5’-deoxyadenosyl radi-
cal from substrate 1 interacting with two amino acids X and Y in the
active site of ethanolamine ammonia lyase. DMB=5,6-dimethylbenzimi-
dazole.
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facilitated by interaction with amino acids from the en-
zyme×s active site (residues X and Y as depicted in
Scheme 2), a scenario that seems more appropriate for an
enzymatic catalysis. We believe that the insight derived from
this computational model study proves useful in a further
clarification of those factors that affect the hydrogen-ab-
straction reactions in coenzyme B12 dependent enzymes.


Computational Methods


All calculations were performed with the Gaussian 98 suite of pro-
grams[27] by using both DFT and an ab initio approach. The use of the
DFT formalism was a natural choice because of the balance between ac-
curacy and computational time required by the calculations, and the
B3LYP functional was employed.[28,29] Geometry optimizations were per-
formed with Pople×s polarized double-z 6±31G* basis set.[30] In order to
characterize the optimized structures, frequency analysis was performed
at the same level of theory. Minima were characterized by the absence of
imaginary vibrational frequencies, while transition structures (TSs) exhib-
ited one imaginary frequency. A uniform scaling factor of 0.9806 was
used for the zero-point energy (ZPE) corrections calculated at the
B3LYP level of theory.[31] Computations of reaction pathways, that is, cal-
culations of the intrinsic reaction coordinates (IRCs),[32] were carried out
at the same level of theory.


To obtain more reliable energetic profiles of the reactions in question,
single-point calculations with triple-z basis sets with diffuse functions (6±
311++G**) were performed by employing DFT (B3LYP) and ab initio
theory (MP2). The relative energies of the stationary points were calcu-
lated at the B3LYP/6±311++G**//B3LYP/6±31G* and MP2/6±311++


G**//B3LYP/6±31G* levels of theory, where the ZPEs calculated with
B3LYP/6±31G* were used in the conversion into relative energies at 0 K.
Overall, quite a good agreement between the two methods is observed,
and the well-known problem of underestimation of the transition barriers
by DFT is only notable for the transition structures. For the sake of brief-
ness, throughout the text only results obtained at the MP2 level of theory
are discussed, while the B3LYP/6±311++G** energies can be obtained
from the authors upon request. The spin contamination was found to be
negligible; the expectation values of <S> 2 for the doublet states are be-
tween 0.761 and 0.791. Due to the size of the system under investigation,
we had to refrain from performing single-point calculations at some more
accurate level of theory, as we have done in previous studies on related
problems (that is, QCISD).[8,10] However, as reported by Morokuma and
co-workers,[33] the B3LYP and MP2 results are of sufficient accuracy even
for the hydrogen-bonding energies in the 5’-deoxyadenosyl radical, and
we therefore believe that these methods are helpful in answering the
questions addressed in the present study.


Relative energies (given in kcalmol�1) discussed in the text correspond
to the enthalpies at 298 K calculated at the MP2 level of theory (single-
point calculations),[34] unless otherwise specified. Electronic energies,
ZPEs, and the enthalpies of stationary points are available from the au-
thors upon request.


Results and Discussion


Scenarios for hydrogen-abstraction from aminoethanol by
1,5-dideoxyribose-5-yl radical : While the amino acid se-
quence of the ethanolamine ammonia lyase has been deter-
mined,[35] the X-ray crystal structure of the enzyme is not
yet known. However, as the active sites of several coenzy-
me B12 dependent enzymes were shown to exhibit high simi-
larities, pertinent results obtained from the X-ray crystal
structure of coenzyme B12 dependent glutamate mutase[36]


will be used. In the active site of this enzyme two different
conformers of the 5’-deoxyadenosyl moiety have been ob-
served with the major conformational difference concerning
the backbone of the ribose part. While a C2’-endo confor-
mation is adopted by the 5’-deoxyadenosyl radical formed
shortly after homolysis of the Co�C bond, a C3’-endo con-
former is favored by the 5’-deoxyadenosine precursor
(Scheme 3).
Theory has characterized no less than 34 conformers of


the 5’-deoxyadenosyl radical. As to the global minimum, the
solid-state structure[37] of the 5’-deoxyadenosyl moiety does
not correspond to the one obtained by the computational
studies.[33] In the latter, the global minimum of the free radi-
cal contains a hydrogen bond between the OH group on the
C2’ position and the N3 atom from adenine.[33] Even though
the X-ray crystal structure of the enzyme does not reveal
this particular hydrogen bond, there are two water mole-
cules situated suitably to form hydrogen bonds with the N3
atom from adenine and the OH group at the C2’ center of
the ribose through a network of water molecules. Concern-
ing the relative orientation of the ribose and adenine moiet-
ies, the X-ray crystal structure points to an arrangement that
is disfavored by the computational work.[33] It has been con-
cluded that this particular orientation of the ribose and ade-
nine ring in the solid state is a result of several stabilizing in-


Scheme 3. a) The 5’-deoxyadenosyl moiety, b) different ribose conformations, c) 1,5-dideoxyribose, which was employed as a model system for the 5’-de-
oxyadenosyl moiety.
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teractions between the 5’-deoxyadenosyl moiety, additional
water molecules, and the corrin ring. Moreover, the compu-
tationally preferred C2’-endo conformation of the ribose
ring in the ™liberated∫ 5’-deoxyadenosyl radical is triggered
exactly by the hydrogen-bond interaction between the OH
group at the C2’ position and the N3 atom from adenine. In
view of these conflicting results, we have decided to focus
on calculating the energetics of the hydrogen-abstraction
step by employing a more simplified model system for the
5’-deoxyadenosyl radical. Clearly, quantum mechanics/mo-
lecular mechanics studies would represent an attractive al-
ternative for obtaining more accurate computational results.
However, as long as the X-ray crystal structure of ethanol-
amine ammonia lyase remains unknown, one has to refrain
from such an approach.
The model chosen, that is, 1,5-dideoxyribose[38] (see Sche-


me 3c), is reduced to the ribose part of 5’-deoxyadenine; the
adenine fragment has not been included on the ground that
its presence is not likely to affect energetically the hydrogen
abstraction from substrate 1 by the C5’-centered radical. For
the 1,5-dideoxyribose we have used a conformation that
contains one intramolecular hydrogen bond (Scheme 3c),
and two different conformations of the ™ribose∫ ring (C3-
endo and C2-endo) have been considered in the computa-
tions; structural details can be found in Figure 1.


Furthermore, in view of the findings[9,10] that the energet-
ics of the rearrangement 2!3 (Scheme 1) are crucially de-
pendent on the simultaneous operation of partially proto-


nating and deprotonating auxiliaries X and Y (Scheme 2),
we wondered if the barrier of the hydrogen abstraction itself
from substrate 1 is also affected by the presence or absence
of amino acid residues. To this end four different scenarios
have been investigated: the hydrogen abstraction from the
™free∫ substrate 1 (Scheme 2, without X and Y), from a
fully protonated substrate (Scheme 2, X=H+ and without
Y), from a substrate interacting with a His equivalent
(Scheme 2, X=His and without Y), and finally from a sub-
strate interacting simultaneously with His and Asp models
(Scheme 2, X=His and Y=Asp).
According to our computations, the C3-endo conformer


of 1,5-dideoxyribose is only slightly more stable (by 0.9 kcal -
mol�1) than the C2-endo counterpart, and this difference
gets even smaller (0.6 kcalmol) for the corresponding radi-
cals. Concerning the labeling of the stationary points,
throughout the text all structures with a C3-endo conforma-
tion are labeled with the subscript 1 (for example, 1,5-di-
deoxyribose A1 and its radical Ayl1) while the C2-endo con-
formers carry a subscript 2 (for example, 1,5-dideoxyribose
A2 and its radical Ayl2).


1. Nonprotonated substrate 1: When a hydrogen atom is ab-
stracted from the nonprotonated substrate 1 by the two con-
formers Ayl1 and Ayl2, the corresponding transition struc-


tures, TS1 (Figure 2) and TS2,
respectively, are energetically
almost equivalent (17.3 and
16.7 kcalmol�1). Commencing
from the corresponding TSs,
IRC computations in the direc-
tion of reactants converged into
complexes between the C5-cen-
tered radical and 1 (1*Ayl1 and
1*Ayl2) that are slightly less
stable than the reactants with
energies of 0.9 kcalmol�1 for
1*Ayl1 and 1.8 kcalmol�1 for
1*Ayl2 (Table 1).[39, 40] Irrespec-
tive of the conformation of the
C5-centered radical, the energy
demands to overcome the hy-
drogen-abstraction barrier
exceed the activation enthalpy
(15 kcalmol�1) of the rate-de-
termining step for the whole
catalytic sequence. Therefore,
hydrogen abstraction from a
nonprotonated substrate is
quite unlikely to occur. More-
over, the pKa value for the con-
jugated acid of 1 equals 9.45
and it is consequently reasona-
ble to assume that 1 is (partial-
ly) protonated by some of the
amino acids present in the en-


zyme×s active site. Therefore, hydrogen abstraction from
fully and partially protonated substrates will be considered
next.


Figure 1. Optimized geometries (B3LYP/6±31G*) of a) 1,5-dideoxyribose (C3- and C2-endo conformers) and
b) the 1,5-dideoxyribose-5-yl radical (C3- and C2-endo conformers). All bond lengths are given in ä.
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2. Fully protonated substrate H-1: For both conformers of
the 1,5-dideoxyribose-5-yl radical, transition structures for
hydrogen abstraction from the fully protonated substrate,
H-1, were located. When compared to the separate reac-
tants, both TSs lie very low in energy, with H-TS1 (Figure 2)
only 2.2 kcalmol�1 and H-TS2 3.7 kcalmol�1 above the reac-
tant pair H-1/Ayl1 (see Table 2). However, from the corre-
sponding TSs in the direction of reactants, the IRC compu-


tations converged in complexes of H-1 with Ayl1 or Ayl2. If
it is assumed that these complexes are present in the active
site, then the actual activation barriers for the hydrogen ab-
straction amount to 13.1 kcalmol�1 when the Ayl1 radical is
involved and 13.8 kcalmol�1 for the Ayl2 counterpart.
When compared to the hydrogen abstraction from the


nonprotonated substrate 1, the decreased activation enthal-
py is quite probably the result of stabilization of the emerg-
ing radical, where the radical center is better delocalized
through the C�C bond by the presence of the electron-with-
drawing NH3 group in the TSs. This is already indicated in
some of the structural features of TS1 versus H-TS1
(Figure 2). In the latter, the relevant C�C bond is shorter
(1.503 ä) than in TS1 (1.526 ä), while the C�N bond is
elongated (1.542 versus 1.476 ä).[40] For H-TS1 the IRC
computations in the direction of a product converged into a
complex, H-2*A1, between the protonated product radical,
H-2, and A1.


[41] This complex is much more stable
(21.7 kcalmol�1) than the separate species H-2 and A1 and
extensive charge delocalization can be held responsible for
this effect.
Even though hydrogen-atom abstraction from a fully pro-


tonated substrate is feasible from an energetic point of view,
it is quite unrealistic to expect that 1 will exist as the ™free∫,
fully protonated species H-1 in the active site. A more likely
scenario is one in which the substrate is captured in the en-
zyme×s active site and its position fixed by interaction with
some amino acids that may result in partial protonation of
the NH2 group and, depending on structural details, partial
deprotonation of the OH group as well. The implications of
these features for the energetics of the C�H bond homolysis
will be considered next.


3. Partially protonated substrate Mi-1: The concept of parti-
al protonation of a migrating group has been shown to play


Figure 2. Optimized geometries (B3LYP/6±31G*) of transition structures
for the hydrogen-abstraction reaction by C3-endo conformers of the 1,5-
dideoxyribose-5-yl radical. All bond lengths are given in ä.


Table 1. Relative enthalpies [kcalmol�1] at 0 K (Hrel,0) and 298 K (Hrel,298)
of the stationary points relevant for the hydrogen-abstraction reaction
from substrate 1.


B3LYP/6±31G* MP2/6±311++G**//B3LYP/6±31G*
Hrel,0 Hrel,298 Hrel,0 Hrel,298K


1 + Ayl1 0.0 0.0 0.0 0.0
1*Ayl1 �2.8 1.5 �4.4 0.9
TS1 10.1 13.6 15.1 17.3
2*A1 �10.7 �6.2 �10.0 �4.5
2 + A1 �10.2 �6.8 �9.1 �4.7


1 + Ayl2 0.9 1.0 0.6 0.6
1*Ayl2 �1.6 2.6 �3.4 1.8
TS2 9.7 13.0 14.4 16.7
2*A2 �10.1 �5.8 �9.3 �3.6
2 + A2 �10.1 �5.8 �8.3 �3.8


Table 2. Relative enthalpies [kcalmol�1] at 0 K (Hrel,0) and 298 K (Hrel,298)
of the stationary points relevant for the hydrogen-abstraction reaction
from the fully protonated substrate H-1.


B3LYP/6±31G* MP2/6±311++G**//B3LYP/6±31G*
Hrel,0 Hrel,298 Hrel,0 Hrel,298


H-1 + Ayl1 0.0 0.0 0.0 0.0
H-1*Ayl1 �10.2 �10.2 �11.8 �10.9
H-TS1 �0.6 �0.9 3.9 2.2
H-2*A1 �30.0 �29.5 �28.8 �27.4
H-2 + A1 �9.6 �9.4 �5.9 �5.7


H-1 + Ayl2 0.9 1.0 0.6 0.6
H-1*Ayl2 �9.0 �9.1 �11.0 �10.1
H-TS2 0.9 0.5 5.3 3.7
H-2 + A2 �8.4 �8.3 �5.1 �4.8
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an important role for several coenzyme B12 dependent en-
zymes[42] because it lowers the barriers for substrate rear-
rangement. As a model for an amino acid that might partial-
ly protonate 1, a quite simple imine (methanimine, CH2=


NH) was used to mimic His, one of the natural choices to in-
teract with the substrate. While the X-ray crystal structure
of ethanolamine ammonia lyase has not been determined
yet, in the case of the rearrangement catalyzed by the relat-
ed methylmalonyl-CoA mutase it was concluded that
His244 is the amino acid that partially protonates the sub-
strate.[43] As shown in a previous study,[10] the energetics of
the reaction 2!3 for partially protonated 2 were almost
identical for different His models employed, and the struc-
turally most simple system, CH2NH, was used here to save
computational time.
If the Ayl1 radical abstracts the hydrogen atom from Mi-1,


the corresponding TS, Mi-TS1 (Figure 2), lies 4.5 kcalmol�1


above the separate reactants, Ayl1 and Mi-1. Mi-TS2 is
slightly less stable, lying 5.8 kcalmol�1 above the reactants
(Table 3). This small difference in the stability of the two


TSs, Mi-TS1 and Mi-TS2, reflects the energetic difference
that already exists for the 1,5-dideoxyribose, where the C3-
endo form was found to be 0.9 kcalmol�1 more stable. By
taking into account the existence of complexes Mi-1*Ayl1
and Mi-1*Ayl2, which were obtained in the IRC computa-
tions from the corresponding TSs in the direction of the re-
actants, the activation enthalpy for hydrogen abstraction
from Mi-1 can be calculated to be 13.6 kcalmol�1 with Ayl1
and 14.8 kcalmol�1 with Ayl2 ; this is only slightly higher
than for the analogous reaction in which the substrate is
fully protonated (13.1 kcalmol�1), but still below the limiting
value of 15 kcalmol�1. The IRC calculations from Mi-TS1 in
the direction of a product led to a complex between Mi-2
and A1;


[44] the formation of this complex is highly exother-
mic (�14.7 kcalmol�1) and the complex itself is 9.0 kcal
mol�1 more stable than the separate constituents Mi-2 and
A1.
As to the role of substrate protonation on the activation


enthalpy for the C�H bond homolysis of 1, the computa-
tional findings clearly point to the operation of a catalytic
effect. However, in view of previous findings[9,10] that the
synergistic operation of a simultaneous partial protonation


of the NH2 group and a partial deprotonation of the OH
group of 1 brings about a dramatic acceleration of the intra-
molecular rearrangement 2!3, we wondered if this effect
also holds true for the C�H bond activation step 1!2 ; the
computational findings in this area are discussed next.


4. Substrate captured by two amino acids from the active site
Mi-1-Fo : In addition to His partially protonating the NH2


group of 1, Asp (in its carboxylate form) is assumed to parti-
ally deprotonate the OH group of the substrate; this kind of
synergistic interaction of the two amino acids can take place
in a physiologically realistic pH range of 6.0±9.5.[10] As a
model system for Asp we employed formate, which was
shown earlier to serve well for the computational investiga-
tion of the rearrangement reactions.[10] The TS involving the
C3-endo conformation of the 1,5-dideoxyribose-5-yl moiety
(Mi-TS1-Fo, Figure 2; 12.4 kcalmol�1) is energetically
0.8 kcalmol�1 less demanding than the one involving the C2-
endo conformer (Mi-TS2-Fo ; 13.2 kcalmol�1). While IRC
computations from the TSs in the direction of reactants did
not converge into the expected complexes between the reac-
tant species, by means of exhaustive geometry optimization
we managed to locate two relevant complexes between the
reactants. The complex Mi-1-Fo*Ayl1 lies 13.2 kcalmol�1


below the separate reactants, while Mi-1-Fo*Ayl2 is 7.7 kcal -
mol�1 more stable then the noninteracting reactants. With
the assumption that such complexes can be formed in the
active site, the activation enthalpy for the hydrogen abstrac-
tion would amount to 25.6 kcalmol�1, which clearly exceeds
the upper limit of 15 kcalmol�1. Such a high activation en-
thalpy is presumably the result of an unfavorable delocaliza-
tion of the emerging radical center at the C1 position in the
presence of the partially developing negative charge on the
adjacent oxygen atom from the OH group. A comparison of
the relevant C�O and C�C bond lengths of the substrates
(Mi-1 and Mi-1-Fo) in the transition structures Mi-TS1 and
Mi-TS1-Fo (Figure 2) lends qualitative support to this sug-
gestion. Consequently, for the C�H bond activation step,
the synergistic interaction of 1 with two amino acids does
not lower the barrier; rather, the effect of only one partially
protonating amino acid suffices.
IRC computations in the direction of the products result


in quite stable complexes between the radical Mi-2-Fo and
both conformers of 1,5-dideoxyribose, A1 and A2 ; if it is as-
sumed that such complexes exist, hydrogen abstraction from
1 becomes highly exothermic, especially in the case of Mi-2-
Fo*A1 which is 21.5 kcalmol�1 more stable than the separate
products Mi-2-Fo and A1 (Table 4). If this product complex
is really formed in the active site, the A1 moiety being kept
close to the radical 2 in the course of the subsequent migra-
tion of the amino group (2!3) could immediately deliver a
hydrogen atom back to 3, thereby regenerating the 5’-deoxy-
adenosyl radical and closing the catalytic cycle.


Conclusion


According to our computations, the TSs in which the C3-
endo conformer of the 1,5-dideoxyadenosyl radical is in-


Table 3. Relative enthalpies [kcalmol�1] at 0 K (Hrel,0) and 298 K (Hrel,298)
of the stationary points relevant for the hydrogen-abstraction reaction
from substrate Mi-1 interacting with a His model system.


B3LYP/6±31G* MP2/6±311++G**//B3LYP/6±31G*
Hrel,0 Hrel,298 Hrel,0 Hrel,298


Mi-1 + Ayl1 0.0 0.0 0.0 0.0
Mi-1*Ayl1 �8.8 �8.1 �10.8 �9.1
Mi-TS1 2.0 1.9 6.0 4.5
Mi-2*A1 �8.6 �15.8 �16.5 �14.7
Mi-2 + A1 �9.0 �8.7 �6.0 �5.7


Mi-1 + Ayl2 0.9 1.0 0.6 0.6
Mi-1*Ayl2 �8.1 �8.1 �10.0 �9.0
Mi-TS2 3.2 3.0 7.2 5.8
Mi-2 + A2 �7.8 �7.6 �5.1 �4.8
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volved are only slightly energetically less demanding than
those which involve the C2-endo counterpart, and the
energy differences in the transition structures reflect, to a
large extent, those that already exist for the free conformers
Ayl1 and Ayl2. Furthermore, since the transition structures
for both 1,5-dideoxyribose-5-yl conformers are energetically
and structurally quite similar in all cases investigated, it is
difficult (if not impossible) to decide definitively which of
the C5-centered radical conformers actually attacks the sub-
strate.
As to the energetics, homolysis of the C�H bond from the


nonprotonated substrate requires activation enthalpies
greater than 16.7 kcalmol�1 for both conformers of the
model radical. In contrast, all computed activation enthal-
pies for the hydrogen abstraction from a partially or fully
protonated substrate 1 are energetically less demanding
than the value (15 kcalmol�1) that has been experimentally
derived for the rate-determining step, that is, the hydrogen
abstraction from 5’-deoxyadenosine by radical 3.[11] As it is
realistic to assume that the quite basic aminoethanol sub-
strate is at least partially protonated in the active site, we
conclude that, from an energetic point of view, the initially
formed 5’-deoxyadenosyl radical can abstract a hydrogen
atom directly from an appropriately ™activated∫ substrate. It
does not seem necessary to invoke the role of a protein radi-
cal (™two-radical hypothesis∫).[24]


Interestingly, in case of a synergistic interaction, when
substrate 1 is captured by two amino acids (such as His and
Asp), the activation enthalpy for the hydrogen abstraction
exceeds 25 kcalmol�1. Therefore, it is likely that in the ho-
molysis, in distinct contrast to the rearrangement step 2!3,
a synergistic interaction of 1 with two activating auxiliaries
is not essential; rather, partial protonation suffices.
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Fabrication of Nanofibers with Uniform Morphology by Self-Assembly of
Designed Peptides


Sachiko Matsumura,[b] Shinobu Uemura,[b] and Hisakazu Mihara*[a]


Introduction


Fabrication of nanoscale structures is one of the key goals in
creating materials with extensive applications in nanotech-
nology. For nanofabrication, molecular self-assembly is
promising as a bottom-up approach. Natural organisms are
rich in sophisticated materials built in a self-assembling
manner, and materials with a natural basis are needed for
ecological reasons. Many researchers have attempted to ex-
ploit the self-assembling properties of proteins and peptides
for materials directed towards nanodevices, tissue engineer-
ing, and so forth.[1±12] In fibrous proteins and peptides, which
mainly consist of a b-sheet conformation, numerous b-
strands are organized to form fibrous structures in a regular
manner. Although b-sheet fibers are candidates for materi-
als,[1±6] engineered b-sheet peptides generally tend to form
aggregates with multiple morphologies such as bundled
fibers or gels.[3,4] Typical sequences of designed b-sheet pep-
tides have regular repeats of alternating hydrophobic and


hydrophilic residues.[3,4, 13,14] These sequences will make an
amphiphilic binary pattern [14] (two distinct surfaces of hy-
drophobic and hydrophilic) in b-strands. The hydrophobic
and complementary ionic interactions provide driving forces
for the formation of b-strand assemblies together with hy-
drogen bonding.[3±5] A variety of b-sheet peptides with an al-
ternating hydrophobic and hydrophilic pattern were system-
atically designed by Zhang and co-workers, and the struc-
tures and gel formation behaviors were characterized in re-
lation to the hydrophobic and ionic residues.[3] In order to
exploit a single fiber and the alignment of b-strands within
as a nanoscale material, preventing gel formation and con-
trolling the fiber morphology are important procedures.
With this aim, artificial short peptides are advantageous, be-
cause of the ease in strategic design of integrated or hybrid
materials. Here, we describe the fabrication of controlled
nanofibers through self-assembly of simple de novo de-
signed b-sheet peptides with ten amino acid residues. As a
result, homogeneous straight fibers with defined edges have
been formed with a uniform morphology.


Results and Discussion


Peptide design and fiber fabrication : We designed amphi-
philic b-sheet peptides composed of ten residues: Pro-Lys-
X1-Lys-X2-X2-Glu-X1-Glu-Pro (Figure 1). X1 and X2 were
hydrophobic residues selected from Phe, Ile, Val, or Tyr. Lys
and Glu were used as hydrophilic residues. Many of de novo
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Abstract: Fabrication of controlled
peptide nanofibers with homogeneous
morphology has been demonstrated.
Amphiphilic b-sheet peptides were de-
signed as sequences of Pro-Lys-X1-Lys-
X2-X2-Glu-X1-Glu-Pro. X1 and X2 were
hydrophobic residues selected from
Phe, Ile, Val, or Tyr. The peptide FI
(X1=Phe; X2= Ile) self-assemble into
straight fibers with 80±120 nm widths
and clear edges, as examined by trans-
mission electron microscopy (TEM)


and atomic force microscopy (AFM).
The fiber formation is performed in a
hierarchical manner: b-sheet peptides
form a protofibril, the protofibrils as-
semble side-by-side to form a ribbon,
and the ribbons then coil in a left-
handed fashion to make up a straight


fiber. These type of fibers are formed
from peptides possessing hydrophobic
aromatic Phe residue(s). Furthermore,
a peptide with Ala residues at both N
and C termini does not form fibers
(100 nm scale) with clear edges; this
causes random aggregation of small
pieces of fibers instead. Thus, the com-
bination of unique amphiphilic sequenc-
es and terminal Pro residues determine
the fiber morphology.


Keywords: Beta-sheet ¥ fiber ¥
nanostructures ¥ peptides ¥
self-assembly
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designed b-sheet peptides with a standard amphiphilic
binary pattern easily aggregate to form bundles or gels of
assembled peptides, which show various morphologies. The
broad hydrophobic or charged faces of b-strands can in-
crease the possibility for varied arrangements of b-strands
including a staggered arrangement. For example, the peptide
acetyl-Phe-Lys-Phe-Glu-Phe-Lys-Phe-Glu-amide appeared
to form left-handed helical ribbon intermediates, and the
the helical ribbons further bundled and formed a network
towards a gel matrix.[3a,c] To reduce this unfavorable possibil-
ity, in this study, the hydrophobic and hydrophilic planes
were divided, and the order was inverted at the center of
the strand. Additionally, the charged Lys and Glu residues
were arranged so as to generate electrostatic attraction in an
antiparallel strand orientation, but repulsion in a parallel
orientation. Moreover, in order to cut the hydrogen-bonding
network in the b-sheet structure at the strand ends, we em-
ployed Pro residues at both N and C termini. The Pro resi-
due does not have an N�H available for hydrogen bonding
by virtue of the ring structure, and often acts as a b-sheet
breaker.[15] Pro has the ability to reduce b-sheet expansion
and extra fibril formation by stopping extension of the hy-
drogen-bonding network.[16,17] In the case of Pro residues
placed at the strand termini, they could contribute to form


two-dimensionally ordered b-sheet monolayers at the air±
water interface.[18] Terminal Pro residues in our design were
also expected to stop the unfavored hydrogen-bonding net-
work by aligning at the rim of the assembled b-sheets. The
above features potentially provided appropriate restrictions
upon the assembly process by regulating hydrophobic and
hydrophilic interactions and hydrogen-bonding ability
(Figure 1).


All peptides were synthesized by standard 9-fluorenylmeth-
yloxycarbonyl (Fmoc) solid-phase method, and purified by
reversed-phase HPLC.[19] The peptides were identified by
matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOFMS) and amino acid ana-
lyses. For fabrication of fibers, peptides were dissolved at a
concentration of 50±200mm in a sodium phosphate buffer
(0.1m, pH 7.4), and the solutions were allowed to stand at
room temperature for over 24 hours.


Fiber morphology studied by TEM and AFM : For investiga-
tion of fiber morphology, transmission electron microscopy
(TEM) and atomic force microscopy (AFM) were used. The
peptide FI (X1=Phe; X2= Ile) formed homogeneous
straight fibers with clear edges, 80±130 nm in width and
~10mm in length (Figure 2a and b). In the fine structure of
the straight fiber, striations of about 10 nm width crossing
each other were observed (Figure 2c). Additionally, we ob-
served fibers with a different morphology, namely a helical
ribbon. In the ribbon, striations were also observed parallel
to the ribbon edges (Figure 2d). The helical ribbon appeared
to densely coil, and then grow into a straight fiber
(Figure 2e).


AFM images of the FI fibers resembled those visualized
by TEM (Figure 3). The FI fibers were 80±120 nm in width
and had inner striations with 10±15 nm intervals (Figure 3a
and b). The height of straight fibers was 2±8 nm. The 3D
image of FI apparently showed a left-handed coiled ribbon
(Figure 3c). In the helical ribbons, the lower layer was 2±
4 nm in height and the upper layer was 5±8 nm, approxi-
mately double that of the lower. These results strongly sup-
port the idea mentioned above that the straight fibers with
clear edges were formed from tightly coiled ribbons.


This type of fiber was also formed from peptides other
than FI. IF (X1= Ile; X2=Phe), FV (X1=Phe; X2=Val),
and VF (X1=Val; X2=Phe) all formed helical ribbons and
straight fibers with striations as successfully as FI. These
peptides substantially showed the same morphologies as FI
in respect of the straight fibers and coiled ribbons (including
the width). The straight fibers made from tightly coiled rib-
bons were most frequently observed in the case of FI. The
peptide FF (X1=Phe; X2=Phe) formed wider fibers (100±
250 nm in width) with similar inner striations, or in some
cases formed a film-like structure with ~500 nm width
(Figure 4a).


On the other hand, peptides with only aliphatic side
chains in the hydrophobic residues showed fibers with a
very different morphology. The peptides VI (X1=Val; X2=


Ile), IV (X1= Ile; X2=Val), and II (X1= Ile; X2= Ile)
formed straight fibers, but these appeared to have a tape-
like morphology (Figure 4b). The tape-like fibers did not


Figure 1. Design of the b-sheet peptides; a) illustration of a designed b-
strand and a b-sheet structure composed of b-strands. Black and white
balls represent hydrophobic and hydrophilic residues, respectively. For
hydrophobic amino acid residues, one or two kinds of amino acids are se-
lected from Phe (F), Ile (I), Val (V), or Tyr (Y). Hydrophilic residues are
Lys (K) and Glu (E); b) amino acid sequences of the designed b-strand;
c) molecular drawing of two strands of FI peptides aligned as an antipar-
allel b-sheet. The amino acid sequence of the strand (PKFKIIEFEP) is
indicated, and the amino acids in the other strand are indicated as letters
with prime. The structure was generated by using the Insight II/Discover
program.
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coil and were laterally associated into wider tapes of vari-
able width (100±500 nm). No crossed striation was observed
in these fibers, and in this regard, they were distinctly differ-
ent from FI fibers.


Thus, the peptides that formed helical ribbons and straight
fibers with striations had hydrophobic aromatic Phe resi-
dues. Moreover, the combination of aromatic and aliphatic
side chains seemed to promote regular formation of coiled


fibers. Peptides with one or two
hydrophobic Tyr residues did
not form fibers, despite having
an aromatic side chain.


Structural analyses by CD : The
circular dichroism (CD) studies
revealed that all peptide fibers
had a b-sheet structure. Espe-
cially, CD spectra of FI imply a
strongly twisted b-sheet struc-
ture. CD spectra at pH 7.4
showed a negative maximum
around 221 nm ([q]221=
�6500 degcm2dmol�1, immedi-
ately after sample preparation),
and a positive maximum near
202 nm ([q]202=11400 degcm2


dmol�1), characteristic of a b-
sheet structure (Figure 5a). The
CD signal intensity increased
with time (from �6500 to
�9300 degcm2dmol�1 at 221 nm,
from 11400 to 123600 degcm2


dmol�1 at 202 nm), which indi-
cated spontaneous fiber formation. In the case of FI, the p±
p* band (202 nm) became much stronger than the n±p*
band (221 nm) upon incubation. The ratio of signal values of
p±p* to n±p* (|[q]202|/|[q]221|) was greater than 13, significant-
ly larger than 4.1 for VI (Figure 5a and b). The CD results
for the peptide FI indicate a strongly twisted b-sheet struc-
ture.[20] The structure preferentially induces formation of


Figure 2. TEM images of FI fibers; a) macro image shows a uniform morphology of fibers; b) both straight fibers and helical ribbons are shown. Straight
fibers have clear edges and a uniform width; c) high magnification of the straight fiber shows crossed striations within. The intervals of the striations are
uniform; d) observed striations in the ribbon are parallel to the ribbon edges; e) each helical ribbon gradually changes to a straight fiber.


Figure 3. Tapping-mode AFM images of FI fibers on HOPG in ambient conditions, scale bars=100 nm;
a) height and b) phase images show inner striations; c) the 3D image shows a left-handed helically coiled fiber.


Chem. Eur. J. 2004, 10, 2789 ± 2794 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2791


Fabrication of Nanofibers 2789 ± 2794



www.chemeurj.org





straight fibers with striations at uniform interval resulting
from helical ribbons.


In contrast to a neutral pH range, at pH 2 and pH 11, the
CD spectra of FI corresponded to those of an almost
random structure and did not change with time (Figure 5c
and d). After a week, no fibers were observed by TEM. The
addition of NaCl to the peptide solutions at pH 7.4 also sup-
pressed the b-sheet and fiber formation (Figure 5e). These
results suggest that the electrostatic interaction between Glu
and Lys is important for fiber formation at neutral pH. At
extreme pH values, repulsions between charged peptides
possibly inhibit the aggregation. In the designed peptide,
Glu and Lys can interact with each other in a complementa-
ry manner when the b-strands are arranged in an antiparal-
lel orientation (Figure 1); this suggests the fiber might have
an antiparallel b-sheet structure.[5]


Effect of terminal Pro residues on fiber morphology : For-
mation of straight fibers was supposedly attributed to the
Pro residues at both the N and C termini, because fibers
(100 nm) with clear edges were not found in a peptide with
Ala residues at both termini. The Ala-containing peptide
(FFa) caused random aggregation of many small pieces of
fiber (Figure 4c). This aggregation was not regarded as a
™single∫ fiber with clear edges, and was apparently different
from the fibers of peptides with Pro residues (Figure 2 and
Figure 4a). The difference suggests that the Pro residues at
both N and C termini contribute to controlled fiber forma-
tion. The Pro residue has a cyclic side chain and lacks the
hydrogen-bond donor. The N-alkylated amino acids have
the ability to act as b-sheet breakers, and the fibrillar or gel
formation can be suppressed by peptides with these residues


within the strand.[16,17] The extent of the hydrogen-bonding
network of b-sheet structures can be stopped at positions of
the Pro residues. A previous report showed the effect of Pro
residues at the strand termini on b-sheet association. The
peptides of a standard amphiphilic binary pattern, with Pro
residues at both termini (sequence Pro-Glu-(Phe-Glu)n-
Pro), formed a crystalline b-sheet monolayer at the air±
water interface.[18] In the monolayer, the b-strands were or-
dered two-dimensionally by distinct chain termini of Pro. In
this context, terminal Pro residues appeared to have the po-
tential to determine the manner of b-sheet association by
aligning at the rim of assembled b-sheets. In our designed
peptides, terminal Pro residues could function effectively.


Figure 4. TEM images of FF and VI fibers; a) the FF fiber with terminal
Pro residues has a large width and clear edges; b) the VI fibers do not
coil. These tape-like fibers associate side-by-side into fibers of variable
width. The inset shows no crossed striations in the tape-like fibers; c) the
image of fibers formed from FF with Ala residues at both termini (FFa)
shows disordered aggregation of small pieces.


Figure 5. CD spectra of the b-sheet peptides. CD spectral change of a) FI
and b) VI as a function of time. The CD signal at 202 nm for FI increased
significantly compared with that for VI. [FI]=100mm, [VI]=200mm in
0.1m sodium phosphate buffer (pH 7.4) at 25 8C; c) pH-dependent
change of CD spectrum of FI. Each FI solution in the pH range of 2.1 to
11 was measured after incubation for a day. The CD spectra were charac-
teristic of a b-sheet structure between pH 4.4 and pH 9.3. At pH 2.1 and
pH 11 the peptide was shown to exist in an almost random structure;
d) the CD signals at 203 nm versus pH values were plotted as a function
of time. The signal increase was shown in a neutral pH range; e) NaCl
concentration dependency of fiber formation. Fiber formation of FI was
performed in the buffer at pH 7.4 with various concentrations of NaCl.
The CD signals at 203 nm were reduced with increasing concentrations of
NaCl.
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Effect of hydrophobic residues on fiber formation : CD stud-
ies revealed that the ability to form a b-sheet structure was
dependent on the hydrophobic residues. The order of the
ability was II>FF> IF�FI@VI� IV�FV�VF. VV and
peptides with one or two hydrophobic Tyr residues did not
form fibers. The Tyr residue is not among the most hydro-
phobic of the amino acids, whilst the order of amino acid
preference for b-sheet formation is Val> Ile>Tyr>Phe.[15]


These results imply that fiber formation is affected not only
by the tendency for b-sheet formation, but also by the hy-
drophobic nature of amino acids constituting the peptide se-
quence. Fiber morphology seems to be delicately deter-
mined by the interactions between hydrophobic residues.
The peptides with aromatic Phe residues formed helical rib-
bons and straight fibers with striations, in contrast with the
fibers without striations assembled from II, VI, and IV. One
significant factor would be the aromatic interaction between
Phe residues in b-strands. These interactions play a signifi-
cant role in molecular recognition and self-assembly, and
can provide a contribution to an ordered structure in fibrous
peptides and proteins.[21] The dipeptide Phe-Phe was report-
ed to form a tubular structure,[21a] which directly indicated
the importance of the aromatic interaction for structure for-
mation. The fiber formation shown in this study was also
largely attributed to the interaction between Phe residues.
Additionally, the combination of aromatic and aliphatic side
chains in hydrophobic residues, represented in the sequence
of FI, promotes strongly twisted b-sheets towards a unique
tertiary structure.


Hierarchical fiber formation : CD studies confirm that the
peptide fibers have a b-sheet structure, probably in an anti-
parallel strand orientation. Furthermore, Congo red, a dye
which binds to fibrous peptides with a cross b-sheet confor-
mation,[22] was effectively bound to the peptides. These re-
sults indicate that the fibers contain a structure common to
that of other reported fibrous peptides and proteins with a
b-sheet structure.[22±24] Fluorophore specifically bound to
amyloid fibrils, thioflavin T, and did not show a remarkable
increase of fluorescence.[25] Thus, the peptide fibers are dif-
ferent from fibrils called amyloids. The fibrous peptides and
proteins self-assemble in a hierarchical manner, and peptide
b-sheets assemble to form protofibrils; these then associate
into higher ordered fibrillar assemblies.[3c,4,26] The reported
protofibrils are 5±17 nm in width,[3c,4e,26±29] and almost coinci-
dent with that of the striations in FI fibers (Figure 2 and 3).
This coincidence implies that protofibrils, like those report-
ed, are initially formed from the peptide FI. The protofibrils
align side-by-side to make up a ribbon, and then the ribbons
helically coil to form straight fibers with a width of 100 nm.
The straight fibers exist as a ™single∫ fiber, and intertwisting
or bundling can be suppressed.


Regular strand alignment contributes to fiber formation
with uniform morphology. The strand alignment was en-
hanced by terminal Pro residues and the short length of the
unique binary pattern. The order of hydrophilic and hydro-
phobic residues was reversed at the center of the strand.
This pattern allowed both hydrophobic and hydrophilic in-
terfaces on each side of a b-strand, and the narrow inter-


faces were capped by Pro residues incapable of hydrogen
bonding. Pro residues ordered b-strands by aligning at the
rim of b-sheets. Hydrophobic and electrostatic interactions
on both sides of a b-sheet were available for precise recogni-
tion between the sheets, and the interactions worked most
effectively when the b-strands were in a regular unstaggered
arrangement (Figure 1). Electrostatic attractions are gener-
ated in antiparallel b-strand assemblies, and aromatic inter-
actions between Phe residues easily function simultaneously.
In the case of FI, particular recognition surfaces are antici-
pated to be created by a combination of aromatic and ali-
phatic side chains in hydrophobic residues. The recognition
induces the strongly twisted b-sheet structure, which facili-
tates the formation of helical ribbons tightly coiled. Thereby,
uniform straight fibers with clear edges are fabricated. Opti-
mization of the interactions, including hydrogen bonds, is
advantageous for making defined b-sheet assemblies.


Conclusion


Fabrication of nanoscale fibers with homogeneous morphol-
ogy was accomplished by self-assembly of designed b-sheet
peptides. The peptides formed straight fibers with uniform
width and clear edges. The morphology could be controlled
by peptide design: a unique amphiphilic binary pattern, Pro
residues at both N and C termini and a combination of hy-
drophobic residues. Nanofibers with an ordered structure of
self-assembled peptides can potentially be developed as bio-
degradable materials for applications in nanotechnology.


Experimental Section


Peptide synthesis : Peptides were synthesized by the solid-phase method
by using Fmoc strategy[19] on Advanced Chemtech BenchMark model
348 multiple peptide synthesizer by means of the following Fmoc±amino
acid derivatives: Fmoc-Ala-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Ile-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Tyr(tBu)-OH,
and Fmoc-Val-OH (tBu; tert-butyl, Boc; tert-butyloxycarbonyl) The pep-
tide chains were assembled on a 2-chlorotrityl chloride resin by using
Fmoc±amino acid derivatives (3 equiv), N,N-diisopropylethylamine
(DIEA, 6 equiv), 2-(1H-9-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate (HATU, 3 equiv) in N-methylpyrrolidone
(NMP) for coupling, and piperidine (25%) (PPD)/NMP for Fmoc remov-
al. To cleave the peptide from the resin and remove the side chain pro-
tecting groups, the peptide±resin was treated with trifluoroacetic acid
(TFA)/triisopropylsilane/water (95:2.5:2.5). All peptides were purified by
semi-preparative RP-HPLC on a COSMOSIL 5C18-AR-300 packed
column (10î250 mm) by using a linear gradient of acetonitrile/0.1%
TFA at a flow rate of 3.0 mLmin�1. The peptides were identified satisfac-
torily by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOFMS) and amino acid analyses. MALDI-
TOFMS was performed on a Shimadzu KOMPACT MALDI III mass
spectrometer by using 3,5-dimethoxy-4-hydroxycinnamic acid as a matrix.
Amino acid analyses were carried out by using a Wakopak WS-PTC
column (4.0î200 mm) after hydrolysis in HCl (6m) at 110 8C for 24 h in
a sealed tube, and labeling by phenylisothiocyanate (PITC).


Preparation of peptide fibers : For peptide stock solutions, peptides were
dissolved at a concentration of 2mm in 15% ethanol/water containing
TFA (0.1%). For fabrication of fibers, peptides were diluted to a concen-
tration of 50±200mm with sodium phosphate buffer (0.1m, pH 7.4), and
the solutions were allowed to stand at room temperature for over
24 hours.
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CD : CD measurements were performed on a J-720WI spectropolarime-
ter at 25 8C by using a quartz cell with 1.0 mm pathlength. Peptide solu-
tion was prepared by diluting a stock solution with sodium phosphate
buffer (0.1m). Immediately after the dilution the measurement was start-
ed.


TEM : Collodion-coated copper EM grids were placed coated-side down
onto the peptide solution for 30 seconds, and excess solution was re-
moved by blotting with filter paper. The grids were washed by floating
on water and water was removed by blotting. The sample was negatively
stained with 2% (w/v) phosphotungstic acid for 30 seconds. The grids
were blotted and allowed to dry gradually at room temperature. All
images were taken by using a Hitachi H-7500 electron microscope oper-
ating at 100 kV.


AFM : Tapping-mode AFM observations were carried out by Nanoscope
IIIa AFM, Dimension 3000 (Digital Instruments, Santa Barbara, CA,
USA) in ambient conditions. AFM samples were prepared by spreading
the peptide solutions on highly oriented pyrolytic graphite (HOPG), and
dried under vacuum after removal of excess solution.
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The Role of Hydrogen Bonding in the Crystal Structures of
Zinc Phosphate Hydrates


Laurent Herschke, Volker Enkelmann, Ingo Lieberwirth,* and Gerhard Wegner[a]


Introduction


Painting is an effective way to protect metallic surfaces
against aggressive environments. Red lead and zinc chro-
mate are the most extensively used pigments, because of
their excellent corrosion inhibition properties. Nevertheless,
since 1990 their use has been discouraged because it is haz-
ardous and such compounds are highly toxic.[1] Manufactur-
ing effort is focused on their replacement with a new gener-
ation of ™environmentally friendly∫ pigments.[2±5]


Among several nontoxic anticorrosive pigments devel-
oped so far, zinc phosphate types represent the most widely
employed alternative, although their anticorrosive action is
not yet understood. It seems that the protective mechanism
results from metal substrate phosphatisation[6,7] and forma-
tion of complex substances with the binder components.[8]


Such compounds react with oxidation products yielding an
adherent layer of phosphophyllite on the metal surface.[9,10]


Accordingly their anticorrosive efficiency depends on water
uptake.[11] Among the major limitations of zinc phosphate
pigments as corrosion inhibitors are their poor solubility[12,13]


and the difficulty of controlling the desired state of hydra-
tion.[14]


In addition to its application in metal protection and its
common use in coating technology, hopeite is also one of
the main crystalline reaction products of dental cement[15,16]


and has lead to a new generation of dental ceramic formula-
tions: the zinc phosphate cements (ZPC).[17±19] Active re-
search has recently been conducted in dental medicine to
obtain materials suitable for fabrication of aesthetic single
crowns or fixed partial dentures for permanent restoration
of teeth.[20,21] Zinc phosphate based cements or glass ionom-
er/phosphate cements generally perform well because of
high fracture toughness,[22,23] low solubility in an aggressive
biological environment[24] and high bonding strength with
any other adhesive cement or with bone substrate conferring
good chemical stability, durability and low cytotoxicity, that
is, excellent biocompatibility. However, long-term clinical
studies comparing different dental materials show that opti-
misation of the elastic-modulus/fracture-toughness relation-
ship and a dramatic lowering of the solubility are still neces-
sary.[25±27]


Since the first microporous zinc phosphates with zeolite-
like topologies were reported by Gier and Stucky,[28] a large
number of zincophosphates (ZnPOs) with one-, two- and
three-dimensional structures have been synthesised in the
presence of organic templates.[29,30] Although several hypoth-
eses have been suggested, the mechanism of formation of
complex two- and three-dimensional open framework struc-
tures is still poorly understood. However, hopeite is believed
to be one of the precursors of zinc phosphate based zeolites,
as it is gradually transformed into ladderlike and layered


[a] L. Herschke, Dr. V. Enkelmann, Dr. I. Lieberwirth,
Prof. Dr. G. Wegner
Max-Planck-Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (+49)6131-379-100
E-mail : lieberw@mpip-mainz.mpg.de


Abstract: The compounds a- and b-
hopeite have been synthesised by hy-
drothermal crystallisation from aque-
ous solution at 90 8C and 20 8C, respec-
tively. The crystal structures of these
polymorphic forms of zinc phosphate
tetrahydrate (ZPT), Zn3(PO4)2¥4H2O,
have been resolved. Single-crystal anal-
ysis proves that the main difference be-
tween the a and b forms of ZPT is


caused by the difference in orientation
of one of the water molecules in the
ZnO6 octahedral network, indicating
two different hydrogen-bonding pat-


terns. A previously unknown hopeite,
Zn3(HPO4)3¥3H2O (ZHPT), has been
isolated and analysed. This helps to
achieve a better understanding of the
mechanism of formation of zinc phos-
phate compounds. Unambiguous iden-
tification of each phase is established
by analysis of their unique thermal be-
haviour and thermodynamic interrela-
tionship.


Keywords: hopeite ¥ hydrogen
bonds ¥ polymorphism ¥ structure
elucidation ¥ zinc phosphate
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three-dimensional structures by substantial incorporation of
the respective template agent, thus involving significant hy-
drogen bonding.[31,32]


All these materials which are geared towards advanced
applications share the feature that, as far as synthesis and
purity are concerned, the nature of the zinc phosphate hy-
drate (a- or b-hopeite, parahopeite or Zn3(HPO4)3¥3H2O
(ZHPT)) has a dramatic influence on pigment activa-
tion,[33±35] bioactivity[36,37] and the resulting macrostructure.


In nature zinc phosphate tetrahydrate exists in two struc-
tures, orthorhombic hopeite and parahopeite, its triclinic
polymorph. Although the phase system P2O5±ZnO±H2O had
been studied for a very long time,[38,39] the precise structure
of the two orthorhombic modifications, a- and b-hopeite,
was not previously known.


This work is focused on the systematic identification of
the two polymorphs of zinc phosphate tetrahydrate, their
comparison with the precursor Zn3(HPO4)3¥3H2O and re-
finement of their crystal structures,[40] allowing a direct cor-
relation between structure and properties. a-Hopeite is con-
sidered the most stable polymorphic form and b-hopeite is a
comparatively metastable form obtained at lower tempera-
ture (20 8C). Careful identification of the hydrogen-bonding
network in the different forms of zinc phosphate is expected
to offer a starting point for future efficient modifications of
zinc phosphate based materials such as dental cements, cata-
lysts based on zeolite technology and ™green∫ anticorrosion
inhibitors.


Experimental Section


a,b-Zinc phosphate tetrahydrate (ZPT) macrocrystals : A buffered solu-
tion of concentrated phosphoric acid (100 mL) was prepared by slowly
adding solution of ammonia in water (Riedel±de Haèn, 25 wt% solution
dilutedî10, 27 mL) to phosphoric acid (Aldrich, ACS grade, 85 wt% so-
lution dilutedî4, 73 mL), so that H3PO4 (50 mol%) reacted with ammo-
nia to give a solution of ammonium hydrogen phosphate (0.792 molL�1)
in water. The mixture was stirred vigorously for 2 h at 0 8C. Another solu-
tion (0.114 molL�1) prepared from zinc acetate (Aldrich, ACS grade, 5 g)
and water (Millipore grade, 18.6mWcm�1, 100 mL) was transferred into a
sealed crystallisation reactor and kept there for 2 h at 90.0 8C (�0.1 8C)
under reflux under an inert gas atmosphere (argon). The partially neu-
tralised phosphate solution (30 mL) was added to achieve the molar ratio
Zn/PO4/NH4=1:1.05:0.52. The white precipitate that formed redissolved
quickly as the pH reached 1.45, during which the solution was stirred at
1250 rpm. An NaOH solution (pellets, Riedel±de Haèn, ACS grade,
4 molL�1) was added dropwise to the reaction mixture over a period of
five days, without stirring, to yield a white precipitate. After two days of
ageing, the first transparent crystals of hopeite appeared at the precipita-
tion front/solution interface, corresponding to a slow change in pH from
1.5 to approximately 2.6. Further addition of NaOH gave rise to slowly
growing a-hopeite crystals. At pH 6 the reaction was stopped and crystals
of the product were recovered from their mother liquor by filtration,
washed to neutral pH and dried at room temperature for 12 h.


b-Zinc phosphate tetrahydrate (commonly designated as b-hopeite or b-
ZPT) crystals were obtained by the same procedure with a zinc acetate
solution (57 mmolL�1). The crystallisation temperature was fixed at
20.0�0.1 8C.


a,b-Zinc phosphate tetrahydrate (ZPT) crystalline powders : The synthe-
sis described above yielded a- and b-hopeite macrocrystals, which were
then used for single-crystal determination. All other analyses were per-
formed using a well dried crystal powder obtained by mixing a solution
of zinc acetate in water (Aldrich, ACS grade, 100 mL, 0.114 molL�1) with


phosphoric acid (Aldrich, ACS grade, 85 wt% solution dilutedî4,
5.5 mL) for two hours at pH4 with gentle stirring at 90.0 and 20.0 8C for
a- and b-ZPT, respectively.


Zinc hydrogen phosphate trihydrate macrocrystals : Large crystals of zinc
hydrogen phosphate trihydrate (ZHPT) could be obtained by slightly
changing the a-hopeite synthesis procedure described above. A buffered
solution of concentrated phosphoric acid 100 mL (6.13 molL�1) was pre-
pared as for the a-hopeite synthesis, but with neutralisation of up to
70 mol% of H3PO4 with ammonia. A solution of zinc acetate in water
(150 mL, 2.5 molL�1) was stored in a sealed crystallisation reactor for 2 h
at 90.0 8C to achieve thermal equilibrium. After adding successively the
phosphate solution (62.5 mL) and a 5m nitric acid solution (Riedel±de
Haèn, 65 wt% solution, 6.13 molL�1), a pH of 0.25 was reached. When
5m NaOH (37 mL) was added dropwise over two days, flat needle-
shaped ZHPT crystals formed. For mass-transfer crystal (diffusion-de-
pendent) growth of Zn3(HPO4)3¥3H2O crystals up to millimetre size, tri-
ethanolamine (Aldrich, 98 wt%, only 3 mL) had to be added to the reac-
tion medium.[41]


Characterisation : Elemental analysis of the precipitate was conducted by
atomic absorption spectroscopy (Perkin±Elmer PE5100ZL with a
Zeeman Furnace Module and AS70 sampler) and by colorimetric phos-
phate titration (blue molybdate complexometric method) using UV/Vis
spectrometry (Perkin±Elmer Lambda 900).[42] The estimated standard de-
viation from the stoichiometric composition was �0.04. pH values were
measured with a Pt/KCl glass electrode attached to a pH meter (Schott
CG843 set) with an integrated temperature sensor (Blueline 14pH,
Schott). Before the measurements, the pH electrode was calibrated with
three buffer solutions at pH 4.006, 6.865 and 9.180 at 20.0 8C (DIN
Norm 19266). DSC measurements were performed under a nitrogen at-
mosphere on a Mettler±Toledo DSC 30S module with a TC15 TA con-
troller; heating rate: 10 8Cmin�1, heating range: 0±500 8C). Similarly
TGA-MS curves were obtained under an argon atmosphere on a Met-
tler±Toledo ThermoSTAR


¾


TGA/SDTA 851 equipped with a Pfeiffer
Vacuum GSD 300T2 pump and a Balser MS/Netsch STA449C mass de-
tector (heating rate: 10 8Cmin�1, heating range 0±600 8C).


Scanning electron micrographs were taken with a Leo Gemini 1530 oper-
ated at 1 kV from a 358 angle side detector at a working distance of
5 mm.


DRIFT (diffuse reflectance infrared Fourier transform) spectra were re-
corded with a Nicolet 730 spectrometer (liquid N2-cooled MCT detector)
on powder samples (10 wt% sample, 90 wt% KBr, total amount 300 mg).
Background and spectra were collected with a nominal resolution of
4 cm�1, double averaging over 128 scans in the frequency range 400±
4000 cm�1.


Powder X-ray data for an as-synthesised sample of crystals (placed on a
2 cm circular silicon monocrystal slide) were collected at 25 8C on a Sei-
fert XRD3000TT Bragg±Brentano diffractometer with a linear, position-
sensitive detector (58 2q) in Debye±Soller geometry with a flat secondary
monochromator and employing Ge monochromated CuKa1


radiation (l=
1.5406 ä). For structure determination of the three zinc phosphate poly-
morphs (single-crystal diffraction method), a suitable crystal with dimen-
sions 100î50î50 mm�3 was used. Data collection for the crystal structure
analyses was performed on a Nonius KCCD diffractometer with graphite
monochromated MoKa radiation (l=0.71073 ä). The structures were
solved by direct methods. They were refined by full-matrix least-squares
analyses on F2 with anisotropic temperature factors for the non-hydrogen
atoms. The hydrogen atoms were located in difference Fourier maps and
refined isotropically in the riding mode. Pertinent crystallographic data
are summarised in Table 1. CCDC-413637 (a-hopeite), CCDC-413638 (b-
hopeite), and CCDC-413639 (Zn3(HPO4)3¥3H2O) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336033; or email: deposit@ccdc.cam.ac.
uk.
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Results and Discussion


Analysis of samples and crystal morphology :


Electron microscopy : The a-hopeite crystals used in this
study (Figure 1a) possessed the classical plate shape and are
reasonably uniform in size (about 1000î250î0.5 mm3),
whereas b-hopeite crystals (Figure 1c) were not as well de-
fined; they were slightly smaller and partially agglomerated.
The development of the faces of a-hopeite crystals is some-
times irregular and the crystals may simulate disphenoidal
or hemimorphic symmetry. The b-hopeite sample has two
different habits: tabular {010} and prismatic {001}. This
platelike habitus of hopeite crystals corresponds to a layered
structure, the b axis being the crystal-plate normal.[43] The
zinc hydrogen phosphate trihydrate crystals (Figure 1e, f) are
found as elongated {001} and tabular {100} plates of vitreous
appearance and cleaved {010} planes.


Phase composition : From elemental analysis and thermo-
gravimetry data, the calculated exact stochiometric composi-
tions were : a-hopeite, Zn2.92(PO4)1.95¥3.98H2O; b-hopeite,
Zn2.95(PO4)1.90¥3.96H2O; ZHPT, Zn3(HPO4)3¥2.99H2O. In the
cases of a- and b-hopeite all these values match nearly per-
fectly with the zinc phosphate tetrahydrate stochiometry.
Seemingly phosphate incorporation into the crystal structure
of b-hopeite is facilitated at 20.0 8C, in comparison with
90.0 8C, because of the preferential decomposition of
Zn(HPO4)3¥3H2O and also ZnHPO4¥3H2O at pH 4 and
20.0 8C in the liquid phase; this explains the tiny differences
in stoichiometry between the two polymorphs. Similarly
Salmon and Terrey×s results could suggest that the formation
of a-hopeite at 90.0 8C results from the decomposition of a


metastable zinc monohydrogen phosphate monohydrate and
trihydrate [Eq. (1)].[44]


ZnðH2PO4Þ2 � 2H2O ! Zn3ðHPO4Þ3 � 3H2O !
ZnHPO4 �H2O ! ZnHPO4 � 3H2O !
Zn3ðPO4Þ2 � 4H2O


ð1Þ


Powder diffraction : All the specimens were examined by X-
ray powder diffraction[45] and also to validate the method of
synthesis. The two main polymorphs of the tetrahydrate (a-
and b-hopeite) are not distinguishable by XRD (Fig-
ure 2a,b). It may be concluded that the non-hydrogen atom
positions within the crystal structures are essentially identi-
cal. Therefore, methods of differentiation between a- and b-
hopeite are required to distinguish clearly between the hy-
drogen bonding in the polymorphs, that is, DRIFT measure-
ments and thermogravimetry.


DRIFT measurements : DRIFT (Figure 3) allows sensitive
and fast detection of the two forms of zinc phosphate tetra-
hydrate. The symmetry of a ™free∫ PO4


3� ion is Td and the
nine modes of internal vibrations span the representation
Gvibr(Td)=A1 + E + 2F2.


[46,47] Here A1 represents the sym-
metric stretching mode ns(P�O) located at �980 cm�1, E
represents the symmetric bending mode ds(OPO) at
�420 cm�1, and the triply degenerate modes F2 represent
the antisymmetric bending mode das(OPO), located at
�560 cm�1. However, there are slight shifts from the known
spectra of a-hopeite due to solid-state effects and specifici-
ties of the DRIFT technique.[48] In Figure 3, below
1200 cm�1 (phosphate region), a- and b-hopeite show very
similar spectra, confirming the uniformity of the non-hydro-
gen framework. The bands observed at 1102±1005, 945±928,


Table 1. Lattice parameters, data collection and structure refinement of hopeite polymorphs and their precursor ZnHPO4¥H2O.[a]


a-Hopeite[b] a-Hopeite b-Hopeite ZnHPO4¥H2O


crystal data
formula Zn3(PO4)2¥4H2O Zn3(PO4)2¥4H2O Zn3(PO4)2¥4H2O Zn3(HPO4)3¥3H2O
Mr [gmol�1] 458.11 458.11 458.11 538.08
T [K] 290 230 290 290
crystal system orthorhombic orthorhombic orthorhombic triclinic
space group Pnma Pbnm Pbnm P1≈


a [ä] 10.629 5.0135(3) 5.0266(2) 8.4746(4)
b [ä] 18.339 10.6044(5) 10.6060(4) 9.8688(5)
c [ä] 5.040 18.2828(7) 18.2946(5) 9.8895(5)
a [8] 90.0 90.0 90.0 112.0618(13)
b [8] 90.0 90.0 90.0 111.9702(13)
g [8] 90.0 90.0 90.0 96.9953(12)
V [ä3] 982.4 972.0(1) 975.3(1) 676.9(1)
Z 8 8 8 2
1calcd [gcm


�3] 3.096 3.1301 3.1223 2.6396
refinement
reflections measured 1471 16792 11249 8100
independent reflections 1415 1582 1369 3535
refined parameters ± 85 85 187
reflections observed [I>3s(F2)] 1415 857 857 2514
Rint 0.064 0.065 0.041 0.0025
R 0.064 0.0277 0.0290 0.0492
Rw 0.068 0.0384 0.0327 0.0523
GOF ± 1.068 1.368 1.011


[a] Calculated standard deviations are in parentheses. [b] Reference [63].
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635±584 and 414 cm�1 (the last
band is not shown in Figure 3)
are assigned to nas(P�O)(n3),
ns(P�O)(n1), das(OPO)(n4) and
ds(OPO)(n2), respectively. In
comparison with a-hopeite (or-
thorhombic) the n1 mode of
the intermediary compound
(ZHPT) is stronger, sharper
and shifted to 911 cm�1, indicat-
ing a more open or distorted
sphere of coordination of phos-
phate groups.[49,50] Multiple n3
vibrations in the region be-
tween 1220 and 1123 cm�1 indi-
cate that the zinc hydrogen
phosphate trihydrate belongs to
a less ordered space group (tri-
clinic).


The ™free∫ H2O group has
three modes of internal vibra-
tion occurring at frequencies
3765, 3652 and 1640 cm�1.[51]


The large peak around
1640 cm�1 in the a-hopeite
spectrum corresponds to the in-
ternal bending (n3) vibration of
crystal water molecules, while
the broad, very strong band
centred around 3300 cm�1 rep-
resents stretching (n1 and n3)
modes, shifted to lower fre-
quencies from their ideal value
because of hydrogen bonding.
The band at 1639 cm�1 is broad-
er in the spectrum of b-hopeite
than in that of the a form. The


Figure 1. SEM images: Crystals suitable for single-crystal analysis: a) a-hopeite; c) b-hopeite;
e, f) Zn3(HPO4)3¥3H2O. Samples suitable for X-ray powder diffraction: b) a-hopeite; d) b-hopeite.


Figure 2. X-ray powder patterns of a) a-Hopeite; b) b-hopeite;
c) Zn3(HPO4)3¥3H2O.


Figure 3. Comparison of DRIFT spectra of the two polymorphs of zinc
phosphate tetrahydrates, a) a-hopeite and b) b-hopeite, and of a precur-
sor compound, c) Zn3(HPO4)3¥3H2O.
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shape of the H2O stretching region of ZHPT is significantly
different from those of a- and b-hopeite, with a decoupling
of bands at 1601 and 1673 cm�1 indicating at least two types
of water molecules.[52] In addition, the ZHPT form presents
a strong peak at 3580 cm�1, constituting additional evidence
for the variability of hydrogen-bonding schemes within the
framework of the two polymorphs of zinc phosphate tetra-
hydrate and its precursors.


Thermoanalysis : Both orthorhombic modifications of
Zn3(PO4)2¥4H2O show dehydration starting above 100 8C
and appearing to be complete at about 400 8C (Figures 4 and


5). The thermogravimetric (TGA-MS) curves demonstrate
the characteristic behaviour of a-hopeite: it loses crystal
water in two well-defined stages, two molecules at 146 8C
and the remaining two at 330 8C. Similarly the DSC meas-
urement gives two well-separated but slightly displaced
peaks: a sharp peak at 182 8C and a ™double∫ peak at 278
and 298 8C, which may indicate the starting point for the
loss of two types of water molecule. At about 220 8C, that is,
after loss of 2.02H2O, a pseudo-stabilisation of the structure
is reached; the water loss increases slowly, indicating the ex-
istence of a dihydrate structure. These results confirm that
the first step corresponds to the tetrahydrate±dihydrate
transition, and the second step to the dihydrate±anhydrate
transition.[53,54]


The thermograms of b-hopeite show significant differen-
ces from the a phase. b-Hopeite seems to have a lower acti-
vation energy of dehydration than the a-hopeite, pointing
towards a lower symmetry of the four water molecules con-
tained in the crystal. This is confirmed by DSC: the onset
thermal decomposition appears at 115 8C for the b form and
130 8C for the a form. Whilst no gradation is clearly observ-
able on the TGA weight loss curve of b-hopeite between the
dihydrate and the anhydrous salt, the DSC curve (Figure 4,
blue line) presents two peaks at 238 and 278 8C, and there is
a shoulder on the TGA curve at a water content corre-
sponding to the monohydrate.[55] Surprisingly, this transition
at 238 8C also corresponds to the temperature at which the


dihydrate is formed from a-Zn3(PO4)2¥4H2O. Thus, we ob-
serve the loss of two water molecules in the transformation
from dihydrate to anhydrous salt, but the transformation
from b-hopeite to ™b-dihydrate∫ is different. In this last
case, a shoulder appears in both the TGA-MS and DSC
curves at 130 8C that may be attributed to the formation of


Figure 4. DSC curves of a-hopeite (red), b-hopeite (blue) and
Zn3(HPO4)3¥3H2O (black). Heating rate q=10 8Cmin�1.


Figure 5. Typical TGA-MS curves of: a) a-hopeite; b) b-hopeite;
c) Zn3(HPO4)3¥3H2O. Heating rate=10 Kmin�1 with 25 mg of sample.
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an unstable trihydrate. A broad endothermic peak detected
by DSC at 170 8C accompanies the removal of 1.69 water
molecules.[56] In summary, the b-hopeite loses its four water
molecules one after another in four consecutive steps. These
results are in partial disagreement with the thermal behav-
iour of b-hopeite previously reported in the literature.[57]


Furthermore, under the present heating conditions, the
eventual b!a-hopeite transition does not occur before the
beginning of dehydration, as very different dehydration
pathways are observed above 130 8C. It is therefore conclud-
ed that the kinetics of a b!a-hopeite transition must be
very slow.


For the last compound (ZHPT), the dehydration process
is also notably different from that of a-hopeite: after a non-
uniform dehydration between 100 and 220 8C, corresponding
to the loss of 0.99 water molecules, successive peaks occur
at 386 and 533 8C, corresponding to the loss of 1.53 and
0.47 H2O molecules, respectively. However DSC data exhib-
it two peaks at 174 and 240 8C related to the formation of a
dihydrate, and a further single dehydration peak at 414 8C.
This thermal anomaly, similar to that observed for b-hopeite
at 238 8C but at a higher temperature, may be interpreted by
the intermediate formation of a compound whose water
content varies from dihydrate (a,b-form: 214 8C) and from
monohydrate (a,b-form: 286 8C)[58] or by the transformation
of the monohydrogen phosphate group to a phosphate
group.[59]


From all these analyses, it may be concluded that the non-
hydrogen atom positions within the crystal structures are es-
sentially identical (DRIFT) and therefore the marked differ-
ence in thermal response of the two polymorphs of zinc
phosphate tetrahydrate primarily involves changes in hydro-
gen bonding pattern alone.[60,61] Furthermore, these last ob-
servations are supported by the differences in thermody-
namic stability measured by Gardner and co-workers for a-
and b-hopeite.[62]


Structure description : The structure of a-hopeite was report-
ed previously[40,63,64] but not described completely because of
the missing hydrogen atom locations. Early descriptions of
an epitaxial growth of the b-phase of zinc phosphate tetra-
hydrates on a zinc crystal were given by Omori and
Okabe,[65] who reported similar values of lattice parameters
to those found by Gamidov and Galovachev.[66] However, no
previous studies could distinguish the a form from the b


form of zinc phosphate tetrahydrate crystallographically.
The crystal structure of many minerals can be understood


through a representation of the framework of coordination
polyhedra in which the structural similarities of a group of
related structures can be made visible. Thus in a number of
quite different compounds, for example, in the family of
apatites and hydroxyapatites,[67] crystal structures can be de-
rived from one aristotype and the crystal chemistry can be
systematised as variations of one common structural princi-
ple. In apatites the wealth of different structures also arises
from the possibility of nonstoichiometric compositions. This
is not the case with the zinc phosphates studied here. There
is no experimental evidence for deviations from the integral
stoichiometries. The crystallographic data for a- and b-hope-


ite and ZHPT, and a comparison with reliable reference
data for the a-form, are given in Table 1.


The crystal structures of zinc phosphates can be described
in terms of a framework built from ZnO6 octahedra, ZnO4


tetrahedra and PO4 tetrahedra. The other known hydration
states[68,69] and zinc hydrogen phosphates can be understood
by using this approach. Two projections of the hopeite struc-
ture in the planes ac and bc are shown in Figure 6. In this


structure ZnO6 octahedra contain the four water molecules.
The remaining two oxygen atoms share corners with two
PO4 tetrahedra. These share corners with two ZnO4 tetrahe-
dra and an edge with a third. The hopeite structure can thus
be characterised as a layer structure in which layers of the
closely connected PO4 and ZnO4 tetrahedra are separated
by ZnO6 octahedra. Alternatively the structure of hopeite
can be described as tetrahedral sheets of zigzag chains of
corner-sharing ZnO4 moieties connected by shared corners
with PO4 and thus with ZnO6 to produce a complex sheet of
three- and four-membered rings. This layer character is
clearly visible in the ac projection (Figure 6b). The connec-
tion between the layers is comparatively weak; with the ex-
ception of the corner-sharing oxygen atoms mentioned
above, it is formed by hydrogen bonds. The main cleavage
plane of hopeite crystals is found to be parallel to this inter-
face. However, this interface contains no voids that could be
used to include additional atoms or ions. The high packing
density of hopeite is also reflected by the high crystal densi-
ty.[70]


Unlike the case of the above-mentioned apatites, in zinc
phosphates hydrogen bonds play a dominant role in the
packing and crystal chemistry. In a- and b-hopeite all non-
hydrogen atoms are found in identical positions. This leads
to the surprising result that the two forms, which exhibit
markedly different thermal behaviour, differ only in the po-
sition of a few hydrogen atoms, that is, in the orientation in
which water molecules are coordinated in the ZnO6 octahe-


Figure 6. Sheet arrangement of ZnII-centred polyhedra and phosphate
tetrahedra in zinc phosphate tetrahydrate. The framework is identical for
a- and b-hopeite. The connectivity is emphasised in projections along
a) [010] and b) [100]. The green and magenta tetrahedra describe ZnO4


(coodination 4) and PO4 groups respectively. The blue octahedra symbol-
ise the ZnO6 (coordination 6) groups.
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dra. The different water orientations give rise to different
hydrogen-bonding patterns. We were able to locate all the
hydrogen atoms in the a- and b-hopeite structures in the dif-
ference Fourier maps.


The crystal structures of a- and b-hopeite are shown in
Figure 7. In the b form the two water molecules located on


the mirror plane (O8 and O9,
respectively) are oriented so
that the molecular plane coin-
cides with the mirror plane. In
a-hopeite one of these (O8) is
oriented perpendicular to the
mirror plane. In this orientation
a strong intra-octahedron hy-
drogen bond is formed that
may account for the higher
thermal stability of the a form.
The other hydrogen bonds are
inter-octahedron or to neigh-
bouring ZnO4 or PO4 tetrahe-
dra, and do not differ signifi-
cantly in the two crystal forms.
Comparison of hydrogen-bond-
ing geometry, including bond
lengths and contact angles, is
given in Table 2; hydrogen
atoms are labelled as in


Figure 8. For a- and b-hopeite, the distances and angles in-
volved in both hydrogen bonding schemes lie well within
the accepted range of hydrogen bond lengths,[71] whereas the
interatomic (donor±acceptor) distances for O9±O6 (a-hope-
ite) and O8±O10 (b-hopeite) are near the end of the range
(2.2±3.1 ä). Corrected values for hydrogen bonds are higher
than those obtained by Whitaker for a-hopeite[63] (1.719
versus 1.54 ä for the shortest length), because of thermal
distortion effects. Although the angles subtended by the hy-
drogen atom at the water oxygen atom fluctuate noticeably
between 458 and 908 for b-hopeite and between 908 and
1108 with a maximum at 108.348 for a-hopeite, both geome-
tries are nearly tetrahedral. It was found that the hydrogen
bonds were never collinear in a-hopeite so that the hydro-
gen atoms subtended an angle of 1098 at the donor oxygen
although the acceptors did not. However, in view of the
O9�H9-1�O10 angle (179.888) existing uniquely in the a-


Figure 7. Unit cells of the a-Zn3(PO4)2¥4H2O (top) and b-
Zn3(PO4)2¥4H2O (bottom) structures are shown in projection onto the bc
plane (50% thermal displacement ellipsoids). The Zn cations are shown
in dark grey, the P atoms in violet, the O atoms in red and the H atoms
in light grey. Broken lines represent hydrogen bonds.


Table 2. Distances and angles involved in hydrogen bonds for a- and b-hopeite.[a]


Hydrogen bonding Distance [ä] Angle [8]
Donor Receptor
Oa(water) Hi Ob(PO4) Oa�Ob Oa�H H�Ob Ob-Oa-Ob* Oa-H-Ob H-Oa-H


a-hopeite
O8 H8 O6 2.78 0.79 1.72 148 113 100
O10 H10-1 O4 2.71 0.87 1.83 72 58 108[b]


O10 H10-2 O5 3.02 0.95 2.07 82[e] 180 92
O9 H9-1 O10 2.89 0.75 2.23 116[c] 39 108[b]


O9 H9-2 O8 3.06 1.21 2.45 32[c]


124 108[d]


O9 H9-2 O6 3.12 0.79 2.45 49[c] 142 108[b,d]


b-hopeite[f]


O10 H10-1 O2 2.71 0.99 1.78 104 155 47
O10 H10-2 O5 3.02 0.89 2.14 74 169 60[g]


O9 H9-2 O6 3.12 1.10 2.20 60 139 73
O8 H8 O10 3.22 1.14 2.34 51 135 82


[a] Estimated standard deviations: �0.01 ä for lengths; �0.58 for angles. [b] For the angle H10-1�O10�H10-
2. [c] For the angle with Ob*, symmetrical to Ob through the ac mirror plane. Other angles were obtained
using bc as the mirror plane. [d] For H9-2�O9�H8 the angle is 568. [e] Observing O5 as symmetric with O5
through the ac plane, the angle is 60.498 for O5�O9�O5. [f] All angles are measured with Ob*, symmetric with
Ob through the bc mirror plane. [g] For the angle H10-2�O10�H10-1, the measured value is 1008.


Figure 8. Projection of half of the asymmetric unit cell along the a axis,
valid for both a- and b-zinc phosphate tetrahydrate.
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ZPT, substantial structural stabilisation is achieved by the
assured contact between zinc octahedra and tetrahedra.


A projection of the crystal structure of ZHPT is shown in
Figure 9. The sheet structure consists of ZnO6 octahedra,
which are located on symmetry centres and contain four
water molecules. The remaining two oxygen atoms share a


corner with PO4 tetrahedra. Three of the oxygen atoms of
the PO3OH groups share a corner with ZnO4 tetrahedra.
This network geometry of Zn±PO4 bonding (continuous six-
ring channels) clearly has some similarities with other com-
pounds of the ZnO±P2O7±H2O system such as paraho-
peite.[72,73] This arrangement of cation-centred polyhedra
and phosphate tetrahedra is emphasised in Figure 9a,b. The
structure contains one additional water molecule that is not
coordinated to zinc. All water molecules and OH groups
take part in hydrogen bonds, creating a three-dimensional
network, which for clarity is not shown in Figure 10 but can


easily explain the high dehydration temperatures document-
ed in the DSC thermogram.


Conclusion


We have demonstrated a new, simple method of synthesizing
macrocrystals of two zinc phosphate tetrahydrates: a- and
b-hopeite. XRD proves that the non-hydrogen atom posi-
tions within the crystal structures are essentially identical.
However, differentiation of the two phases becomes possible
by using thermoanalysis and DRIFT. The marked difference
in thermal response primarily involves changes in hydrogen-
bonding alone. Single-crystal analysis proves that the main
difference between the a- and b-forms of zinc phosphate
tetrahydrate is caused by the orientation of one of the water
molecules in the ZnO6 octahedra. Whereas in b-hopeite two
water molecules (O8 and O9) are located on the mirror
plane and are oriented so that the molecular plane coincides
with the mirror plane, in a-hopeite one of these (O(8)) is
oriented perpendicular to the mirror plane. Further, the zinc
hydrogen phosphate trihydrate (ZHPT) structure shows
striking similarities to another zinc phosphate tetrahydrate,
parahopeite. The analysis and understanding of the role of
hydrogen bonding in these seemingly simple zinc phosphate
structures give a better appreciation of the interaction
mechanisms of proteins with more complex structures of bi-
ological interest, such as hydroxyapatite. Hopeite has great
potential as a starting material for various applications, such
as development of advanced formulations of anticorrosive
pigments by careful substitution of zinc with other divalent
metal atoms, or synthesis of large-open framework zeolitic
structures used for enantioselective separation by acting as a
source of zinc and phosphate ions.
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Introduction


Extending the complexity of intertwined molecular assem-
blies, which involve molecular catenanes, rotaxanes, and
knots[1] pursues many fundamental and practical goals, such
as the search for novel templation techniques[2] and unprece-
dented examples of topological isomerism and chirality,[1,3,4]


utilization of large-amplitude molecular movements of the
intertwined molecular parts in molecular machinery,[5] and
the elucidation of biochemical functions of diverse nontrivi-
al tangles in the structure of DNA and proteins.[6] Another
important aspect in this connection is the construction of
new macromolecules from interlocked monomers in the
quest for new functional polymeric materials.[7]


Our long-standing interests in the chemistry and topologi-
cal chirality of diverse intertwined species including cate-
nanes,[8] rotaxanes,[8,9] and molecular knots (knotanes)[4a,b,10]


on the one hand, and the chemistry of dendritic molecules[11]


on the other have emerged to formulate a more general
concept of iterative construction of unprecedented perfect
macromolecular linear, branched, and cyclic topologies from
intertwined and interlocked monomers.


Apart from polydisperse polymeric catenanes and rotax-
anes,[7] previous reports on nanosized oligomeric topologies,
which possess well-defined structures encompass the prepa-
ration of linear polycatenanes,[12] and linear and dendritic
polyrotaxanes.[13] The drawbacks of these species are both


[a] Dr. O. Lukin, Dr. A. Kaufmann, Prof. Dr. F. Vˆgtle
Kekulÿ-Institut f¸r Organische Chemie, und
Biochemie der Rheinischen Friedrich-Wilhelms-Universit‰t Bonn
Gerhard-Domagk-Strasse 1, 53121 Bonn (Germany)
Fax: (+49)228-735-662
E-mail : voegtle@uni-bonn.de


[b] T. Kubota, Prof. Dr. Y. Okamoto
Department of Applied Chemistry, Graduate School
of Engineering, Nagoya University, Chikusa-ku
Nagoya, 464-8603 (Japan)
Fax: (+81)52-789-3188
E-mail : okamoto@apchem.nagoya-u.ac.jp


Abstract: Selectively functionalized
molecular knots (knotanes) of the
amide-type have been used as building
blocks in syntheses of higher covalent
assemblies composed of up to four
knotane units. Preparation of linear
and branched tetraknotanes consisted
of the consecutive selective removal of
allyl groups followed by linking of the
intermediate hydroxyknotanes with bi-
phenyl-4,4’-disulfonyl chloride. Macro-
cyclic knotane oligomers involving two,
three, and four knotane moieties were
obtained by high-dilution cyclization of
dihydroxyknotane and biphenyl-4,4’-di-
sulfonyl chloride. Due to their relation
with cyclophanes, the latter class of oli-
gomeric knotanes was termed ™knota-


nophanes™. Chiral resolution analysis
of new oligoknotanes has been at-
tempted on chemically bonded Chiral-
pak AD stationary phases, however
met severe difficulties due to their
complex isomeric compositions, and in
most cases a significant overlap of the
isomer fractions was observed. In spite
of the limits of presently available
chiral stationary phases that allowed
only partial resolution of the synthe-
sized topologies, oligoknotanes have


been shown to be of high fundamental
interest due to their unprecedented
chirality. The chirality descriptions of
topologically chiral unsymmetrical
dumbbell 4, and the linear tetrakno-
tane 5 are analogous to the Fischer
projections of erythrose/threose and
hexaric acid, respectively, while the iso-
meric composition of the branched tet-
raknotane 8 is completely unique.
Moreover, the linear and branched tet-
raknotanes are constitutional isomers.
Chirality of knotanophanes represents,
in turn, analogies to known cyclic
forms of peptides or sugars with multi-
ple stereogenic centers.


Keywords: chiral resolution ¥
molecular knots ¥ nanostructures ¥
supramolecular chemistry ¥
topological chirality
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extremely low yields and relatively low molecular weight.
Our recent reports on the syntheses of topologically chiral
molecular dumbbells[4a] and rotaxanes with knotted stoppers
(knotaxanes)[4b] involve covalently linked knotanes of type 1
which have been shown to be promising and readily obtaina-
ble intertwined building blocks for diverse nanoassemblies.
In this paper we demonstrate the advantages of covalent
chemistry of knotanes, which are used here as building
blocks in the first synthesis of linear, branched, and even
macrocyclic ×knotted× oligomers.


Results and Discussion


Synthesis : The overall strategy towards linear knotane
oligomers is illustrated in Scheme 1. It consists of the itera-
tive selective removal of allyl groups followed by linking
with biphenyl-4,4’-disulfonyl chloride. Thus, two moieties of
monohydroxyknotane 1 available in up to gram quantities
by selective deprotection of tris(allyloxy)knotane[4a] can be
linked by reaction with biphenyl-4,4’-disulfonyl chloride 2 to
yield dumbbell 3. Consequently, the selective removal of
one allyl group from 3 gives rise to monohydroxy-dumbbell
4, sulfonylation of which with 2 yields 55% of linear tetra-
knotane 5.


This synthetic strategy can be altered for the preparation
of branched oligoknotanes, which necessitate a multifunc-
tional core and monofunctional branching units (dendrons).
Reaction of monohydroxyknotane 1 with excess biphenyl-
4,4’-disulfonyl chloride 2 readily gives sulfonylated knotane
6, which contains one reactive sulfonyl chloride unit. The
latter is in turn converted by reaction with trihydroxykno-
tane 7 to yield the branched tetraknotane 8. The structures
of the unsymmetrical dumbbell 4 and both tetraknotanes 5
and 8 were proved by means of MALDI-TOF (matrix-assist-
ed laser desorption ionization time-of-fight) mass spectrom-
etry and 1H NMR spectroscopy. With the aid of the latter
method we have recently demonstrated that in [D6]DMSO
solution at room temperature knotanes adopt a rigid unsym-
metrical conformation similar to that found in the solid
state, while faster conformational exchange leading to the
average D3-symmetric structure was detected in a number of
other solvents. Amide proton signals of 2,6-pyridinedicarba-
mide units have been shown to be especially sensitive with
respect to the 4-substituent in the pyridine ring. 1H NMR
spectra of 4, 5, and 8 recorded in DMSO solutions are in
line with their substitution patterns, showing intensities in
amide proton signals of 2,6-pyridinedicarbamide characteris-
tic of four allyloxy-, two arylsulfonyloxy-, and one hydroxyl-
substituted pyridine subunits.[10c] Additionaly, the 1H NMR
spectrum of 4 reveals signals at 11.38, 11.48, and 11.57 ppm
pertaining to the hydroxyl group that is in line with the si-
multaneous existence of hydroxyknotane subunit conform-
ers that have different kinetic stabilities on the 1H NMR
timescale. Applying different ionization conditions in the
MALDI-TOF measurements experiment we could observe
either preferential presence of molecular ion peaks of com-
pounds 4, 5, and 8 or their characteristic fragmentation pat-
terns similar to those formerly detected for dumbbell 3,[4a]


and knotaxanes[4b] brought about by the destruction of sul-
fonic acid esters.


Preparation of macrocyclic knotane oligomers implies the
availability of a selectively bifunctionalized knotane such as
dihydroxyknotane 9, the preparation of which we have re-
cently described.[10c] As illustrated in Scheme 2, the reaction
of 9 with an equivalent amount of biphenyl-4,4’-disulfonyl
dichloride in high-dilution conditions results in a mixture of
the oligomeric macrocycles composed of two (10), three
(11), and four (12) knotane moieties in an overall yield of
65%. We suggest the term ™knotanophanes™ for the latter
class of oligomeric knotanes according to the rules of cyclo-
phane nomenclature.[14] A MALDI-TOF spectrum of the
isolated mixture of knotanophanes 10±12 depicted in
Figure 1 reveals that no appreciable amounts of higher


oligomers were formed in the macrocyclization reaction.
The preparative isolation of the individual components 10±
12 from their mixture was afforded by using a usual silica
gel HPLC (high performance liquid chromatography)
column. The HPLC analysis also allowed us to estimate the
relative amount of each oligomer in the initial mixture; this
gave the ratio of 30:35:35 for 10, 11, and 12, respectively.


Interestingly, 1H NMR spectra of knotanophanes 10±12
are identical as follows from a comparison of the 1H NMR
spectrum of the initially isolated mixture of 10±12 with that
of a pure sample of 10 obtained after HPLC separation. Fur-
thermore, the 1H NMR spectral pattern of knotanophanes is
characteristic of knotanes that bear three equivalent para-
substituents at the outer 2,6-pyridinedicarbamide units. The
latter observation can be rationalized by very close steric
and electronic effects of ptoluenesulfonyloxy- and biphenyl-
4,4’-disulfonyloxy groups in influencing 1H NMR chemical
shifts.


Topological chirality : Scheme 3 shows the expected isomeric
composition of the novel oligomeric knotanes involving 4, 5,
8, and 10±12. Recently we mentioned[4a,b] that chirality desig-
nation of topologically chiral knotane assemblies composed
of two knotanes, such as dumbbell 3[4a] and knotaxanes[4b]


were analogous to the Fischer projections of tartaric and tri-
hydroxyglutaric acids, respectively. Therefore, further modi-
fication or growth of the knotane chain should expand the


Figure 1. Fragment of a MALDI-TOF mass spectrum of the isolated mix-
ture 10±12.
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isomeric possibilities similarly to the open chain sugars.
Scheme 3 illustrates the relationship between the chirality
designation of unsymmetrical dumbbell 4, the linear tetra-
knotane 5, and the Fischer projections of erythrose/threose,


which bear two classical stereocenters and hexaric acid con-
taining four stereocenters, respectively.[15] The isomeric com-
position of the branched tetraknotane 8 depicted in
Scheme 3 is entirely unique, since no centrochiral analogues


Scheme 1. Synthesis of linear and branched knotane oligomers.
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with such constitution can exist. The isomerism of knotano-
phanes 10±12 depends on the number of knotanes that form
the cycle (Scheme 3). Thus, the isomerism of dimer 10 is the


same as dumbbell 3 previously reported by us.[4a] This im-
plies the existence of one d,l-pair and one meso-form. The
trimer 11 composed of three knotanes in the cycle should
consist of two d,l-pairs, whilst the largest isolated member
of the knotanophane family, tetramer 12, should exhibit an
even more complex isomeric composition as shown in
Scheme 3. Despite the similarity of the arrangements of the
stereogenic units in 11 and 12 to those in chiral trisubstitut-
ed cyclopropanes and tetrasubstituted cyclobutanes, respec-
tively,[15d] the chirality scheme of the former knotanophanes
is essentially different; this is due to the inability to draw ad-
ditional symmetry planes cutting the topological stereogenic
centers. The chirality scheme of 11 and 12 can only be com-
pared to the known chiral cyclopeptides[15c,d,16] composed of
three and four equal amino acid moieties, respectively. The
isomerism of 12 is also analogous to that of cyclic forms of
pentoses,[17] differing however due to the higher symmetry
of 12.


The chiral resolution of the novel oligomeric knotanes 4,
5, 8, and 10±12 was analysed by using noncommercial ™Chir-
alpak AD∫ column material,[18] which contained tris(3,5-di-
methylphenylcarbamate) amylose covalently linked to a
silica gel support. The resolution chromatograms are sum-
marized in Figure 2. All samples of the oligomeric knotanes


were shown to be quite pure. As follows from the chromato-
gram of unsymmetrical dumbbell 4, instead of its four ex-
pected isomers constituting two d,l-pairs, only two optically
active fractions could be resolved. After the separation, all
fractions were additionally checked by MALDI-TOF mass


Scheme 2. Synthesis of ™knotanophanes∫.


Scheme 3. Isomerism of oligomeric knotanes: a) analogy of topological
descriptors in unsymmetrical dumbbell 4 and linear tetraknotane 5 with
the Fischer projections of known open-chain sugars; b) expected isomeric
composition of branched tetraknotane 8, and c) expected isomeric com-
position of knotanophanes 10±12. * or &= (+ ) knots, * or &= (�) knots.


Figure 2. a) Partial chiral resolution of 4 (eluent: hexane/chloroform=


30:70); b) resolution of 5 (eluent: hexane/chloroform/isopropanol=
60:40:3); c) resolution of 8 (eluent: hexane/chloroform/isopropanol=
60:40:3); d) resolution of 10 (eluent: hexane/chloroform=70:30). In all
of the above cases: Chiralpak AD material was used; CD-detection at
254 nm.
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spectrometry. The circular dichrograms of the separated
fractions of 4 are shown in Figure 3. Experimental identifi-
cation of all isomers of both 5 and 8 was difficult, as seen
from their chromatograms in Figure 2. Thus, two instead of
eight isomers of 5, and only one instead of four enantiomer-


ic pairs of 8 could be detected. Chiral resolution of knotano-
phanes was only successful in the case of their simplest
member, dimer 10. However, solely enantiomeric peaks
could be seen on the chromatogram of 10, whereas its meso-
form could not be detected. The difficulties in detecting the
meso-forms were due to their overlap with fractions of enan-
tiomers; this has already been discussed by us in the course
of chiral resolutions of knotaxanes.[4b] We have obviously
reached the limit of complexity for the separation on chiral
stationary phases available today. Therefore, the chiral reso-
lution of the oligomeric knotanes should challenge the de-
velopment of new chiral stationary phases.


Conclusion


The successful synthesis of oligomeric knotanes possessing
linear, branched, and cyclic architectures highlights the ad-
vance in synthetic chemistry for such macromolecular topo-
logical compounds. For the first time, we have four covalent-
ly linked topological stereogenic units arranged in three dif-
ferent ways. The topological chirality of the tetraknotanes
combined with their sizes and masses, which exceed 10 nm
and 12000 Da, respectively defines a new class of artificial
macromolecules beyond polymers and dendritic species, yet
perfect in shape and dispersity. Despite the limits of modern
chiral separation science, which do not allow for complete
isolation of all isomers of synthesized topologies, oligomeric
knotanes have been shown to be of high fundamental value
in developing new knowledge about chirality. The chirality
designations of topologically chiral nonsymmetrical dumb-
bell 4, and the linear tetraknotane 5 are analogous to the
Fischer projections of erythrose/threose and hexaric acid, re-
spectively,[15] while the isomeric composition of the branched
tetraknotane is completely unique, since no centrochiral an-
alogues with such constitution can exist. Chirality of knota-
nophanes represents, in turn, analogies to known cyclic
forms of peptides or sugars with chiral centers. Additionally,


knotanophanes are topologically chiral cycles of several
nanometers in size (nanocycles),[19] which are of the pyridi-
nophane type and related to ×phanophanes×,[14] in which the
knotane that is a phane itself acts as the core and the bi-
phenyl-4,4’-disulfonate unit as the bridge. Our vision is to
use knotanophanes and linear oligomeric knotanes as a
chiral wheel and axle components, respectively, in future
giant rotaxanes with functions close to the naturally occur-
ring enzyme complexes.[5,20] The fascinating action of these
natural complex molecular topologies can be the source of
future inspiration to assemble nanosized macrocycles in
which the knots are not just covalently implemented, but in-
volved as intertwined parts of a macrocycle.[21]


Experimental Section


General remarks : We have previously described the preparation of hy-
droxyknotanes 1 and 7, and molecular dumbbell 3.[4a,10c] Reactions were
monitored by thin-layer chromatography by using DC-Alufolien silica gel
60F254 (Merck). Melting points were determined in a Reichert Thermovar
microscope and were uncorrected. 1H NMR spectra were recorded by
using 400 and 500 MHz Bruker instruments; the solvent signals were
used for internal calibration. For a detailed discussion on the NMR spec-
tra of knotanes see ref. [10c]. Mass spectra were recorded by means of a
MALDI-TofSpec-E from MICROMASS, GB (MALDI) and Voyager-
DE from PE Biosystems (MALDI).


HPLC separations : The separation of knotanophanes 10±12 was per-
formed at 25 8C on a line consisting of an analytical pump model 590
(Waters), a Rheodyne injector 7125, and a LCD 2084 UV-Detector
(Techlab). The separation was achieved on a preparative Kromasil
column (material: silica gel, particle size 5 micron). Chiral resolutions of
all samples were carried out on a noncommercial chemically bonded
Chiralpak AD column.[18]


Monohydroxy-dumbbell 4 : Bu3SnH (4 mg, 0.014 mmol) was injected (by
using a syringe) into a vigorously stirred solution of tetra(allyloxy)dumb-
bell 3 (100 mg, 0.017 mmol) and PdCl2(PPh3)2 (0.5 mg) in wet dichloro-
methane (50 mL), and the reaction mixture was allowed to stir for four
hours at room temperature. The solvent was evaporated under reduced
pressure, and the crude product was purified by chromatography on silica
gel with CH2Cl2/CH3OH/Et3N (20:1:0.3); this yielded the starting materi-
al tetra(allyloxy)dumbbell 3 (35 mg, Rf=0.95) and the desired monohy-
droxy-derivative 4 (52 mg, 55%) as a colorless solid. Rf=0.33; m.p.
273 8C; 1H NMR (400 MHz, [D6]DMSO): d= [0.06, 0.86, 0.95] (ArCH3),
1.24, 1.36, 1.48, 1.56, 1.82, 1.99, 2.18, 2.24, 2.28, 2.32, 4.88 (m, 6H;
OCH2), 4.99 (m, 2H; ArH), 5.31±5.46 (m, 6H, CH2=CH), 5.83 (br, 2H;
ArH), 6.06 (m, 3H; CH=CH2), [6.41, 6.43, 6.51, 6.63, 6.65, 6.79, 6.90,
6.95, 6.98, 7.16, 7.33, 7.43, 7.50, 7.52, 7.56, 7.59, 7.63, 7.67, 7.69, 7.72, 7.76,
7.77, 7.79, 7.82, 7.87, 7.90, 7.92, 8.02, 8.09, 8.11, 8.19] (ArH), [8.27, 8.58,
9.05, 9.13, 9.38, 9.56, 9.81, 10.17, 10.21, 10.43, 10.46, 10.50, 10.54, 10.59,
10.93, 10.94, 10.99, 11.00, 11.04, 11.06] (NH), 11.38, 11.48, 11.57 ppm
(OH); MALDI-TOF: m/z : calcd for C375H396N30O34S2 5931.2; found:
5932.4 [M ++H], 5954.2 [M+Na+].


Linear tetraknotane 5 : Triethylamine (10 mg, 0.1 mmol) and dry di-
chloromethane (2 mL) were added to a stirred suspension of monohy-
droxy-dumbbell 4 (45 mg, 0.07 mmol) in dry acetonitrile (8 mL). After
the suspension became a homogenous solution, biphenyl-4,4’-disulfonyl
chloride (1.5 mg, 0.004 mmol) dissolved in dry acetonitrile (0.5 mL) was
infused into it. The reaction mixture was allowed to stir for 30 min at
reflux and then at room temperature overnight. The solvent was removed
under reduced pressure, and the crude product was purified by column
chromatography on silica gel with CH2Cl2/ethyl acetate (4:1) resulting in
a colorless solid (38 mg) in 82% yield. Rf=0.73; m.p. 210 8C; 1H NMR
(400 MHz, [D6]DMSO): d= [0.05, 0.86, 0.95] (ArCH3), 1.24, 1.36, 1.47,
1.56, 1.81, 1.99, 2.17, 2.24, 2.28, 2.31, 4.87 (br s, 12H; OCH2), 4.98 (br,
4H; ArH), 5.29±5.45 (m, 12H; CH2=CH), 5.83 (br, 4H; ArH), 6.06 (br,
6H; CH=CH2), [6.41, 6.49, 6.63, 6.78, 6.89, 6.95, 7.15, 7.33, 7.43, 7.50,


Figure 3. Circular dichrograms of optically active fractions of 4 (d=
0.1 mm, THF).
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7.55, 7.77, 7.79, 7.82, 7.86, 7.89, 8.02, 8.09, 8.19] (ArH), [8.27, 8.58, 9.06,
9.13, 9.33 (br.), 9.47, 9.56, 9.78, 10.20, 10.48, 10.52, 10.57, 10.99, 11.03,
11.06 ppm] (NH); MALDI-TOF: m/z : calcd for C762H798N60O72S6:
12141.6 [M +]; found: 12219.8.


Compound 6 : Monohydroxyknotane 1 (100 mg, 0.035 mmol) dissolved in
dry dichloromethane (3 mL) containing triethylamine (20 mg, 0.2 mmol)
was added to a stirred solution of biphenyl-4,4’-disulfonyl chloride 2
(250 mg, 0.70 mmol) in dry dichloromethane (10 mL). The reaction mix-
ture was stirred for two hours and the solvent was then evaporated under
reduced pressure. The crude product was purified by column chromatog-
raphy on silica gel. First the excess of biphenyl-4,4’-disulfonyl chloride 2
was eluted with CH2Cl2/ethyl acetate (50:1), then the product was eluted
with the second fraction CH2Cl2/ethyl acetate (5:1). Yield 90 mg (81%);
m.p. 180 8C; 1H NMR (400 MHz, [D6]DMSO): d= {0.06, 0.86, 0.95, 1.24,
1.36, 1.47, 1.48, 1.57, 1.60, 1.82, 1.99, 2.19, 2.25, 2.28, 2.32} (CH2 and
ArCH3), 4.88 (m, 4H; OCH2), 4.99 (t, J=7 Hz, 1H; ArH), 5.31±5.47 (m,
4H; CH2=CH), 5.83 (d, J=7 Hz, 1H; ArH), 6.07 (m, 2H; CH=CH2),
{6.41, 6.44, 6.51, 6.63, 6.80, 6.90, 6.95, 6.98, 7.16, 7.35, 7.44, 7.50, 7.52,
7.56, 7.70, 7.72, 7.77, 7.79, 7.82, 7.87, 7.90, 7.93, 7.97, 8.02, 8.04, 8.05, 8.07,
8.09, 8.11, 8.14, 8.19, 8.20} (ArH), {8.27, 8.58, 9.05, 9.13, 9.36, 9.47, 9.57,
9.80, 10.21, 10.49, 10.53, 10.58, 10.99, 11.00, 11.03, 11.06 ppm} (NH);
MALDI-TOF: m/z : calcd for C195H204N15O19S2Cl: 3161.5; found: 3160.2
[M +].


Branched tetraknotane 8 : Triethylamine (10 mg, 0.1 mmol) and dry di-
chloromethane (2 mL) were added to a stirred suspension of trihydroxy-
knotane 7 (20 mg, 0.007 mmol) in dry acetonitrile (8 mL). After the sus-
pension became a homogenous solution, (p-biphenylsulfonyl chloride)sul-
fonyloxy(bis)alyloxy knotane 6 (68 mg, 0.021 mmol) dissolved in dry di-
chloromethane (2 mL) was added. The reaction mixture was allowed to
stir at room temperature overnight. The solvent was removed under re-
duced pressure, and the crude product was purified by column chroma-
tography on silica gel with CH2Cl2/ethyl acetate (4:1); this yielded a col-
orless solid (42 mg, 48%). Rf=0.70; m.p. >300 8C; 1H NMR (400 MHz,
[D6]DMSO): d= [0.05, 0.86, 0.95] (ArCH3), 1.24, 1.36, 1.48, 1.56, 1.82,
1.99, 2.17, 2.19, 2.24, 2.28, 2.32, 4.88 (m, 12H; OCH2), 4.99 (m, 4H;
ArH), 5.31±5.47 (m, 12H; CH2=CH), 5.83 (br s, 4H; ArH), 6.06 (m, 6H;
CH=CH2), [6.42, 6.50, 6.63, 6.79, 6.89, 6.95, 6.98, 7.16, 7.34, 7.43, 7.50,
7.52, 7.56, 7.77, 7.79, 7.82, 7.87, 7.90, 7.92, 7.99, 8.02, 8.05, 8.09, 8.19]
(ArH), [8.27, 8.58, 9.06, 9.13, 9.32, 9.36, 9.47, 9.57, 9.78, 10.21, 10.48,
10.52, 10.57, 10.99, 11.00, 11.04, 11.06 ppm] (NH); MALDI-TOF: m/z :
calcd for C762H798N60O72S6: 12141.6 [M +]; found: 12243.0.


Knotanophanes 10±12 : A solution of p-toluenesulfonyloxydihydroxy-kno-
tane 9 (60 mg, 0.02 mmol) in absolute dichloromethane (5 mL) contain-
ing triethyamine (10 mg, 0.10 mmol), and a solution of biphenyl-4,4’-di-
sulfonychloride 2 (7 mg, 0.02 mmol) in dry acetonitrile (5 mL) were
added simultaneously into a stirred flask containing dry acetonitrile
(40 mL). After two hours, the addition was complete and the reaction
mixture was stirred for three more hours. The solvent was evaporated
under reduced pressure, and the products were purified by chromatogra-
phy on silica gel with CH2Cl2/ethyl acetate (4:1), Rf=0.80, giving a color-
less solid. As described in a preceding section, the product represented a
mixture of 10±12, which was later separated by using HPLC. Overall
yield of 10±12 (40 mg, 65%); m.p. 213±216 8C; 1H NMR (500 MHz,
[D6]DMSO): d= [0.02, 0.85, 0.92] (ArCH3), 1.23, 1.35, 1.44, 1.54, 1.81,
1.96, 2.17, 2.21, 2.26, 2.29, 2.42, [4.95, 5.27, 5.81, 6.41, 6.47, 6.62, 6.80,
6.86, 6.94, 7.15, 7.33, 7.43, 7.52, 7.53, 7.77, 7.91±8.17] (ArH), [8.25, 8.60,
9.06, 9.16, 9.34, 9.47, 9.80, 9.18, 10.53, 10.57, 11.04, 11.09 ppm] (NH);
MALDI-TOF: m/z : found: 6400.9 (calcd for dimer 10 : C392H402N30O42S6:
6398.1 [M +]), found: 9607.3 (calcd for trimer 11: C588H603N45O63S9: 9597.2
[M +]), found: 12822.6 (calcd for tetramer 12 : C784H804N60O84S12: 12796.3
[M +]).
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Combinatorial Synthesis of Bimetallic Complexes with
Three Halogeno Bridges


Sÿbastien Gauthier, Laurent Quebatte, Rosario Scopelliti, and Kay Severin*[a]


Introduction


The combination of diversity-oriented organic synthesis with
fast screening assays has emerged as a powerful new tool for
drug discovery.[1] Related concepts are increasingly being
used to identify and optimize transition metal catalysts.[2] A
prerequisite for this type of approach is the availability of a
library of potential catalyst precursors. Most efforts to gen-
erate such libraries have focused on monometallic com-
plexes, and structural diversity was obtained by variation of
the ligands.[2] However, polynuclear complexes are also of
interest because 1) the presence of two or more metal ions
allows the diversity to be further increased and 2) the poten-
tially superior performance of polynuclear catalysts as com-
pared to their mononuclear counterparts.[3] To utilize bi- and
oligometallic complexes in combinatorial catalysis, fast and
reliable synthetic methods are required. In this context, bi-
metallic complexes in which two different metal fragments
are connected by halogeno bridges are of special interest. In
the last few years, several methods providing access to this
class of compounds were developed.[4] Due to the presence
of the labile halogeno bridges, the complexes generally
show high intrinsic reactivity, and some catalytic applica-
tions were recently reported.[5,6] Chloro-bridged RhIII±RuII


complexes, for example, have been employed as highly effi-
cient catalyst precursors for transfer hydrogenation,[5b] olefin


metathesis,[5e] and atom-transfer radical additions (see
below).[6]


So far, investigations of the syntheses and structures of
heterobimetallic, halogeno-bridged complexes have focused
primarily on compounds with two halogeno bridges.[4] These
complexes can easily be obtained in metathesis reactions
starting from the corresponding homodimeric compounds.
Reactions of this kind were first described by Stone et al.[7]


and Masters et al.[8] three decades ago, but detailed investi-
gations highlighting the potential of this method were pub-
lished only more recently.[9,10] Here we describe synthetic
pathways for the generation of bimetallic complexes with
three halogeno bridges in a combinatorial fashion. Given
that the methods should be suited for screening assays, we
sought reactions that are general, fast, and give rise to struc-
turally defined products in quantitative yields.
From a retrosynthetic viewpoint it should be possible to


synthesize bimetallic complexes with three halogeno bridges
by combining a complex A with two halogeno ligands and
one free coordination site with a complex B having one hal-
ogeno ligand and two free coordination sites (Scheme 1a).
However, in reality, halogeno complexes with ™free∫ coordi-
nation sites form adducts with solvent molecules or dimer-
ize. In both cases, the resulting complexes are neither ther-
modynamically nor kinetically very stable and could still be
suitable starting materials. This assumption is reinforced by
the fact that dimeric complexes with two halogeno bridges
undergo fast exchange reactions.[9,10] A priori, the reactions
depicted in Scheme 1b could thus give rise to the desired
products.
To validate this hypothesis, we synthesized complexes of


types A (1±5) and B (6±12). We showed earlier that combi-
nation of the dimeric half-sandwich complexes 1±3 with rhe-


[a] S. Gauthier, L. Quebatte, Dr. R. Scopelliti, Prof. K. Severin
Institute of Chemical Sciences and Engineering
Swiss Federal Institute of Technology Lausanne (EPFL)
1015 Lausanne (Switzerland)
Fax: (+41)21-693-9305
E-mail : kay.severin@epfl.ch


Abstract: Methods for the synthesis of
bimetallic complexes in which two dif-
ferent metal fragments are connected
by three chloro or bromo bridges are
reported. The reactions are general,
fast, and give rise to structurally de-
fined products in quantitative yields.
Therefore, they are ideally suited for


generating a library of homo- and het-
erobimetallic complexes in a combina-
torial fashion. This is of special interest


for applications in homogeneous catal-
ysis. Selected members of this library
were synthesized and comprehensively
characterized; single-crystal X-ray
analyses were performed for 15 new bi-
metallic compounds.


Keywords: bimetallic complexes ¥
bridging ligands ¥ combinatorial
chemistry ¥ homogeneous catalysis
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nium complex 6 (X=Br)[11] or ruthenium complex 7 (X=


Cl)[5b] gives the corresponding heterobimetallic complexes in
quantitative yield. We now demonstrate that the two types
of complexes can be mixed in a truly combinatorial fashion
to generate a library of homo- and heterobimetallic com-
plexes.


Results and Discussion


Bimetallic complexes with {MX(allyl)(CO)2} (M=Mo, W;
X=Cl, Br) fragments : The acetonitrile ligands of molybde-
num and tungsten complexes 8 and 9 are very labile and can
easily be replaced. This is evidenced by extensive auto-ioni-
zation of 8 in various nonaqueous solvents to give the cation
[Mo(allyl)(CO)2(CH3CN)3]


+ and the bimetallic anion [(al-
lyl)(CO)2Mo(m-Cl)3Mo(CO)2(allyl)]


� with liberation of ace-
tonitrile.[12] Furthermore, many substitution reactions of 8
and 9 with mono- and bidentate P- and N-donor ligands
have been described.[13] Therefore, 8 and 9 seemed to be ide-
ally suited for the generation of bimetallic halogeno-bridged
complexes by using compounds of type A as reaction part-
ners.
First, we investigated reactions with [{(arene)RuX2}2]


complexes (arene=cymene, 1,3,5-C6H3iPr3; X=Cl, Br).
Mixing two equivalents of 8 or 9 with one equivalent of
[{(arene)RuX2}2] in chloroform gave 13±17 (Table 1). The
reactions, which are entropically favored due to the libera-
tion of two solvent molecules, were quantitative and fast (<
2 min). This was shown by in situ NMR experiments in


CDCl3. The reaction scheme is
very general, since it tolerates
substitution of the allyl ligand
(13 versus 14), substitution of
the halogeno ligand (13 versus
15), substitution of the arene
ligand (14 versus 16), and use
of Mo or W (16 versus 17).
By using [{Cp*MX2}2] (M=


Rh, Ir; X=Cl, Br) instead of
[{(arene)RuX2}2], the heterobi-
metallic complexes 18±22 were
obtained (Table 1). Reactions
with [{Cp*RhX2}2] can be car-
ried out in a similar fashion as
for the [{(arene)RuX2}2] com-
plexes, but it is advantageous to
perform the reactions with
[{Cp*IrCl2}2] in CH2Cl2 because
the starting material is slightly
more soluble in this solvent.
The reactions of [MCl(C4H7)-


(CO)2(CH3CN)2] (M=Mo (8),
W (9)] with the ruthenium car-
bonyl complexes [(dcypb)-
(CO)RuCl2]2 (4, dcypb=1,4-
bis(dicyclohexylphosphanyl)bu-


tane) and [{(CO)3RuCl2}2] (5) gave heterobimetallic com-
plexes 23±26 (Table 1). Again, the reactions were fast and
quantitative, as evidenced by in situ 1H NMR spectroscopy
(CDCl3). Interestingly, the heterobimetallic carbonyl com-
plexes 23 and 24 have significantly higher solubility in non-
polar organic solvents than the starting materials 5, 8, and 9.
For example, 23 can be crystallized from hexane, whereas 5
and 8 have very low solubility in this solvent.
For the dcypb complexes 25 and 26, two isomers are pos-


sible which differ in the relative positions of the CO and


Scheme 1. General methods to synthesize bimetallic complexes with three halogeno bridges (S= solvent or
labile ligand).


Table 1. Composition and selected IR spectroscopic data for the MX(al-
lyl)(CO)2 (M=Mo, W; X=Cl, Br) complexes 13±26.


Complex Fragment A Fragment B nM�CO [cm
�1]


13 {(cymene)RuCl2} {MoCl(C3H5)(CO)2} 1938, 1845
14 {(cymene)RuCl2} {MoCl(C4H7)(CO)2} 1929, 1827
15 {(cymene)RuBr2} {MoBr(C3H5)(CO)2} 1948, 1844
16 {(1,3,5-C6H3iPr3)-


RuCl2}
{MoCl(C4H7)(CO)2} 1940, 1865


17 {(1,3,5-C6H3iPr3)-
RuCl2}


{WCl(C4H7)(CO)2} 1934, 1853


18 {Cp*RhCl2} {MoCl(C4H7)(CO)2} 1934, 1839
19 {Cp*RhBr2} {MoBr(C3H5)(CO)2} 1933, 1843
20 {Cp*IrCl2} {MoCl(C3H5)(CO)2} 1933, 1842
21 {Cp*IrCl2} {MoCl(C4H7)(CO)2} 1938, 1844
22 {Cp*RhCl2} {WCl(C4H7)(CO)2} 1925, 1823
23 {(CO)3RuCl2} {MoCl(C4H7)(CO)2} 2143, 2061, 1923,


1834
24 {(CO)3RuCl2} {WCl(C4H7)(CO)2} 2143, 2061, 1947,


1838
25 {(dcypb)(CO)RuCl2} {MoCl(C4H7)(CO)2} 1936 (br), 1838
26 {(dcypb)(CO)RuCl2} {WCl(C4H7)(CO)2} 1923 (br), 1828
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allyl ligands. However, only one isomer is observed by
NMR spectroscopy (1H, 13C, 31P; C6D6). Since one singlet is
observed for the two phosphorus atoms in 25 and 26, the
two atoms must be chemically equivalent, that is, the isomer
with Cs symmetry is formed. This was confirmed by X-ray
crystallography (see below).
Investigations on reactions catalyzed by heterobimetallic,


halogeno-bridged complexes have shown that the catalytic
activity of one metal fragment is modulated by the other by
both steric and electronic effects.[5] It was therefore of inter-
est to determine the structural changes that occur on vary-
ing important parameters (e.g., nature of the metal, size and
nature of the ligands, nature of the halogeno bridge). The
bimetallic complexes obtained were thus comprehensively
studied by single-crystal X-ray analyses.
Crystallographic data were obtained for 13, 15±19, 22, 23,


and 25. To best of our knowledge, they are the first structur-
ally characterized heterobimetallic compounds with M’(m-
X)3M units (M=Mo, W; X=Cl, Br; M’¼6 M). The molecular
structures of 15, 22, 23, and 25 in the crystal are depicted in
Figure 1 (for crystallographic details of 13 and 16±19, see
Table 2). As expected, the {(p-ligand)M’}, {(CO)3Ru}, and
{(dcypb)(CO)Ru} fragments are connected by three halo-
geno bridges to the {M(allyl)(CO)2} fragments. The Mo�Cl
and W�Cl distances involving the chloro ligands trans to the


allyl ligand are generally shorter than the other two M�Cl
distances involving the chloro ligands trans to the carbonyl
ligands (Table 2). This corresponds to what has been ob-
served for complexes with the bimetallic anions [(allyl)-
(CO)2Mo(m-Cl)3Mo(CO)2(allyl)]


� and [(allyl)(CO)2Mo-
(m-Cl)3Mo(CO)2(allyl)]


� .[12a,14] The Ru�X and Rh�X bond
lengths, in contrast, are all in the same range for a given
complex. Substitution of the arene or allyl ligand and an ex-
change of Mo for W has only a small effect on the core
structure of the binuclear complexes, as evidenced by the
very similar structural parameters of the {(arene)RuCl2}
complexes 13, 16, and 17 (Table 2). For all complexes, a
metal±metal bond can be excluded, because the Ru/Rh and
the Mo/W atoms are 3.34±3.52 ä apart from each other. The
shortest M¥¥¥M distance is found in the Ru(CO)3 complex 23
(Ru¥¥¥Mo 3.343(1) ä). This is probably due to the trans influ-
ence of the CO ligands, which leads to slightly shorter Ru�
Cl bond lengths relative to the (p-ligand)Ru complexes 13,
16, and 17. As a consequence of the larger bromo ligand, 15
and 19 have the largest M¥¥¥M distances (3.520(1) and
3.428(2) ä).


Figure 1. Molecular structures of complexes 15, 22, 23, and 25 in the crys-
tal (ORTEP plots).
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Bimetallic complexes with {(arene)RuCl2} and {Cp*MCl2}
fragments (M=Rh, Ir): Acetone complex 7 is well suited
for the synthesis of bimetallic complexes containing {(are-
ne)RuCl2}, {Cp*RhCl2}, and {Cp*IrCl2} fragments.[5b] A
drawback of this approach, however, is the low solubility of
7 in common organic solvents. The rate-limiting step for the
formation of these complexes is dissolution of 7, which re-
quires 10±30 min and intensive stirring. For fast catalytic
screening with bimetallic complexes generated in situ, this
may be a disadvantage (e.g., the requirement for stirring
may result in a technical problem). We therefore investigat-
ed whether alternative, more soluble complexes can be used
instead of 7 (Scheme 2). Given the success of the reactions
with the molybdenum and tungsten precursors
[MCl(C4H7)(CO)2(CH3CN)2] (8, 9), we first examined the
reactivity of the ruthenium diacetonitrile complex 27


(Scheme 2). In contrast to the Mo and W complexes, the
acetonitrile ligands in 27 are rather inert, although they are
known to be partially lost on recrystallization of the com-
plex.[15] When [{(cymene)RuCl2}2] and two equivalents of 27
were dissolved in CD2Cl2, more than 50% of the starting
material could still be observed after 1 h according to the
31P NMR spectrum of the mixture. After a longer time, new


peaks were observed in the 31P NMR spectrum, none of
which corresponded to the desired product 28. Complex 27
was therefore disregarded as a starting material.
We then investigated the reactivity of formanilide com-


plex 10, which can be obtained in crystalline form and good
yield by reaction of [RuCl2(PPh3)3] with formanilide.[16] In
contrast to 7, 10 has moderate to good solubility in organic
solvents such as dichloromethane, and its reactions with
[{(cymene)RuCl2}2] and [{(1,3,5-C6H3Et3)RuCl2}2] gave 28
and 29 (Scheme 2). As in the case of 7, the reaction pro-
ceeds in quantitative yield with liberation of the O-donor
ligand. Complex 10 therefore seems to be an ideal starting
material for syntheses of bimetallic complexes containing
the {RuCl2(PPh3)2} fragment.
Given the importance of chelating phosphane ligands in


ruthenium-catalyzed reactions, we were interested in meth-
ods which allow the synthesis of bimetallic complexes con-
taining such fragments. Pregosin et al. recently reported a
bimetallic complex in which a {(cymene)RuCl2} fragment is
connected by chloro bridges to a {(Binap*)RuCl2} fragment
(Binap*=alkyl-substituted 2,2’-bis(diphenylphosphanyl)-
1,1’-binaphthyl).[17] We have shown that [(cymene)Ru-
(m-Cl)3Ru(dppb)Cl] (31, dppb=1,4-bis(diphenylphospha-
nyl)butane) can be obtained by reaction of [RuCl2-
(dppb)(PPh3)] with [{(cymene)RuCl2}2].


[5b] This method has
the disadvantage that [(cymene)RuCl2(PPh3)] is formed as a
side product which must be separated by fractional crystalli-
zation.
Compounds 36 and 12 can be regarded as solvent-stabi-


lized RuCl2(dppb) complexes. The benzonitrile ligands of 36
are labile: in solution, 36 dimerizes with liberation of
PhCN.[18] However, as was observed for 27, the reaction of
[{(arene)RuCl2}2] with two equivalents of 36 in CDCl3 gives
a number of unidentified side products. When the reactions
were performed in benzene under reflux, on the other hand,
the desired products (e.g., 30) were formed in nearly quanti-
tative yield after 1 h (Scheme 3). Unfortunately, similar re-
actions with [{Cp*RhCl2}2] and [{Cp*IrCl2}2] gave unidenti-
fied side products. This strongly limits the versatility of 36 as
a starting material. However, bimetallic complex 12 proved
to be ideally suited for this purpose. Reactions with [{(are-
ne)RuCl2}2] or [{Cp*MCl2}2] (M=Rh, Ir) gave 30±32 rapidly


Table 2. Selected interatomic distances [ä] for the MX(allyl)(CO)2 complexes 13, 15±19, 22, 23, and 25.


Complex M�X1 M�X2 M�X3 M’�X[a] M�C1 M�C2 M�C3 M¥¥¥M’


13 2.595(1) 2.619(1) 2.510(1) 2.44 2.308(4) 2.206(4) 2.328(4) 3.395(1)
15 2.764(1) 2.732(1) 2.649(1) 2.56 2.328(8) 2.211(8) 2.320(8) 3.520(1)
16 2.594(3) 2.595(3) 2.512(3) 2.42 2.305(13) 2.180(14) 2.307(12) 3.393(3)
17 2.572(6) 2.594(6) 2.504(6) 2.43 2.29(2) 2.17(3) 2.30(2) 3.403(6)
18 2.597(4) 2.597(4) 2.536(4) 2.43 2.290(15) 2.232(20) 2.290(15) 3.366(4)
19 2.753(1) 2.748(2) 2.667(2) 2.56 2.326(12) 2.177(10) 2.312(11) 3.482(2)
22 2.590(5) 2.590(5) 2.544(7) 2.46 2.318(19) 2.24(3) 2.318(19) 3.398(5)
23 2.623(1) 2.605(1) 2.569(1) 2.41 2.304(5) 2.229(4) 2.317(5) 3.343(1)
25 2.613(2) 2.598(2) 2.500(2) 2.47 2.309(10) 2.255(10) 2.311(9) 3.423(2)


[a] Average values.


Scheme 2. Different methods to connect (arene)RuCl2 complexes with
the {Ru(PPh3)2Cl2} fragment.
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(<2 min) and in quantitative yield. In solution, 12 is known
to form the electronically unsaturated dimer
[Cl(dppb)Ru(m-Cl)2Ru(dppb)Cl] by liberation of the weakly
bound water ligand.[19] This dimer likely undergoes a fast
metathesis reaction with the chloro-bridged half-sandwich
complexes. The driving force for shifting the metathesis
equilibrium completely towards the products 30±32 is the
formation of electronically saturated complexes with three
chloro bridges.
In reactions with chloro-bridged half-sandwich complexes


of Ru, Rh, and Ir, dinitrogen complex 11 displayed a reac-
tivity similar to that of 12 : bimetallic complexes 33±35 were
formed without side products under release of dinitrogen
(Scheme 3, Table 3). Although 11 is reported to decompose
in halogenated solvents,[20] 33±35 can be prepared and ana-
lyzed in CH2Cl2 and CDCl3, respectively.
The structures of complexes 29, 30, 31, and 35 in the crys-


tal are depicted in Figure 2 (for structural data of 28 see
Table 4). The {(p-ligand)M} fragments are coordinated
through three chloro bridges to the {RuCl(PRR2)2} frag-
ments. The Ru�Cl bonds of the bridging chloro ligands
(2.49±2.54 ä) are longer than the Ru�Cl bond of the termi-
nal chloro ligand (2.36±2.40 ä). In the PPh3 complexes 28
and 29, the octahedral geometry around the Ru atom is
slightly distorted due to an enlarged angle between the steri-


cally demanding PPh3 groups (P1-Ru1-P2 98.90, 99.498). In
the complexes with chelating dppb (30 and 31) and dcypb li-
gands (35), however, the P1-Ru1-P2 angle is closer to what
is expected for an octahedral geometry (Table 4). In all com-


Scheme 3. Synthesis of bimetallic complexes with {Ru(dppb)Cl2} and
{Ru(dcypb)Cl2} fragments.


Table 3. Composition and 31P NMR spectroscopic data (CDCl3) for the
(arene)RuCl2 and Cp*MCl2 (M=Rh, Ir) complexes 28±35.


Complex Fragment A Fragment B d [ppm]


28 {(cymene)RuCl2} {(PPh3)2RuCl2} 50.3[a,b]


29 {(1,3,5-C6H3iPr3)RuCl2} {(PPh3)2RuCl2} 49.8[b]


30 {(1,3,5-C6H3Et3)RuCl2} {(dppb)RuCl2} 54.3
31 {Cp*RhCl2} {(dppb)RuCl2} 54.5
32 {Cp*IrCl2} {(dppb)RuCl2} 56.5
33 {(cymene)RuCl2} {(dcypb)RuCl2} 51.6
34 {Cp*RhCl2} {(dcypb)RuCl2} 50.7
35 {Cp*IrCl2} {(dcypb)RuCl2} 53.1


[a] From reference [11]. [b] In CD2Cl2.


Figure 2. Molecular structures of complexes 29±31 and 35 in the crystal
(ORTEP plots).


Table 4. Selected interatomic distances [ä] and angles [8] for 28±31 and 35.


Complex Ru�Clbr[a] Ru-�Clt Ru�P Ru�P’ P-Ru-P’ P-Ru-Clt
[a] M¥¥¥Ru


28 2.49 2.364(3) 2.283(3) 2.292(3) 98.90(12) 91.68 3.331(3)
29 2.50 2.389(1) 2.275(2) 2.295(2) 99.49(5) 91.45 3.360(2)
30 2.50 2.381(1) 2.240(1) 2.269(1) 93.97(5) 91.74 3.326(1)
31 2.50 2.399(1) 2.258(1) 2.252(1) 93.65(5) 93.25 3.273(1)
35 2.54 2.395(2) 2.273(2) 2.275(2) 92.95(8) 92.95 3.357(2)


[a] Average values; br=bridging, t= terminal.
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plexes, the plane defined by the arene p ligand is almost
parallel to that defined by the bridging chloro ligands.


Bimetallic complexes with {(CO)L2RuX2} (L=CO, PR3)
fragments : Finally, we investigated whether ruthenium car-
bonyl complexes 4 and 5 can be combined with ruthenium±
phosphane complexes 10±12. Trichloro-bridged complexes
37±40 were obtained simply by mixing equal amounts of the
respective starting materials. Again, entropy appears to be a
driving force for the reactions, since weakly coordinated li-
gands such as water or dinitrogen are released in all cases.


For 38±40, two isomers are possible (Scheme 4). Contrary
to what was observed for 25 and 26, only C1-symmetric iso-
mer B was formed in all cases. This was evidence by the
31P NMR spectra (C6D6) of 38±40, which display four dou-


blets corresponding to the four chemically distinct P atoms.
The same stereochemistry was found for the structurally re-
lated PPh3 complexes [(PPh3)2ClRu(m-Cl)3Ru(PF3)-
(PPh3)2]


[21] and [(PPh3)2ClRu(m-Cl)3Ru(CE)(PPh3)2] (E=O,
S),[22] for some bimetallic dppb complexes [(dppb)ClRu-
(m-Cl)3Ru(L)(dppb)] (L=H2, C2H4, pyridine),


[19] and for the
starting material 11.[20]


The molecular structure of 40 is displayed in Figure 3.
The geometry around both ruthenium atoms can be de-
scribed as slightly distorted octahedral with P-Ru-P angles of
95.23(8)8 for the {RuCl(dcypb)} fragment and 93.79(9)8 for
the {Ru(CO)(dcypb)} fragment. The Ru�Cl and Ru�P dis-
tances are within the expected ranges. A structurally related
alkylidene complex having a CHCH=CMe2 ligand instead of
the CO ligand was recently described by Fogg et al.[23]


Conclusion


We have presented methods for the synthesis of homo- and
heterobimetallic complexes in a combinatorial fashion. The
underlying reactions are general, fast, and give defined
products with substantial structural diversity in quantitative
yield. Although only selected members of the library were
synthesized, many more could be generated by using com-
plexes of types A and B as starting materials. Furthermore,
structurally related complexes such as [{(PR3)2(CO)RuCl2}2]
(analogous to 4, type A) are expected to display a similar
reactivity which would allow the diversity to be expanded
even further. For applications in the field of combinatorial
catalysis, it is also of importance that the bimetallic com-
plexes can be synthesized in situ without prior purification,
which considerably facilitates screening assays.
A first application in combinatorial catalysis was recently


reported by us.[6] A library of 66 catalyst precursors was gen-
erated in situ by mixing chloro-bridged complexes of RuII,
RuIII, RuIV, RhI, RhIII, IrI, IrIII, PdII, and PtII with the RuII±
phosphane complexes 7, 11, and 12. Using the addition of
CCl4 to styrene as a benchmark reaction for atom-transfer
radical additions (ATRA), we identified two chloro-bridged
Rh±Ru complexes which show an exceptionally high activity
(41 and 42, Scheme 5). With an initial TOF of 1200 h�1 and


Scheme 4. Schematic representation of the two possible isomers for com-
plexes of the type [(PR3)2ClRu(m-Cl)3Ru(CO)(PR3)2].


Figure 3. Molecular structure of complex 40 in the crystal (ORTEP plot).


Scheme 5. Atom-transfer radical addition of CCl4 to olefins catalyzed by
the RhIII±RuII complex 41 or the RhI±RuII complex 42.
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a maximum TON of 4500, they are among the best ATRA
catalysts described so far. Furthermore, these new catalysts
tolerate the use of water-containing solvents and give excel-
lent yields for difficult substrates such as octene. Both cata-
lysts precursors contain the Rh(m-Cl)3Ru structural motif,
and the investigations described here provide the foundation
to explain the formation of these heterometallic complexes.
The above-mentioned application clearly demonstrates


the potential of halogeno-bridged heterometallic complexes
in homogeneous catalysis. Note, however, that this class of
compounds is less suited for catalytic reactions with sub-
strates that act as strong donor ligands (e.g., CO), because
cleavage of the halogeno bridge is expected. Despite this
limitation, we believe that libraries of homo- and heterobi-
metallic halogeno-bridged complexes will increasingly be
used for the discovery of new transition-metal catalysts.


Experimental Section


General : All complexes were synthesized under an atmosphere of dry di-
nitrogen or argon by using standard Schlenk techniques. [MoX(C3H4R)-
(CO)2(CH3CN)2] (X=Cl, Br; R=H, CH3), [WX(C3H4R)(CO)2-
(CH3CN)2] (X=Cl, Br; R=H, CH3),


[24] [{Cp*RhCl2}2],
[25] [{Cp*RhBr2}2],


[11]


[{Cp*IrCl2}2],
[25] [{(cymene)RuCl2}2],


[26] [{(cymene)RuBr2}2],
[11] [{(1,3,5-


C6H3R3)RuCl2}2] (R=Me, Et, iPr),[27] [{(dcypb)(CO)RuCl2}2],
[28]


[RuCl2(CH3CN)2(PPh3)2],
[29] [RuCl2(PhCN)2(dppb)],


[18] [(dppb)ClRu-
(m-Cl)2(m-OH2)RuCl(dppb)],


[19] [(dcypb)(N2)Ru(m-Cl)3RuCl(dcypb)],
[20]


[(PPh3)2ClRu(m-Cl)2(m-PhNHCHO-O,O)RuCl(PPh3)2],
[16] and [(PPh3)2


ClRu(m-Cl)3Ru(acetone)(PPh3)2]
[5b] were prepared according to literature


procedures. [{(CO)3RuCl2}2] and 1,4-bis(diphenylphosphanyl)butane
(dppb) were purchased from Acros, and 1,4-bis(dicyclohexylphosphanyl)-
butane (dcypb) was purchased from Aldrich. The 1H and 13C spectra were
recorded on a Bruker Advance DPX 400 or a Bruker Advance 200 spec-
trometer using the residual protonated solvents as internal standards. All
spectra were recorded at room temperature.


[(cymene)Ru(m-Cl)3Mo(CO)2(h
3-C3H5)] (13): [{(cymene)RuCl2}2] (25 mg,


41 mmol) and [MoCl(h3-C3H5)(CO)2(CH3CN)2] (25.4 mg, 82 mmol) in de-
gassed CHCl3 (4 mL) were stirred for 30 min. After evaporation of the
solvent under reduced pressure the product was washed with pentane
and dried under vacuum (yield of isolated compound: 92%). Orange
crystals were obtained by slow diffusion of pentane into a solution of 14
in benzene. IR: ñ=1938 (CO), 1845 cm�1 (CO); 1H NMR (200 MHz,
CDCl3): d=0.92 (d, 3J=10 Hz, 2H; CH2, allyl), 1.32 (d, 3J=7 Hz, 6H;
CH(CH3)2), 2.24 (s, 3H; CH3), 2.85 (sept,


3J=7 Hz, 1H; CH(CH3)2), 3.50
(d, 3J=6 Hz, 2H; CH2, allyl), 3.67 (m, 1H; CH, allyl), 5.31 (d, 3J=6 Hz,
2H; CH, cymene), 5.53 (d, 3J=6 Hz, 2H; CH, cymene); 13C NMR
(101 MHz, CDCl3): d=18.8, 22.2 (CH3), 31.2 (CH(CH3)2), 54.2 (CH2,
allyl), 74.1 (CH, allyl), 78.1, 79.5 (CH, cymene), 96.8, 101.2 (C, cymene),
228.2 (CO); elemental analysis (%) calcd for C15H19Cl3MoO2Ru¥H2O: C
32.60, H 3.83; found: C 32.63, H 3.56.


[(cymene)Ru(m-Cl)3Mo(CO)2(h
3-C4H7)] (14): The synthesis was per-


formed analogously to that of complex 13 using [MoCl(h3-
C4H7)(CO)2(CH3CN)2] (yield of isolated compound: 90%). IR: ñ =1929
(CO), 1827 cm�1 (CO); 1H NMR (200 MHz, CDCl3): d=0.82 (s, 2H;
CH2, allyl), 1.29 (d, 3J=7 Hz, 6H; CH(CH3)2), 1.98 (s, 3H; CH3, allyl),
2.23 (s, 3H; CH3, cymene), 2.82 (sept, 3J=7 Hz, 1H; CH(CH3)2), 3.16 (s,
2H; CH2, allyl), 5.31 (d, 3J=6 Hz, 2H; CH, cymene), 5.51 (d, 3J=6 Hz,
2H; CH, cymene); 13C NMR (101 MHz, C6D6/CD2Cl2 9:1): d=18.2, 21.9,
22.9 (CH3), 31.0 (CH(CH3)2), 53.2 (CH2, allyl), 78.1, 79.5 (CH, cymene),
84.5 (C, allyl), 95.9, 100.3 (C, cymene), 229.1 (CO); elemental analysis
(%) calcd for C16H21Cl3MoO2Ru: C 35.02, H 3.86; found: C 34.72, H
3.64.


[(cymene)Ru(m-Br)3Mo(CO)2(h
3-C3H5)] (15): The synthesis was per-


formed analogously to that of complex 13 using [{(cymene)RuBr2}2] and
[MoBr(h3-C3H5)(CO)2(CH3CN)2] (yield of isolated compound: 88%).


Red crystals were obtained by slow diffusion of pentane into a solution
of 15 in benzene. IR: ñ=1948 (CO), 1844 cm�1 (CO); 1H NMR
(200 MHz, CDCl3): d=0.91 (d, 3J=10 Hz, 2H; CH2, allyl), 1.29 (d, 3J=
7 Hz, 6H; CH(CH3)2), 2.26 (s, 3H; CH3), 2.88 (sept, 3J=7 Hz, 1H;
CH(CH3)2), 3.57 (d, 3J=6 Hz, 2H; CH2, allyl), 3.90 (m, 1H; CH, allyl),
5.27 (d, 3J=6 Hz, 2H; CH, cymene), 5.48 (d, 3J=6 Hz, 2H; CH,
cymene); 13C NMR (101 MHz, C6D6/CD2Cl2 9:1): d=18.8, 22.1 (CH3),
31.1 (CH(CH3)2), 52.5 (CH2, allyl), 73.8 (CH, allyl), 78.4, 78.6 (CH,
cymene), 95.8, 101.5 (C, cymene), 228.1 (CO); elemental analysis (%)
calcd for C15H19Br3MoO2Ru: C 26.97, H 2.87; found: C 27.14, H 2.83


[(1,3,5-C6H3iPr3)Ru(m-Cl)3Mo(CO)2(h
3-C4H7)] (16): The synthesis was


performed analogously to that of complex 13 using [{(1,3,5-C6H3iPr3)-
RuCl2}2] and [Mo(h3-C4H7)(CO)2(CH3CN)2Cl] (yield of isolated com-
pound: 85%). Orange crystals were obtained by slow diffusion of pen-
tane into a solution of 16 in benzene. IR: ñ=1940 (CO), 1865 cm�1


(CO); 1H NMR (200 MHz, CDCl3): d=0.78 (s, 2H; CH2, allyl), 1.30 (d,
3J=7 Hz, 18H; CH(CH3)2), 1.97 (s, 3H; CH3, allyl), 2.84 (sept, 3J=7 Hz,
3H; CH(CH3)2), 3.12 (s, 2H; CH2, allyl), 5.27 (s, 3H; C6H3);


13C NMR
(101 MHz, C6D6/CD2Cl2 9:1): d=22.1 (CH3, iPr), 22.7 (CH3, allyl), 31.6
(CH(CH3)2), 53.2 (CH2, allyl), 75.2 (CH, arene), 84.5 (C, allyl), 103.1 (C,
arene), 229.1 (CO); elemental analysis (%) calcd for
C21H31Cl3MoO2RuîH2O: C 39.60, H 5.22; found: C 39.91, H 4.98.


[(1,3,5-iPr3C6H3)Ru(m-Cl)3W(CO)2(h
3-C4H7)] (17): The synthesis was


performed analogously to that of complex 13 using [{(1,3,5-C6H3iPr3)-
RuCl2}2] and [WCl(h3-C3H4(CH3))(CO)2(CH3CN)2] (yield of isolated
compound: 88%). Red crystals were obtained by slow diffusion of pen-
tane into a solution of 17 in benzene. IR: ñ=1934 (CO), 1853 cm�1


(CO); 1H NMR (400 MHz, CDCl3): d=1.27 (s, 2H; CH2, allyl), 1.31 (d,
3J=7 Hz, 18H; CH(CH3)2), 2.13 (s, 3H; CH3, allyl), 2.85 (sept, 3J=7 Hz,
3H; CH(CH3)2), 2.94 (s, 2H; CH2, allyl), 5.30 ppm (s, 3H; C6H3);
13C NMR (101 MHz, CDCl3): d=21.5 (CH3, allyl), 22.3 (CH3, iPr), 31.5
(CH(CH3)2), 46.0 (CH2, allyl), 74.4 (CH, arene), 75.3 (C, allyl), 103.7 (C,
arene), 220.2 ppm (CO); elemental analysis (%) calcd for C21H31Cl3O2-
RuW¥1=3 CHCl3: C 34.32, H 4.23; found: C 34.56, H 4.17.


[Cp*Rh(m-Cl)3Mo(CO)2(h
3-C4H7)] (18): The synthesis was performed


analogously to that of complex 13 using [{Cp*RhCl2}2] and [MoCl(h3-
C4H7)(CO)2(CH3CN)2] (yield of isolated compound: 90%). Red crystals
were obtained by slow diffusion of pentane into a solution of 18 in ben-
zene. IR: ñ=1934 (CO), 1839 cm�1 (CO); 1H NMR (200 MHz, CDCl3):
d=0.88 (s, 2H; CH2, allyl), 1.67 (s, 15H; Cp*), 2.08 (s, 3H; CH3, allyl),
3.18 ppm (s, 2H; CH2, allyl);


13C NMR (101 MHz, C6D6/CD2Cl2 9:1): d=
8.8 (Cp*), 22.7 (CH3, allyl), 53.8 (CH2, allyl), 84.2 (C, allyl), 94.2 (d,
1JRh,C=9 Hz, C5(CH3)5), 228.9 ppm (CO); elemental analysis (%) calcd
for C16H22Cl3MoO2Rh: C 34.84, H 4.02; found: C 34.93, H 4.03.


[Cp*Rh(m-Br)3Mo(CO)2(h
3-C3H5)] (19): The synthesis was performed


analogously to that of complex 13 using [{Cp*RhBr2}2] and [MoBr(h3-
C3H5)(CO)2(CH3CN)2] (yield of isolated compound: 89%). Red crystals
were obtained by slow diffusion of pentane into a solution of 19 in ben-
zene. IR: ñ=1933 (CO), 1843 cm�1 (CO); 1H NMR (200 MHz, CDCl3):
d=0.96 (d, 3J=10 Hz, 2H; CH2, allyl), 1.74 (s, 15H; Cp*), 3.61 (d, 3J=
7 Hz, 2H; CH2, allyl), 4.02 ppm (m, 1H; CH, allyl); 13C NMR (101 MHz,
C6D6/[D6]acetone 9:1): d=9.6 (Cp*), 53.1 (CH2, allyl), 73.4 (C, allyl),
95.9 (d, 1JRh,C=9 Hz, C5(CH3)5), 228.1 ppm (CO); elemental analysis (%)
calcd for C15H20Br3MoO2Rh¥CHCl3: C 24.32, H 2.68; found: C 24.89, H
2.87.


[Cp*Ir(m-Cl)3Mo(CO)2(h
3-C3H5)] (20): The synthesis was performed


analogously to that of complex 13 using [{Cp*IrCl2}2] (25 mg, 32 mmol),
[MoCl(h3-C3H5)(CO)2(CH3CN)2] (19.5 mg, 63 mmol), and CH2Cl2 (8 mL)
(yield of isolated compound: 94%). IR: ñ=1933 (CO), 1842 cm�1 (CO);
1H NMR (200 MHz, CDCl3): d=0.93 (d, 3J=10 Hz, 2H; CH2, allyl), 1.64
(s, 15H; Cp*), 3.57 (d, 3J=7 Hz, 2H; CH2, allyl), 3.97 ppm (m, 1H; CH,
allyl); 13C NMR (101 MHz, C6D6/CDCl3 9:1): d=9.0 (Cp*), 54.8 (CH2,
allyl), 74.8 (CH, allyl), 99.7 (C5(CH3)5), 229.1 ppm (CO); elemental anal-
ysis (%) calcd for C15H20Cl3IrMoO2¥H2O: C 27.94, H 3.44; found: C
27.45, H 2.99.


[Cp*Ir(m-Cl)3Mo(CO)2(h
3-C4H7)] (21): The synthesis was performed


analogously to that of complex 20 using [MoCl(h3-C4H7)(CO)2(CH3CN)2]
(yield of isolated compound: 85%). IR: ñ=1938 (CO), 1844 cm�1 (CO);
1H NMR (200 MHz, CDCl3): d=0.85 (s, 2H; CH2, allyl), 1.6 (s, 15H;
Cp*), 2.09 (s, 3H; CH3, allyl), 3.21 ppm (s, 2H; CH2, allyl);


13C NMR
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(101 MHz, C6D6/CDCl3 9:1): d=8.9 (Cp*), 23.2 (CH3, allyl), 53.9 (CH2,
allyl), 85.7 (CH, allyl), 99.6 (C5(CH3)5), 229.7 ppm (CO); elemental anal-
ysis (%) calcd for C16H22Cl3IrMoO2: C 29.99, H 3.46; found: C 29.56, H
3.11.


[Cp*Rh(m-Cl)3W(CO)2(h
3-C4H7)] (22): The synthesis was performed


analogously to that of complex 13 using [{Cp*RhCl2}2] and [WCl(h3-
C4H7)(CO)2(CH3CN)2] (yield of isolated compound: 90%). Red crystals
were obtained by slow diffusion of pentane into a solution of 22 in ben-
zene. IR: ñ=1925 (CO), 1823 cm�1 (CO); 1H NMR (400 MHz, CDCl3):
d=1.37 (s, 2H; CH2, allyl), 1.69 (s, 15H; Cp*), 2.24 (s, 3H; CH3, allyl),
2.99 ppm (s, 2H; CH2, allyl);


13C NMR (101 MHz, CDCl3): d=9.4 (Cp*),
21.4 (CH3, allyl), 46.8 (CH2, allyl), 77.2 (C, allyl), 95.0 (d, 1JRh,C=9 Hz,
C5(CH3)5), 219.7 ppm (CO); elemental analysis (%) calcd for
C16H22Cl3O2RhW: C 30.05, H 3.47; found: C 29.79, H 3.24.


[(CO)3Ru(m-Cl)3Mo(CO)2(h
3-C4H7)] (23): [{(CO)3RuCl2}2] (80 mg,


156 mmol) and [MoCl(h3-C4H7)(CO)2(CH3CN)2] (101 mg, 312 mmol) in
degassed CH2Cl2 (4 mL) were stirred for 30 min. After removal of the
solvent under reduced pressure, the product was heated to reflux in
hexane (10 mL). After 30 min, heating was stopped and the solution was
placed in a refrigerator (5 8C). After one day, orange crystals had formed
(yield of isolated compound: 88%). IR: ñ=1834 (CO), 1923 (CO), 2061
(CO), 2143 cm�1 (CO); 1H NMR (400 MHz, C6D6): d=0.88 (s, 2H; CH2),
1.99 (s, 3H; CH3), 3.22 ppm (s, 2H; CH2);


13C NMR (101 MHz, C6D6):
d=22.3 (CH3), 53.6 (CH2), 85.7 (C), 181.7 (CO, Ru), 227.8 ppm (CO,
Mo); elemental analysis (%) calcd for C9H7Cl3MoO5Ru¥CH3CN: C 24.49,
H 1.87, N 2.60; found: C 24.86, H 1.95, N 2.95.


[(CO)3Ru(m-Cl)3W(CO)2(h
3-C4H7)] (24): The synthesis was performed


analogously to that of complex 23 using [WCl(h3-C4H7)(CO)2(CH3CN)2]
(yield of isolated compound: 90%). IR: ñ=1838 (CO), 1947 (CO), 2061
(CO), 2143 cm�1 (CO); 1H NMR (400 MHz, C6D6): d=1.59 (s, 2H; CH2),
2.17 (s, 3H; CH3), 3.12 ppm (s, 2H; CH2);


13C NMR (101 MHz, C6D6):
d=21.4 (CH3), 46.3 (CH2), 76.5 (C), 181.6 (CO, Ru), 218.3 ppm (CO,


W); elemental analysis (%) calcd for C9H7Cl3O5RuW¥CH3CN: C 21.06,
H 1.61, N 2.23; found: C 21.38, H 1.76, N 2.73.


[(dcypb)(CO)Ru(m-Cl)3Mo(CO)2(h
3-C4H7)] (25): [{(dcypb)(CO)RuCl2}2]


(40 mg, 31 mmol) and [MoCl(h3-C4H7)(CO)2(CH3CN)2] (20 mg, 61 mmol)
in degassed C6H6 (8 mL) were stirred for 30 min. After evaporation of
the solvent under reduced pressure, the product was washed with pen-
tane and dried under vacuum (yield of isolated compound: 92%). Yellow
crystals were obtained by slow diffusion of pentane into a solution of 25
in benzene. IR: ñ=1838 (CO), 1936 cm�1 (br, CO); 1H NMR (400 MHz,
C6D6): d=1.10 (s, 2H; CH2), 1.50±2.33 (m, 52H; dcypb), 2.42 (s, 3H;
CH3), 3.46 ppm (s, 2H; CH2);


13C NMR (101 MHz, C6D6): d=26.9 (CH3),
27±44.5 (m, dcypb), 57.1 (CH2, allyl), 88.2 (CH, allyl), 197.3 (CO),
228.2 ppm (CO); 31P NMR (162 MHz, C6D6): d=45.6 ppm (s); elemental
analysis (%) calcd for C35H59Cl3MoO3P2Ru¥


2=3 C6H6: C 45.34, H 6.15;
found: C 45.81, H 5.73.


[(dcypb)(CO)Ru(m-Cl)3W(CO)2(h
3-C4H7)] (26): The synthesis was per-


formed analogously to that of complex 25 using [WCl(h3-
C4H7)(CO)2(CH3CN)2] (yield of isolated compound: 94%). IR: ñ=1828
(CO), 1923 cm�1 (br, CO); 1H NMR (400 MHz, C6D6): d=1.72 (s, 2H;
CH2), 1.11±1.67 (m, 36H; dcypb), 2.62 (s, 3H; CH3), 1.80±2.40 (m, 16H;
dcypb), 3.36 ppm (s, 2H; CH2);


13C NMR (101 MHz, C6D6): d=d=25.8
(CH3, allyl), 27±44.7 (m, dcypb), 49.9 (CH2, allyl), 78.9 (CH, allyl), 195.1
(CO), 224.5 ppm (CO); 31P NMR (162 MHz, C6D6): d=46.8 ppm (s); ele-
mental analysis (%) calcd for C35H59Cl3O3P2RuW¥H2O: C 42.08, H 6.15;
found: C 42.15, H 6.51.


[(cymene)Ru(m-Cl)3Ru(PPh3)2Cl] (28): Method A: [{(cymene)RuCl2}2]
(18 mg, 30 mmol) and [(PPh3)2ClRu(m-Cl)2(m-PhNHCHO-O,O)-
RuCl(PPh3)2] (45 mg, 30 mmol) in degassed CH2Cl2 (8 mL) were stirred
for 30 min. After evaporation of the solvent under reduced pressure, the
product was washed with pentane and dried under vacuum (yield of iso-
lated compound: 95%). Method B: [(PPh3)2ClRu(m-Cl)3Ru(ace-
tone)(PPh3)2] (50 mg, 33 mmol) and [{(cymene)RuCl2}2] (20 mg, 33 mmol)


Table 5. Crystallographic data for complexes 13, and 15±18.


13 15 16 17 18


empirical formula C15H19Cl3MoO2Ru C15H19Br3MoO2Ru C21H31Cl3MoO2Ru C21H31Cl3WO2Ru C16H22Cl3MoO2Rh
M [gmol�1] 534.66 668.04 618.82 706.73 551.54
crystal size [mm] 0.25î0.22î0.16 0.30î0.25î0.18 0.22î0.15î0.13 0.16î0.10î0.08 0.15î0.10î0.08
crystal system monoclinic monoclinic triclinic triclinic orthorhombic
space group P21/n P21/n P1≈ P1≈ Pnma
a [ä] 7.8477(6) 7.8988(6) 10.723(4) 10.663(3) 19.651(10)
b [ä] 12.265(3) 12.4468(11) 14.432(5) 14.2887(17) 12.183(8)
c [ä] 18.756(4) 19.0832(18) 15.800(5) 15.809(5) 8.334(3)
a [8] 90 90 89.60(3) 89.656(16) 90
b [8] 93.596(11) 92.332(7) 87.46(3) 87.12(3) 90
g [8] 90 90 89.41(3) 89.321(17) 90
V [ä3] 1801.7(6) 1874.6(3) 2442.6(14) 2405.5(11) 1995.2(17)
Z 4 4 4 4 4
1 [gcm�3] 1.971 2.367 1.683 1.951 1.836
T [K] 140(2) 140(2) 293(2) 140(2) 293(2)
absorption coefficient [mm�1] 1.981 7.871 1.474 5.754 1.862
V range [8] 3.32±25.02 3.44±25.03 3.27 to 25.03 3.29 to 25.02 3.62±25.02
index ranges
h �8 to 8 �9 to 9 �12 to 12 �12 to 12 �23 to 23
k �14 to 14 �14 to 14 �16 to 17 �16 to 16 �14 to 14
l �20 to 22 �22 to 22 �18 to 18 �18 to 18 �9 to 9
reflections collected 10053 10832 14879 14605 11232
independent reflections 3056 (Rint=0.0386) 3221 (Rint=0.0546) 8102 (Rint=0.0519) 7965 (Rint=0.0807) 1837 (Rint=0.1596)
absorption correction empirical empirical empirical empirical empirical
max./min. transmission 0.7110/0.2560 0.8200/0.4520 0.7160/0.2630 0.574/0.109 0.6070/0.1360
data/restraints/parameters 3056/0/200 3221/0/199 8102/0/515 7965/0/505 1837/57/116
GOF on F2 1.116 1.095 1.036 1.066 1.093
final R indices [I>2s(I)]
R1 0.0343 0.0388 0.0662 0.1016 0.0807
wR2 0.0820 0.0784 0.1597 0.2737 0.2249
R indices (all data)
R1 0.0413 0.0664 0.0923 0.1118 0.1135
wR2 0.0926 0.0851 0.1700 0.2788 0.2576
largest diff. peak/hole [eä�3] 0.632/�0.594 0.684/�0.725 1.214/�0.848 2.857/�3.005 0.974/�0.717
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in degassed CH2Cl2 (5 mL) were stirred for 30 min at room temperature.
The solvent was then removed under reduced pressure and the product
washed with Et2O (10 mL) and dried under vacuum (yield of isolated
compound: 93%). Crystals were obtained by slow diffusion of pentane
into a solution of 28 in THF. The spectroscopic and analytical data were
identical to those previously published for this compound.[5b]


[(1,3,5-C6H3iPr3)Ru(m-Cl)3Ru(PPh3)2Cl] (29): [(PPh3)2ClRu(m-Cl)3Ru-
(acetone)(PPh3)2] (151 mg, 100 mmol) and [{(1,3,5-C6H3iPr3)RuCl2}2]
(75 mg, 100 mmol) in degassed CH2Cl2 (10 mL) were stirred for 30 min at
room temperature. The solvent volume was then reduced to one half and
the concentrated solution was poured into pentane (50 mL) to precipitate
of the complex. The product was collected by filtration, washed with
Et2O, and dried under vacuum (yield of isolated compound: 87%). Crys-
tals were obtained by slow diffusion of pentane into a solution of 29 in
C6H6/CD2Cl2 (1:1).


1H NMR (400 MHz, CD2Cl2): d=1.25 (d, 3J=6.9 Hz,
18H; CH(CH3)2), 2.80 (sept, 3J=6.9, 3H; CH(CH3)2), 5.27 (s, 3H; CH),
7.00±7.32 ppm (m, 30H; Ph); 13C NMR (101 MHz, CD2Cl2): d=22.51
(CH(CH3)2), 31.47 (CH(CH3)2), 75.1 (CH), 102.5 (C), 136.8±166.7 ppm
(Ph); 31P NMR (162 MHz, CD2Cl2): d=49.8; elemental analysis (%)
calcd for C51H54Cl4P2Ru2 (1072.87): C 57.09, H 5.07; found: C 57.26, H
5.06.


[(1,3,5-C6H3Et3)Ru(m-Cl)3Ru(dppb)Cl] (30): [{(1,3,5-C6H3Et3)RuCl2}2]
(25 mg, 41 mmol) and [(dppb)ClRu(m-Cl)2(m-OH2)RuCl(dppb)] (50 mg,
41 mmol) in degassed CHCl3 (4 mL) were stirred for 30 min. After evapo-
ration of the solvent under reduced pressure, the product was dried
under vacuum (yield of isolated compound: 92%). Red crystals were ob-
tained by slow diffusion of pentane into a solution of 30 in benzene.
1H NMR (400 MHz, CDCl3): d=1.18 (t, 3J=7 Hz, 9H; CH2CH3), 1.25
(m, 2H; CH2), 1.82 (m, 2H; CH2), 2.08 (m, 2H; CH2), 2.41 (q, 3J=7 Hz,
6H; CH2CH3), 3.19 (m, 2H; CH2), 5.11 (s, 3H; C6H3), 7.24±7.46 ppm (m,
20H; Ph); 13C NMR (101 MHz, CDCl3): d=13.6 (CH3, Et), 22.9 (CH2,
dppb), 26.2 (CH2, Et), 30.1±30.5 (m, CH2, dppb), 76.5 (CH, arene), 99.5


(C, arene), 127.3±133.8 ppm (m, Ph); 31P NMR (162 MHz, CDCl3): d=
54.3 ppm (s); elemental analysis (%) calcd for C40H46Cl4P2Ru2¥


1=4CHCl3:
C 50.22, H 4.84; found: C 50.60, H 5.07.


[Cp*Rh(m-Cl)3Ru(dppb)Cl] (31): The synthesis was performed analo-
gously to that of complex 30 using [{Cp*RhCl2}2] (yield of isolated com-
pound: 90%). Red crystals were obtained by slow diffusion of pentane
into a solution of 31 in benzene. 1H NMR (400 MHz, CDCl3): d=1.29
(m, 2H; CH2), 1.55 (s, 15H; Cp*), 1.89 (m, 2H; CH2), 2.11 (m, 2H;
CH2), 3.25 (m, 2H; CH2), 7.20±7.56 ppm (m, 20H; Ph); 13C NMR
(101 MHz, CDCl3): d=9.1 (Cp*), 22.6 (CH2, dppb), 30.1±30.5 (m, CH2,
dppb), 93.1 (d, 1JRh,C=9 Hz, C5(CH3)5), 126.9±133.6 ppm (m, Ph);
31P NMR (162 MHz, CDCl3): d=54.5 ppm (s); elemental analysis (%)
calcd for C38H43Cl4P2RhRu¥


1=2 CHCl3: C 47.81, H 4.53; found: C 47.80, H
4.29.


[Cp*Ir(m-Cl)3Ru(dppb)Cl] (32): The synthesis was performed analogous-
ly to that of complex 30 using [{Cp*IrCl2}2] (yield of isolated compound:
94%). 1H NMR (400 MHz, CDCl3): d=1.32 (m, 2H; CH2), 1.50 (s, 15H;
Cp*), 1.92 (m, 2H; CH2), 2.13 (m, 2H; CH2), 3.28 (m, 2H; CH2), 7.21±
7.34 ppm (m, 20H; Ph); 13C NMR (101 MHz, CDCl3): d=9.0 (Cp*), 22.6
(CH2, dppb), 30.0±30.3 (m, CH2, dppb), 84.6 (C5(CH3)5), 127.0±133.9 ppm
(m, Ph); 31P NMR (162 MHz, CDCl3): d=56.5 ppm (s); elemental analy-
sis (%) calcd for C38H43Cl4IrP2Ru¥


1=2CHCl3: C 43.77, H 4.15; found: C
43.60, H 4.36.


[(cymene)Ru(m-Cl)3Ru(dcypb)Cl] (33): [{(cymene)RuCl2}2] (10 mg,
16 mmol) and [(dcypb)(N2)Ru(m-Cl)3RuCl(dcypb)] (20 mg, 16 mmol) in
degassed CH2Cl2 (4 mL) were stirred for 30 min. After evaporation of
the solvent under reduced pressure the product was dried under vacuum
(yield of isolated compound: 92%). 1H NMR (400 MHz, CDCl3): d=


1.10±1.40 (m, 14H; dcypb), 1.32 (d, 3J=7 Hz, 6H; CH(CH3)2), 1.50±2.00
(m, 30H; dcypb), 2.10±2.35 (m, 5H; dcypb), 2.28 (s, 3H; CH3), 2.45 (m,
2H; dcypb), 2.96 (sept, 3J=7 Hz, 1H; CH(CH3)2), 5.28 (d, 3J=6 Hz, 2H;
CH, cymene), 5.41 ppm (d, 3J=6 Hz, 2H; CH, cymene); 13C NMR


Table 6. Crystallographic data for 19, 22, 23, 25, and 28.


19 22 23 25 28


empirical formula C15H20Br3MoO2Rh C16H22Cl3O2RhW C9H7Cl3MoO5Ru C35H59Cl3MoO3P2Ru C46H44Cl4P2Ru2
M [gmol�1] 670.89 639.45 498.51 893.12 1002.69
crystal size [mm] 0.19î0.16î0.13 0.15î0.10î0.08 0.30î0.25î0.15 0.23î0.16î0.10 0.19î0.12î0.10
crystal system monoclinic orthorhombic triclinic orthorhombic triclinic
space group P21/n Pnma P1≈ Pna2(1) P1≈


a [ä] 14.708(7) 19.778(3) 6.8700(5) 22.605(7) 10.072(3)
b [ä] 9.9648(12) 11.7753(2) 14.749(3) 16.399(5) 12.099(5)
c [ä] 15.177(6) 8.6027(15) 15.157(3) 10.1964(10) 18.801(10)
a [8] 90 90 80.876(18) 90 91.17(4)
b [8] 118.23(4) 90 78.573(11) 90 100.77(4)
g [8] 90 90 89.817(11) 90 109.93(4)
V [ä3] 1959.8(12) 2003.5(5) 1485.6(5) 3779.8(16) 2107.2(16)
Z 4 4 4 4 2
1 [gcm�3] 2.274 2.120 2.229 1.569 1.580
T [K] 293(2) 140(2) 140(2) 140(2) 140(2)
absorption coefficient [mm�1] 7.601 6.965 2.408 1.062 1.079
V range [8] 3.75±25.02 3.58±25.02 3.31±25.03 2.96±25.02 3.29±25.02
index ranges
h �17 to 17 �23 to 23 �7 to 7 �26 to 26 �11 to 11
k �10 to 10 �12 to 12 �17 to 17 �19 to 19 �14 to 14
l �18 to 17 �10 to 10 �18 to 18 �12 to 11 �22 to 21
reflections collected 11157 11690 9648 23455 12838
independent reflections 3267 (Rint=0.0414) 1779 (Rint=0.1583) 4913 (Rint=0.0316) 6583 (Rint=0.0823) 6981 (Rint=0.0654)
absorption correction empirical empirical empirical empirical empirical
max./min. transmission 0.6480/0.1760 0.7870/0.3840 0.7000/0.2400 0.6470/0.1750 0.5100/0.0670
data/restraints/parameters 3267/0/200 1779/57/115 4913/0/344 6583/1/407 6981/0/488
GOF on F2 1.126 1.164 1.112 1.106 0.966
final R indices [I>2s(I)]
R1 0.0486 0.0879 0.0389 0.0518 0.0781
wR2 0.1389 0.1743 0.1081 0.1235 0.2036
R indices (all data)
R1 0.0675 0.1190 0.0430 0.0667 0.1283
wR2 0.1568 0.1865 0.1140 0.1358 0.2486
largest diff. peak/hole [eä�3] 0.853/�0.952 2.456/�2.479 0.734/�0.968 0.751/�0.773 1.166/�2.061
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(101 MHz, CDCl3): d=22.2, 23.4 (CH3), 26.6±28.9 (m, dcypb), 30.0
(CH(CH3)2), 37.6±37.8 (m, dcypb), 42.1±42.3 (m, dcypb), 78.2, 78.7 (CH,
cymene), 94.8, 100.9 ppm (C, cymene); 31P NMR (162 MHz, CDCl3): d=
51.6 (s); elemental analysis (%) calcd for C38H66Cl4P2Ru2: C 49.14, H
7.16; found: C 48.86, H 7.16.


[Cp*Rh(m-Cl)3Ru(dcypb)Cl] (34): The synthesis was performed analo-
gously to that of complex 33 using [{Cp*RhCl2}2] (yield of isolated com-
pound: 88%). 1H NMR (400 MHz, CDCl3): d=1.10±1.50 (m, 25H;
dcypb), 1.74 (s, 15H; Cp*), 1.85±2.10 (m, 11H; dcypb), 2.25±2.35 (m, 4H;
dcypb), 2.45 ppm (m, 2H; dcypb); 13C NMR (101 MHz, CDCl3): d=9.2
(Cp*), 23.4±30.0 (m, dcypb), 37.6±37.9 (m, dcypb), 41.7±41.9 (m, dcypb),
92.8 ppm (d, 1JRh,C=9 Hz, C5(CH3)5);


31P NMR (162 MHz, CDCl3): d=
50.7 ppm (s); elemental analysis (%) calcd for
C38H67Cl4P2RhRu¥


1=2 CH2Cl2¥
1=2 H2O: C 47.03, H 7.07; found: C 46.87, H


6.64.


[Cp*Ir(m-Cl)3Ru(dcypb)Cl] (35): The synthesis was performed analo-
gously to that of complex 33 using [{Cp*IrCl2}2] (yield of isolated com-
pound: 90%). Orange crystals were obtained by slow diffusion of pen-
tane into a solution of 35 in benzene. 1H NMR (400 MHz, CDCl3): d=
1.10±1.50 (m, 25H; dcypb), 1.60±2.10 (m, 11H; dcypb), 1.66 (s, 15H;
Cp*), 2.20±2.40 (m, 4H; dcypb), 2.45 ppm (m, 2H; dcypb); 13C NMR
(101 MHz, CDCl3): d=9.1 (Cp*), 21.8±29.9 (m, dcypb), 37.6±37.9 (m,
dcypb), 41.7±42.0 (m, dcypb), 84.5 ppm (Cp*); 31P NMR (162 MHz,
CDCl3): d=53.1 ppm (s); elemental analysis (%) calcd for C38H67Cl4Ir-
P2Ru: C 44.70, H 6.61; found: C 44.81, H 6.60.


[(CO)3Ru(m-Cl)3Ru(dppb)Cl] (37): [{(CO)3RuCl2}2] (12 mg, 23 mmol) and
[(dppb)ClRu(m-Cl)2(m-OH2)RuCl(dppb)] (28 mg, 23 mmol) in degassed
CH2Cl2 (4 mL) were stirred for 30 min (yield of isolated compound:
87%). IR: ñ=1991 (br, CO), 2055 (CO), 2131 cm�1 (CO); 1H NMR
(400 MHz, C6D6): d=1.13 (m, 2H; CH2), 1.96 (m, 4H; CH2), 3.30 (m,
2H; CH2), 6.99±8.07 ppm (m, 20H; Ph); 13C NMR (101 MHz, C6D6): d=
24.9±36.1 (m, CH2, dppb), 132.8±138.8 (m, CH2, dppb), 197.1 (CO),


197.4 ppm (CO); 31P NMR (162 MHz, C6D6): d=56.1 ppm (s); elemental
analysis (%) calcd for C31H28Cl4O3P2Ru2¥2H2O: C 41.81, H 3.62; found:
C 42.13, H 3.44.


[Cl(PPh3)2Ru(m-Cl)3Ru(dcypb)CO] (38): [{(dcypb)(CO)RuCl2}2] (34 mg,
26 mmol) and [(PPh3)2ClRu(m-Cl)2(m-PhNHCHO-O,O)RuCl(PPh3)2]
(40 mg, 26 mmol) in degassed CH2Cl2 (4 mL) were stirred for 30 min.
After evaporation of the solvent under reduced pressure the product was
washed with pentane and dried under vacuum (yield of isolated com-
pound: 90%). IR: ñ=1941 cm�1 (CO); 1H NMR (400 MHz, CDCl3): d=
0.99±2.56 (m, 52H; dcypb), 6.99±7.15 (m, 30H; Ph); 13C NMR (101 MHz,
CDCl3): d=19.5±40.7 (m, dcypb), 126.3±136.6 (m, Ph), 201.4 ppm (t,
2JC,P=15 Hz; CO); 31P NMR (162 MHz, CDCl3): d=46.4 (d, 2JP,P=
36 Hz), 48.3 (d, 2JP,P=36 Hz), 49.2 (d, 2JP,P=24 Hz), 49.7 ppm (d, 2JP,P=
24 Hz); elemental analysis (%) calcd for C65H82Cl4OP4Ru2: C 57.95, H
6.14; found: C 57.73, H 6.49.


[Cl(dppb)Ru(m-Cl)3Ru(dcypb)CO] (39): The synthesis was performed
analogously to that of complex 37 using [(dppb)ClRu(m-H2O)-
(m-Cl)2RuCl(dppb)] (yield of isolated compound: 88%). IR: ñ=


1949 cm�1 (s) (CO); 1H NMR (400 MHz, C6D6): d=0.80±3.20 (m, 60H;
dcypb and CH2 of dppb), 6.50±8.20 ppm (m, 20H; dcypb); 13C NMR
(101 MHz, C6D6): d=24.3±44.4 (m, dcypb and CH2 of dppb), 130.8±147.6
(m, Ph), 206.3 ppm (t, 2JC,P=15 Hz; CO); 31P NMR (162 MHz, C6D6):
d=43.7 (d, 2JP,P=24 Hz), 47.4 (d, 2JP,P=24 Hz), 53.3 (d, 2JP,P=44 Hz),
55.1 ppm (d, 2JP,P=44 Hz); elemental analysis (%) calcd for C57H80Cl4O-
P4Ru2¥


1=2 CH2Cl2: C 53.47 H 6.32; found: C 53.59 H 5.98.


[Cl(dcypb)Ru(m-Cl)3Ru(dcypb)CO] (40): [{(dcypb)(CO)RuCl2}2] (26 mg,
20 mmol) and [(dcypb)N2Ru(m-Cl)3RuCl(dcypb)] (25 mg, 20 mmol) in de-
gassed C6H6 (8 mL) were stirred for 30 min under reflux. After evapora-
tion of the solvent under reduced pressure the product was washed with
pentane and dried under vacuum (yield of isolated compound: 92%).
Orange crystals were obtained by slow diffusion of pentane into a solu-
tion of 40 in benzene. IR: ñ=1942 cm�1 (CO); 1H NMR (400 MHz,


Table 7. Crystallographic data for 29, 30, 31, 35, and 40.


29¥CH2Cl2 30¥C6H6 31¥2.5C6H6 35¥2.5C6H6 40¥0.5C6H6¥0.5C5H12


empirical formula C52H56Cl6P2Ru2 C46H52Cl4P2Ru2 C53H58Cl4P2RhRu C53H82Cl4IrP2Ru C62.5H113Cl4OP4Ru2
M [gmol�1] 1157.75 1010.76 1102.71 1216.20 1348.35
crystal size [mm] 0.23î0.17î0.13 0.25î0.16î0.11 0.35î0.12î0.11 0.18î0.14î0.12 0.19î0.14î0.13
crystal system monoclinic monoclinic monoclinic triclinic triclinic
space group Cc P21/n P21/n P1≈ P1≈


a [ä] 13.0300(12) 10.7446(19) 11.4513(6) 11.859(2) 13.4435(15)
b [ä] 17.2480(10) 24.885(5) 12.1954(9) 14.423(6) 13.8876(13)
c [ä] 22.9595(16) 15.985(3) 34.9857(17) 17.631(5) 18.8314(15)
a [8] 90 90 90 70.53(3) 92.278(7)
b [8] 101.182(7) 102.339(15) 92.668(4) 86.50(2) 107.829(9)
g [8] 90 90 90 72.42(3) 93.664(8)
V [ä3] 5062.0(7) 4175.4(13) 4880.6(5) 2707.7(15) 3333.6(5)
Z 4 4 4 2 2
1 [gcm�3] 1.519 1.608 1.501 1.492 1.343
T [K] 140(2) 140(2) 140(2) 140(2) 140(2)
absorption coefficient [mm�1] 1.012 1.090 0.968 3.023 0.747
V range [8] 2.98±25.03 2.90±25.03 2.95±25.02 2.73±25.03 3.04±25.03
index ranges
h �15 to 15 �12 to 12 �12 to 12 �13 to 13 �16 to 16
k �20 to 20 �29 to 29 �14 to 14 �17 to 17 �16 to 16
l �27 to 27 �19 to 17 �41 to 41 �20 to 20 �22 to 18
reflections collected 14799 24440 28019 17606 19624
independent reflections 7693 (Rint=0.0420) 7356 (Rint=0.0432) 8158 (Rint=0.0586) 8973 (Rint=0.0544) 10286 (Rint=0.0877)
absorption correction empirical empirical semi-empirical empirical empirical
max./min. transmission 0.8770/0.5930 0.7540/0.3230 0.8921/0.8141 0.7120/0.2570 0.704/0.246
data/restraints/parameters 7693/2/559 7356/0/488 8158/0/550 8973/0/551 10286/289/745
GOF on F2 0.948 1.086 0.961 1.088 1.151
final R indices [I>2s(I)]
R1 0.0337 0.0451 0.0395 0.0476 0.0888
wR2 0.0677 0.1184 0.0830 0.1220 0.2308
R indices (all data)
R1 0.0424 0.0569 0.0743 0.0621 0.1072
wR2 0.0706 0.1327 0.0976 0.1344 0.2392
largest diff. peak/hole [eä�3] 0.560/�0.854 0.940/�1.059 0.862/�0.752 1.938/�1.941 2.430/�1.570
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C6D6): d=1.00±2.15 (m, 46H; dcypb), 2.20±2.60 (m, 4H; dcypb), 2.70±
2.90 (m, 2H; dcypb); 13C NMR (101 MHz, C6D6): d=19.5±47.6 (m,
dcypb), 206.3 ppm (t, 2JC,P=15 Hz, CO); 31P NMR (162 MHz, C6D6): d=
43.3 (d, 2JP,P=24 Hz), 44.1 (d, 2JP,P=39 Hz), 50.7 (d, 2JP,P=24 Hz), 59.8 (d,
2JP,P=39 Hz); elemental analysis (%) calcd for C57H106Cl4OP4Ru2¥H2O: C
53.02, H 8.27; found: C 52.79, H 8.43.


X-ray crystallography : Details of the crystals, data collection, and struc-
ture refinement are listed in Tables 5, 6, and 7. Diffraction data were col-
lected with MoKa radiation on an Oxford Diffraction diffractometer with
a kappa geometry, equipped with a Sapphire CCD detector (15, 22, 29,
31, 40) or mar345 imaging plate detector (13, 16, 17, 18, 19, 23, 25, 28, 30,
35). Data reduction and cell refinement were performed with CrysAlis
RED 1.6.9.[30] Absorption correction was applied to all data sets. For 31 a
semiempirical method (MULTI-SCAN)[31] was employed, whereas an
empirical method (DIFABS)[32] was used for the other structures. Struc-
tures were solved with ab initio direct methods.[33] All structures were re-
fined by full-matrix least-squares methods on F2 with all non-H atoms
anisotropically defined. The hydrogen atoms were placed in calculated
positions using the riding model with Uiso=aUeq(C) (where a is 1.5 for
methyl hydrogen atoms and 1.2 for others, and C is the parent carbon
atom). Space group determination, structure refinement, and geometrical
calculations for all structures were performed with the SHELXTL soft-
ware package, release 5.1.[34] Graphical representations of the molecular
structures in the crystal were generated with the program ORTEP.[35]


CCDC 214256±214270 contain supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/const/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223±336±033; or deposit@ccdc.cam.ac.uk).
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Syntheses and Phase-Transfer Properties of Dendritic Nanocarriers That
Contain Perfluorinated Shell Structures


Abel Garcia-Bernabÿ,[a] Michael Kr‰mer,[b] Bõla Ol‡h,[b] and Rainer Haag*[a]


Introduction


In this paper we describe simple and efficient approaches to
dendritic core-shell architectures that contain covalently
linked perfluorinated shells. These molecular nanocarriers
provide polar environments in nonpolar reaction media, and
some candidates show interesting phase-transfer behavior
with respect to polar molecules in the fluorous phase.


Dendritic core-shell architectures have attracted increased
interest because of their ability to act as unimolecular nano-
carriers for catalysts, drugs, and other guest molecules.[1,2]


More recently, such nanostructures have also been used to
generate polar environments within alternative reaction


media such as fluorous phases and supercritical carbon diox-
ide (scCO2). The advantage of these alternative reaction
media is the simple workup, which allows products to be
easily recovered and catalysts to be recycled.[3] As a result
of their chemical inertness, perfluorinated compounds are
also considered to be environmentally friendly.


Frÿchet and DeSimone reported the first example of a
molecular nanocarrier based on a perfect polyamine den-
drimer with a covalently bonded perfluorinated shell.[4]


More recently, Crooks et al. prepared dendrimer-encapsulat-
ed metal nanoparticles in the fluorous phase by electrostatic
attachment of perfluorocarboxylic groups to a poly(amido-
amine) (PAMAM) dendrimer.[5] In both cases, the defined
core-shell architecture and a pronounced polarity gradient
of the dendrimer seem to play an important role in their sol-
ubility and transport behavior. Many examples of dendrim-
er-encapsulated guest molecules have been reported,[2] some
of which have been metal nanoparticles (e.g. Cu, Pt, Ag,
Au, and Pd), and in some cases, their applications towards
homogenous catalysis has been demonstrated.[6] These nano-
particles can be prepared by chemical reduction of the cor-
responding encapsulated metallic cations. For example, a
poly(amidoamine) (PAMAM) dendrimer with an ionically
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Abstract: Perfect dendrimers that con-
tain perfluorinated shells have recently
attracted attention because they have
been shown to encapsulate polar mole-
cules in supercritical CO2 and catalyti-
cally active metal nanoparticles in per-
fluorinated solvents. Moreover, they
can then be easily separated after reac-
tion from the biphasic organic/fluorous
system. In this paper several dendritic
architectures that contain perfluorinat-
ed shells were derived by covalent
modification of glycerol dendrimers
([G0.5]±[G3.5]), hyperbranched poly-
glycerol, and polyethyleneimine. These
core-shell architectures show interest-
ing physicochemical properties. For ex-
ample, they are soluble in fluorinated


solvents, they are able to transport dif-
ferent guest molecules, and they dis-
play thermomorphic behavior. The
transport capacity of these molecular
nanocarriers increases significantly
when amino groups are present in the
core. Certain functionalized polyethyl-
eneimines that contain perfluorinated
shells show high transport capacities
(up to 3 dye molecules per nanocarrier)
in perfluorinated solvents. Moreover,
these perfluoro-functionalized dendritic


polyethyleneimines can act as tem-
plates that stabilize nanoparticles; for
example, encapsulation and subsequent
chemical reduction of AgI ions. Silver
nanoparticles with a narrow size distri-
bution (3.9�1 nm) have been prepared
and characterized by transmission elec-
tron microscopy. Furthermore, it has
been demonstrated that the encapsulat-
ed guest molecules remain accessible
to small molecules after transport into
the fluorous phase. Therefore, dendritic
nanocarriers that contain perfluorinat-
ed shells are currently being investigat-
ed as polar environments in nonpolar
reaction media such as fluorous phases
and supercritical CO2, in particular, for
application in homogenous catalysis.


Keywords: dendrimers ¥ fluorous
biphasic catalysis ¥ host±guest sys-
tems ¥ hyperbranched polymers ¥
supramolecular chemistry
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bonded fluorous shell was used to stabilize Pd nanoparticles
in the fluorous phase, and this was then applied in C�C
bond forming reactions.[5] However, in some cases (i.e. in
polar solvents) these electrostatic complexes can be unsta-
ble. Therefore, our approach was based on preparing cova-
lently linked perfluorinated shells that give rise to an easily
accessible and highly branched polymer scaffold.


The dendrimer topology allows a clear differentiation be-
tween the interior branching scaffold (the core) and the end
groups in the periphery (the shell). For many applications
the difficult accessibility of dendrimers through costly multi-
step syntheses represents a major problem.[7] Hyper-
branched polymers that can be obtained in one reaction
step from the polymerization of ABm or latent ABm mono-
mers are currently being considered as possible alterna-
tives.[8] In contrast to the perfectly branched glycerol den-
drimers (degree of branching (DB)=100%),[9] hyper-
branched polyglycerol (PG)[10] and hyperbranched polyeth-
yleneimine (PEI)[8a,11] (Scheme 1) are randomly branched,


but still have well-defined dendritic structures with a DB of
60 to 75%. They are prepared in a one-step process, are
readily available on a large scale, and have relatively low
polydispersities (�2).[8a, 11,12] Upon selective functionaliza-
tion of these hyperbranched polymers special environments
are created in the core of these dendritic architectures.[13]


These can then act as molecular nanocarriers[14] to encapsu-
late and transport polar guests (e.g. drugs, dyes, metal salts).


Here we describe an efficient approach to access novel
dendritic architectures that contain perfluorinated shells
through covalent modification of perfect glycerol dendrim-
ers, hyperbranched polyglycerol (PG), and hyperbranched
polyethyleneimine (PEI). These core-shell architectures that
contain perfluorinated shells are soluble in several fluorous
solvents and can transport ions, polar guest molecules, and
metal nanoparticles. In addition, some of these molecular
nanocarriers have been applied in phase-transfer reactions,
for example, between aqueous and fluorous phases.


Results and Discussion


Synthesis of glycerol dendrimers : To generate the molecular
nanocarriers 3a±d, three generations of the four-armed glyc-
erol dendrimers 2a±c, which give rise to a more dense cen-
tral core architecture, were prepared. For this purpose, a re-
action sequence similar to the one we recently developed
for three-armed glycerol dendrimers and pseudo-dendrimers
was utilized (Scheme 2).[9] The synthesis is based on a
simple iterative two-step protocol that involves allylation of
an alcohol and subsequent catalytic dihydroxylation of the
allylic double bond. Under phase-transfer conditions, the al-
lylation reproducibly affords high yields of the product even
when polyols are employed.[15] Catalytic dihydroxylation of
the double bond with osmium tetroxide and N-methyl mor-
pholine-N-oxide (NMO) as co-oxidant[16] completes the se-
quence and leads to the formation of new glycerol units on
every available alcohol functionality (Scheme 2). As previ-
ously reported for a three-armed trimethylolpropane core,


both transformations can be
carried out in aqueous phase
and are suitable for a wide
range of core molecules.[9] The
use of a four-armed core mole-
cule gave rise to high conver-
sions (>90%) but lower isolat-
ed yields (60±80% per se-
quence) of the glycerol den-
drimers 2a±c. This might be the
result of steric crowding and
cross-linking of the allylated in-
termediates 1a±d.


Dendritic polyglycerols that
contain perfluorinated shells :
Four glycerol dendrimers with
perfluorinated shells 3a±d were
obtained by free-radical addi-
tion of tridecafluorooctane-1-
thiol to the perallylated inter-
mediates 1a±d ; this afforded


the thioether linkages with high conversions (>95%,
Scheme 3). Also, various other hyperbranched polyglycerols
(DB �60%)[10] of different molecular weights were func-
tionalized with a perfluorinated shell (5a±d) using the same
synthetic strategy, but the sequence began with the perally-
lated hyperbranched polyglycerols 4a±d.[9] The degree of
functionalization in these cases was 83±94%.[17] All the den-
dritic polyglycerols[18] with perfluorinated shells (3b±d, 5a±
d), apart from [G0.5] (3a), are soluble in perfluorinated sol-
vents such as perfluorobenzene, perfluorohexane (FC-72),
and perfluoro-2-butyltetrahydrofuran (FC-75), as well as in
partially fluorinated solvents such as trifluorotoluene
(Table 1). However, good solubility at room temperature
was only observed in perfluorobenzene, trifluorotoluene,
and FC-72.


Unexpectedly, the transport capacity of the dendritic poly-
glycerols 3 and 5 was very poor, and seemed to be inde-
pendent of the core size (see below, Table 2). Only dendritic


Scheme 1. Hyperbranched polyglycerol (PG) and polyethyleneimine (PEI). The depicted structures contain
25±40% linear functional groups and 30±40% terminal groups, and represent only small idealized fragments
of the large polymer cores.
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polyglycerol 5d, which contains an amine group in the
core,[10b] was able to transport polar guest molecules, but its
transport capacity was still low in comparison to alkyl-modi-
fied hyperbranched polyglycerols.[13a,g]


Dendritic polyethyleneimines that contain perfluorinated
shells : As it appeared that amine groups in the dendritic
structure increased the transport capacity of the resulting
dendrimer, we synthesized three dendritic architectures
based on hyperbranched polyamine core structures that con-
tain perfluorinated shells (6, 7, and 9, Scheme 4). Hyper-
branched polyethyleneimines (PEI, Scheme 1) are commer-
cially available polymers with a DB in the range of 65 to


75%.[11] To generate a dendritic
polyamine with perfluorinated
shells, PEI was modified by al-
kylation (6) and amidation (7),
as well as by amidation and
subsequent thiol addition ap-
proach (9). The reaction condi-
tions for these transformations
were problematic because of
the extreme polarity difference
between the polar PEI core and
the perfluorinated reactant. As
a result, the solvent had to be
carefully chosen or omitted. Al-
kylation of PEI with heptadeca-
fluoro-10-iododecane to give
the amphiphilic polyamine 6
was performed in acetonitrile
under reflux for 15 h using po-
tassium carbonate as base
(Scheme 4). Unfortunately,
even though an excess of the al-
kylating agent was used, con-
version of the available amino
groups was only 29% (accord-
ing to elemental analysis). Ami-
dation of PEI to give the poly-
amide 7 was performed in bulk
at 140 8C using heptadeca-
fluoroundecanoic acid and a ni-
trogen stream to remove the
water formed during the reac-
tion (Scheme 3). In this case,
according to elemental analysis,
conversion was about 56%. To
generate the amphiphilic mo-
lecular nanocarriers 9, PEI first
underwent amidation with 10-
undecenoic acid to give the
polyalkenyl derivative 8 with a
conversion of 67% (according
to 1H NMR spectroscopy). Sub-
sequently, to elongate the alkyl
chains and obtain a less pro-
nounced polarity gradient, the
terminal double bonds of the


intermediate 8 were reacted with a tridecafluorooctane-1-
thiol reagent using the same protocol as described for 3 and
5 (Scheme 4). In this case, as observed by 1H NMR spec-
troscopy, conversion of the double bonds into thioethers was
quantitative.


All the dendritic architectures that contained perfluorinat-
ed shells were subsequently evaluated for their solubility in
perfluorinated solvents, phase-transfer behavior, and ther-
mal properties.


Solubility and thermomorphic behavior : The solubility of
dendritic architectures is highly dependent on the structural
features of the shell. For many applications, partial (40±


Scheme 2. Synthesis of perfect glycerol dendrimers up to generation 3.5 using a four-arm core. The first step
involves allylation of the OH groups with allyl chloride (1a±d: G0.5, G1.5, G2.5, G3.5) under phase-transfer
conditions followed by dihydroxylation of the double bonds with catalytic amounts of OsO4 and NMO as co-
oxidant (2a±c: G1, G2, G3): i) Bu4NBr, NaOH, allyl chloride, toluene/water, 24 h, 50 8C; ii) OsO4 (cat.), NMO,
acetone/water/tert-butanol, 20 h, 25 8C.
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60%) shell modification is sufficient to adjust the polarity
and solubility with respect to specific solvents. Although the
dendritic polyethers 3 and 5 show high solubilities in most
perfluorinated solvents (Table 1), the dendritic polyamines 7
and 9, which contain a degree of functionalization higher
than 50%, are only soluble in a,a,a-trifluorotoluene and
perfluorobenzene. To dissolve the least functionalized poly-
amine 6 in trifluorotoluene, the mixture has to be heated up
to 80 8C (accelerated by ultrasound), whereas compound 9
dissolves readily in hexafluorobenzene or trifluorotoluene.


Even though both partially fluorinated amides 7 and 9 are
insoluble in the perfluorinated solvent FC-75 at room tem-
perature, they become soluble in FC-75 at higher tempera-
tures (43 and 65 8C, respectively). In contrast, polymer 6 is
only slightly soluble even at the boiling point of FC-75 (99±
107 8C) (see Table 1); this can be attributed to compound 6
only having a relatively low fluorine content (29%).


Nanocarriers 7 and 9 have been observed to encapsulate
polar bromophenol blue dye in the pure perfluorinated sol-
vent FC-75 at elevated temperatures (Figure 1), even


though bromophenol blue is not itself soluble in FC-75 at
these temperatures. This reversible thermomorphic[19] behav-
ior at about 60 8C has possible application in biphasic cataly-
sis, whereby the guest could be separated from its molecular
transporter by simple precipitation (Figure 1).[3]


Phase-transfer behavior of dendritic polyamines that contain
perfluorinated shells : The phase-transfer behavior of the
dendritic nanocarriers that contain perfluorinated shells was
studied for different guest molecules. The respective amphi-
philic dendritic polymer was dissolved in trifluorotoluene,
perfluorobenzene, or FC-75, and the solution was then treat-
ed with a polar guest dissolved in aqueous solution. We ob-
served significantly higher transport capacities (see below)
for these amphiphilic PEIs in comparison to PGs that con-
tain perfluorinated shells (cf. Table 2). For example, the
polar dye bromophenol blue can be encapsulated and trans-
ported within the polyamine based architectures in hexa-
fluorobenzene or a 1:2 mixture of trifluorotoluene/FC-75


Scheme 3. Synthesis of glycerol dendrimers with perfluorinated shells 3a±
d. The double bonds of the allyl ether dendrimers 1a±d were functional-
ized with perfluorinated alkenethiols (e.g. [G2.5] dendrimer 3c).


Table 1. Degree of functionalization and solubility of dendritic architectures that contain perfluorinated shells.[a]


Sample Gener- Degree of Shell structure Trifluoro- Perfluoro- FC-72 FC-75 CHCl3
ation [Mn] functional- toluene benzene


ization [%]


3a G0.5 >98 (CH2)3S(CH2)2(CF2)5CF3 40 8C X n.s. n.s. X
3b G1.5 >98 (CH2)3S(CH2)2(CF2)5CF3 X X rflx X rflx
3c G2.5 >98 (CH2)3S(CH2)2(CF2)5CF3 X X rflx rflx rflx
3d G3.5 >98 (CH2)3S(CH2)2(CF2)5CF3 X X X rflx rflx
5a 2000 92[b] (CH2)3S(CH2)2(CF2)5CF3 X X X rflx n.s.
5b 5000 85[b] (CH2)3S(CH2)2(CF2)5CF3 X X X rflx rflx
5c 15000 83[b] (CH2)3S(CH2)2(CF2)5CF3 X X X rflx rflx
5d 4500[c] 94[b] (CH2)3S(CH2)2(CF2)5CF3 X X n.s. rflx rflx
6 4500 29[d] (CH2)2(CF2)7CF3 X n.s. n.s. n.s. n.s.
7 4500 56[d] CO(CH2)2(CF2)7CF3 X X rflx 43 8C n.s.
9 4500 67[b] CO(CH2)10S(CH2)2(CF2)7CF3 X X n.s. 65 8C X


[a] X= soluble at 20 8C, rflx= soluble at reflux, n.s.=not soluble. [b] From 1H NMR measurements. [c] PG-core contains a stearylamine starter. [d] By el-
emental analysis.


Figure 1. Thermomorphic behavior of dendritic nanocarrier 9 in FC-75 in
the presence of encapsulated bromphenol blue: left, 70 8C (clear solu-
tion); and right, 20 8C (suspension).
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(Figure 2). The polar amine groups situated within the core
of nanocarrier 9 provide a polar microenvironment that
allows efficient complexation and transport (see below).
Furthermore, the color of the encapsulated pH-indicator
dye changed from blue to yellow after addition of acid to
the aqueous phase (pH 1), and returned to blue after addi-
tion of base. This clearly demonstrates that the encapsulated
guest molecule is still accessible to small molecules (i.e.
acid/base) upon encapsulation, and that complete phase
transfer occurs from the aqueous to the fluorous phase. Sim-
ilar results have been observed for the dendritic nanocarrier
7.


Transport capacity of dendritic
structures that contain per-
fluorinated shells : To quantify
the transport capacities of the
perfluorinated nanocarriers (3,
5, 6, 7, and 9) an aliquot of
each dendrimer was dissolved
in trifluorotoluene, hexafluoro-
benzene, or chloroform, and
this was then saturated with an
excess of congo red. The UV/
Vis absorption spectrum of the
encapsulated congo red dye in
solution was then measured as
previously described.[13a,g] Satu-
ration of the fluorinated phase
was achieved by adding solid
congo red dye to the solution.
On the basis that the concentra-
tion of the respective dendritic
polymer in the perfluorous so-
lution is known, and that the
extinction coefficient for both
the encapsulated dye and the
dye dissolved in water can be
assumed to be similar, one can
calculate the number of encap-
sulated guest molecules for
each dendritic nanocarrier by
using a calibration curve
(Table 2).[15] It is noteworthy
that the transport capacities of
these perfluorinated core-shell
architectures were found to be
lower than the maximum trans-
port capacity we recently ob-
served for selectively modified
PGs[13a] and PEIs,[13b] which con-
tained longer alkyl chains. This
again demonstrates that a
strong polarity gradient and a
relatively thick shell (1±2 nm)
are necessary for high transport
capacity. In addition, a degree


Scheme 4. Synthesis of dendritic architectures 5, 6, 7, and 9 starting from hyperbranched PG and PEI (cf.
Scheme 1). In compounds 4d and 5d the core contains a stearylamine starter: i) Bu4NBr, NaOH, allyl chloride,
toluene/water, 24 h, 50 8C; ii) HSCH2CH2(CF2)5CF3, AIBN, 22 h, 70 8C; iii) ICH2CH2(CF2)7CF3, K2CO3,
CH3CN, 15 h, reflux; iv) HOOCCH2CH2(CF2)7CF3, 4 h, 140 8C; v) CH2CH(CH2)8COOH, 20 h, 120 8C;
vi) HSCH2CH2(CF2)5CF3, AIBN, 16 h, 100 8C.


Table 2. Transport capacities of congo red dye at 20 8C in dendritic nanocarriers that contain perfluorinated
shells.


Polymer Degree of Shell structure Number of encapsulated dye molecules[a]


functional- hexafluoro- trifluoro- CHCl3
ization [%] benzene toluene


3a 100 (CH2)3S(CH2)2(CF2)5CF3 n.d. <0.01 <0.01
3b 100 (CH2)3S(CH2)2(CF2)5CF3 n.d. <0.01 n.s.
3c 100 (CH2)3S(CH2)2(CF2)5CF3 n.d. <0.01 n.s.
3d 100 (CH2)3S(CH2)2(CF2)5CF3 n.d. <0.01 n.s.
5a 92 (CH2)3S(CH2)2(CF2)5CF3 n.d. <0.01 n.s.
5b 85 (CH2)3S(CH2)2(CF2)5CF3 n.d. <0.01 n.s.
5c 83 (CH2)3S(CH2)2(CF2)5CF3 n.d. <0.01 n.s.
5d 94 (CH2)3S(CH2)2(CF2)5CF3 n.d. 0.01[b] n.s.
6 29 (CH2)2(CF2)7CF3 n.s. 0.05�0.01 n.s.
7 56 CO(CH2)2(CF2)7CF3 0.5�0.1 1.0�0.3 n.s.
9 67 CO(CH2)10S(CH2)2(CF2)7CF3 3.0�0.8 0.13�0.03 0.25�0.06


[a] n.d.=not determined, n.s.=not soluble. [b] PG-core contains a stearylamine starter.


Figure 2. Encapsulation of bromophenol blue by compound 9 in aqueous
and trifluorotoluene/FC-75 (1:2) solutions. The first picture depicts that
the dye is soluble in water (pH 5). In the second photo, the bromphenol
blue is encapsulated within the dendritic nanocarrier 9 at pH 5. Upon ad-
dition of acid (pH 1), a color change is observed as a result of the encap-
sulated dye undergoing an acid±base reaction. The reaction is reversible
upon addition of base.
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of functionalization of about 50% seems to be optimum for
efficient transport. We have also observed a significant sol-
vent dependence in these encapsulation experiments (see
Table 2). A significant increase in transport capacity was ob-
served for the dendritic polyamide 9 when the solvent was
changed from trifluorotoluene to hexafluorobenzene. This
might be the result of the alkyl±perfluoroalkyl shell under-
taking a different orientation in each respective solvent.


Two factors that seem to play an important role in the
mechanism of encapsulation are: 1) the flexibility and orien-
tation of both the shell and core at the interface of the two
phases (aqueous and perfluorous phase); and 2) the strong
interaction of the polar guest (e.g. anionic dyes) with the
polar groups in the core of the dendritic architecture. The
flexibility and orientation of the perfluorinated shells are
determined by the degree of functionalization, the degree of
branching, and the polarity gradient between the core and
the shell. The low transport capacities observed for PGs 3
and 5 can be attributed to the weak interactions that arise
between the polar (anionic) guests and the polyether polyol
core, whereas the higher transport capacities of PEIs 7 and
9 arise because of the strong interactions between the anion-
ic species and the amino groups in the core of the dendritic
architecture.


Encapsulation of metal salts and nanoparticle formation :
Silver cations have been encapsulated in PEIs that contain
perfluorinated shells because dendritic polyamines have
good ligand properties. The encapsulated silver cations were
then reduced with an excess of sodium triacetoxyborohy-
dride according to a previously described procedure.[13b]


Upon reduction of the encapsulated silver salt an orange-
brown color was observed (455 nm); this indicated the for-
mation of silver nanoparticles. The transmission-electron mi-
croscopy (TEM) image (Figure 3) of encapsulated silver


nanoparticles reveals that the nanoparticles formed are
spherical and have a narrow distribution. For dendrimer 9,
the silver particles obtained had diameters of 3.9�1 nm
(Figure 3). This demonstrates that dendritic polyamines that
contain perfluorinated shells can act as templates and stabi-
lizers[13b,d] for silver nanoparticles even in the fluorous phase.
Moreover, this effect can then be used either in the prepara-
tion of catalytically active nanoparticles[6,13f] or in bacterio-
static applications.[13d]


Thermal behavior of dendritic architectures that contain
perfluorinated shells : The interesting properties observed in
solution for dendritic architectures that contain fluorinated
shells raised the question whether as bulk materials they
possess ordered phases. The thermal behavior of the den-
dritic architectures was studied by differential scanning calo-
rimetry (DSC) to obtain insight into their bulk structures.
The results are summarized in Table 3, and a typical DSC
diagram of polyamide 7 is shown in Figure 4. While the PG-


based systems displayed none, or in the case of 5a±c, only
very small glass transitions, the PEI cores that contained
perfluorinated shells showed glass transitions in the range of
�10 to 14 8C. In contrast to the results obtained for per-
fluorinated carbosilane dendrimers,[20] liquid crystalline be-
havior could not be detected for either core polymer type
(PG or PEI).


Conclusion


To study the physicochemical properties of molecular nano-
carriers that have extremly nonpolar peripheries, we synthe-
sized a number of novel dendritic architectures that contain
covalently linked perfluorinated shells from glycerol den-


Figure 3. TEM image and particle size distribution of silver nanoparticles
encapsulated in nanocarrier 9. The bar in the TEM image is equivalent
to 100 nm.


Table 3. Glass transition temperatures Tg and melting temperatures for
perfluorinated PEI. Tg values were obtained by extrapolation to a heat-
ing rate of 0 8Cmin�1.


Polymer Tg [8C] Tm [8C]


3a ± 68
3b ± 47
3c ± 71
3d ± 52
5a 23[a] 41
5b 21[a] 48
5c 26[a] 50
5d ± �14[b]


6 �10 150
7 14 75
9 �3[a] 80


[a] Weak Tg at a heating rate of 36 8Cmin�1. [b] PG-core contains a
stearylamine starter.


Figure 4. DSC diagram of PEI±perfluoroamide 7. Heating rate was
36 8Cmin�1.
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drimers [G0-G3], commercially available hyperbranched
polyglycerols (PG), and polyethyleneimines (PEI). While
perfluorinated PGs are soluble in many perfluorinated sol-
vents, perfluorinated PEIs are soluble only in some per-
fluorinated solvents such as hexafluorobenzene or hot FC-
75. These amphiphilic core-shell architectures are able to
provide polar environments in very nonpolar reaction media
such as fluorous phases. Phase-transfer behavior between an
aqueous/fluorous phase interface was demonstrated by the
encapsulation and transport of polar molecules (e.g. dyes
and metal salts) into the fluorous phase. It is noteworthy
that high transport capacities were only observed for the
dendritic PEIs that contained perfluorinated shells, while
poor transport was detected for the corresponding PG-
based systems independent of their core size. The different
transport behavior observed clearly depends on the guest
molecule and the core of the dendritic architecture undergo-
ing different interactions. We also demonstrated that the en-
capsulated guest molecules remain accessible to small mole-
cules after transport into the fluorous phase. As a result,
this behavior can be used for the generation of polar nano-
reactors in very nonpolar reaction media such as fluorous
phases and supercritical CO2. In some cases (e.g. 9) a ther-
momorphic behavior was also observed. This was important
because it would allow the host±guest system to be separat-
ed from the perfluorinated solvent by precipitation at room
temperature. Evaluation of these molecular nanocarriers as
homogeneous supports for catalysts is currently in progress.


Experimental Section


Materials : Hyperbranched polyglycerol was prepared as previously de-
scribed by using bis(2,3-dihydroxypropyl)stearylamine and pentaerythri-
tol as initiators.[10b] Polyethyleneimine was obtained from BASF. Per-
fluorinated reagents and solvents were obtained from 3M. Perfluoroben-
zene, a,a,a-trifluorotoluene, and hexaflourobenzene were purchased
from Aldrich. 2,2’-Azobisisobutyronitrile (AIBN) was purchased from
Fluka. Sodium hydroxide, potassium carbonate, and all other solvents
were purchased from Merck. Allyl chloride was received from Solvay.
All reagents and solvents were used without any further purification.


General procedure for the synthesis of dendritic polyglycerols by allyla-
tion (1a±d, 4a±d): CAUTION : Allyl chloride is toxic. Allyl chloride
(162.8 mL, 2 mol) was added to a solution of tetrahydroxymethylmethane
(13.6 g, 0.4 mol OH groups), tetrabutylammonium bromide (TBAB) as
phase-transfer catalyst, and NaOH (80 g, 2 mol) in distilled water
(80 mL), and the reaction mixture was then stirred for 24 h at 50 8C.
After the addition of toluene (400 mL), the organic phase was separated,
dried over MgSO4, filtered,and concentrated under vacuum. The crude
product was further purified by column chromatography (silica gel, pe-
troleum ether/ethyl acetate 10:1 to 1:1) to give a colorless oil. In some
cases the product had a tendency to slowly polymerize (especially at
higher generations). For long-term storage, it was necessary to keep the
allyl ether product under an inert atmosphere at �20 8C.


Characterization data


[G0.5] Tetraallyl ether 1a : 19.5 g (66%). The spectroscopic data were in
good agreement with those reported in the literature.[15]


[G1.5] Allyl ether dendrimer 1b : (M(C41H68O12)=752 gmol�1): 6.3 g
(78%). 1H NMR (300 MHz, CDCl3): d=3.30±3.50 (m, OCH2), 3.61 (t,
OCH2), 3.96 (d, OCH2CH=C), 4.08 (d, OCH2CH=C), 5.10 (t, CH2=C),
5.22 (d, CH2=C), 5.84 ppm (m, CH2=CHCH2);


13C NMR (300 MHz,
CDCl3): d=45.6 (C(CH2)4), 70.2 (OCH2), 70.5 (OCH2), 71.3 (OCH2),
71.7 (OCH2), 72.3 (OCH2), 116.5 (CH2=C), 116.8 (CH2=C), 134.8


(CH2=C), 135.3 ppm (CH2=C); MS (70 eV, EI): m/z (%): 81 (40), 421.1
(39), 639.5 (40), 753.5 (100) [M+H]+ .


[G2.5] Allyl ether dendrimer 1c : (M(C89H148O28)=1664 gmol�1): 4.7 g
(63%). 1H NMR (300 MHz, CDCl3): d=0.82 (TBAB traces), 1.22
(TBAB traces), 3.30±3.80 (m, OCH2), 3.96 (d, OCH2CH=C), 4.10 (d,
OCH2CH=C), 5.11 (m, CH2=C), 5.21 (s, CH2=C), 5.26 (s, CH2=C),
5.85 ppm (m, CH2=CHCH2);


13C NMR (300 MHz, CDCl3): d=29.6
(TBAB traces), 45.4 (C(CH2)4), 70.3 (OCH2), 71.3 (OCH2), 71.9 (OCH2),
72.3 (OCH2), 78.6 (OCH2), 116.7 (CH2=C), 134.7 (CH2=C), 135.2 ppm
(CH2=C); MS (70 eV, EI): m/z : 1688.1, 1574, 1459.9, 855.5.


[G3.5] Allyl ether dendrimer 1d : (M(C185H308O60)=3488 gmol�1): 0.67 g
(61%). 1H NMR (300 MHz, CDCl3): d=0.82 (TBAB traces), 1.22
(TBAB traces), 3.20±3.70 (m, OCH2), 3.95 (s, OCH2CH=C), 4.10 (s,
OCH2CH=C), 5.11 (t, CH2=C), 5.20 (s, CH2=C), 5.26 (s, CH2=C),
5.85 ppm (m, CH2=CHCH2);


13C NMR (300 MHz, CDCl3): d=29.6
(TBAB traces), 45.4 (C(CH2)4), 70.4 (OCH2), 71.3 (OCH2), 71.7 (OCH2),
72.0 (OCH2), 72.2 (OCH2), 72.6 (OCH2), 77.4 (OCH2), 78.7 (OCH2), 78.9
(OCH2), 116.6 (CH2=C), 134.8 (CH=C), 135.3 ppm (CH2=C); MS (70 eV,
EI): m/z : 3493, 3378, 3264, 3149, 3035.


General procedure for the synthesis of dendritic polyglycerols by dihy-
droxylation (2a±c): CAUTION : Osmium tetroxide is toxic. A 4 %wt
OsO4 solution in water (2 mL) was added to a solution of the polyallyl
ether (0.1 mol allyl equivalents) and N-methylmorpholine-N-oxide
(14.8 g, 0.11 mol) in acetone (50 mL), distilled water (50 mL), and tert-bu-
tanol (10 mL). Initially, an exothermic reaction was observed and it was
necessary at times to cool the reaction mixture in a water bath. The mix-
ture was then stirred for 20 h at 25 8C. The volatile compounds were re-
moved under vacuum, and the product was further purified by reverse-
phase column chromatography (methanol) to give, after concentration,
pale-yellow oils. The high molecular weight [G3] dendrimer 2c was puri-
fied by dialysis in methanol using a benzylated cellulose membrane
(MWCO 1000, Sigma).


Characterization data


[G1] Glycerol dendrimer 2a : (M(C17H36O12)=432 gmol�1): 9.1 g (103%,
product contained traces of NMO). 1H NMR (300 MHz, D2O): d=2.79
(s, COH), 3.38 (m, CH2O), 3.53 (m, CH2O), 3.76 ppm (quintuplet,
CH2O); 13C NMR (300 MHz, D2O): d=47.5 (C(CH2)4), 55.5 (CH2O),
65.0 (CH2O), 66.1 (CH2O), 72.3 (CH2O), 72.6 (CH2O), 74.7 ppm
(CH2O); MS (70 eV, EI): m/z : 439.0.


[G2] Glycerol dendrimer 2b : (M(C41H84O28)=1024 gmol�1): 8.7 g
(101%, product contained traces of NMO). 1H NMR (300 MHz, D2O):
d=0.74 (s, COH), 1.14 (s, COH), 3.30±3.90 ppm (m, CH2O); 13C NMR
(300 MHz, D2O): d=12.0, 20.7, 27.9, 43.3 (C(CH2)4), 60.7 (CH2O), 68.1
(CH2O), 68.4 (CH2O), 68.7 (CH2O), 70.2 (CH2O), 76.0 ppm (CH2O); MS
(70 eV, EI): m/z : 593.7, 1030.6.


[G3] Glycerol dendrimer 2c : (M(C89H180O60)=2208 gmol�1): 1.9 g (68%,
after extensive dialysis). 1H NMR (300 MHz, D2O): d=0.70 (t, COH),
1.20 (q, COH), 1.50 (m, COH), 3.10 (s, CH2O), 3.16 (s, CH2O), 3.49 (m,
CH2O), 3.75 ppm (m, CH2O); 13C NMR (300 MHz, D2O): d=14.9, 21.3,
25.2, 47.5 (C(CH2)4), 60.2 (CH2O), 60.8 (CH2O), 63.5 (CH2O), 64.7
(CH2O), 66.9 (CH2O), 71.3 (CH2O), 72.5 (CH2O), 72.7 (CH2O), 72.8
(CH2O), 74.3 (CH2O), 80.3 ppm (CH2O); MS (70 eV, EI): m/z : 2099.4,
2173.5, 2247.5.


Synthesis of perfect glycerol dendrimers (3a±d) and dendritic polyglycer-
ols (5a±d) with perfluorinated shells : A solution of the polyallyl ether
1a±d or 4a±d (0.1 mol allyl ether group equivalents) and
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctane-1-thiol (0.5 mol) was stirred
under reduced pressure (3 mbar) to remove oxygen from the solution.
After heating to 70 8C, AIBN (2 mmol) was added under an atmosphere
of nitrogen, and the reaction mixture was stirred for 2 h. After further
addition of the same amount of AIBN, the mixture was stirred for anoth-
er 20 h at 70 8C, and the solvent was then evaporated to yield a pale-
yellow product. For higher generations (molecular weights), further puri-
fication was achieved by dialysis in trifluorotoluene.


Characterization data for perfect four-arm dendrimers with perfluorinat-
ed shells (3a±d)


[G0.5] Compound 3a : (M(C49H48O4S4F52)=1816 gmol�1): 1.3 g crude.
1H NMR (300 MHz, C6F6/CDCl3): d=1.78 (quintuplet, 3JH,H=7 and 6 Hz,
8H; OCH2CH2CH2S), 2.28 (tt, 3JH,F=18 and 3JH,H=9 Hz, 8H;
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CH2CH2CF2), 2.50±2.70 (m, 16H; CH2S), 3.35 (s, 8H; CCH2O), 3.44 ppm
(t, 3JH,H=6 Hz, 4H; OCH2CH2);


13C NMR (75 MHz, C6F6/CDCl3): d=


22.6 (SCH2), 29.1 (SCH2), 29.8 (CH2CH2CH2), 32.3 (t, 1JF,C=22 Hz;
CH2CF2), 40.3 (C(CH2)4), 45.8 (CH2O), 69.6 (CH2O), 110±120 ppm (m,
CF2); MS (70 eV, EI): m/z : 149, 421, 493, 521, 939, 958, 1140.


[G1.5] Compound 3b : (M(C105H108O12S8F104)=3792 gmol�1): 1.4 g crude.
1H NMR (300 MHz, C6F6/CDCl3): d=1.80 (m, 16H; OCH2CH2CH2S),
2.29 (tt, 3JH,F=17 and 3JH,H=9 Hz, 16H; CH2CH2CF2), 2.50±2.70 (m,
32H; CH2S), 3.30±3.60 (m, 40H; CCH2O), 3.65 ppm (tt, 3JH,H=6 and
6 Hz, 4H; OCH); 13C NMR (75 MHz, C6F6/CDCl3): d=22.7
(CH2CH2CH2), 28.7 (SCH2), 29.1 (SCH2), 29.2 (SCH2), 29.8 (SCH2), 30.1
(SCH2), 32.3 (t, 1JF,C=22 Hz; CH2CF2), 46.0 (C(CH2)4), 68.9 (CH2O), 69.9
(CH2O), 70.6 (CH2O), 71.8 (CH2O), 72.1 (CH2O), 78.5 (CH2O), 115±
125 ppm (m, CF2); MS (70 eV, EI): m/z : 617.9, 1115.9, 1687.8, 2199.9,
2314.1, 2791.5, 3516.2.


[G2.5] Compound 3c : (M(C217H228O28S16F208)=7744 gmol�1): 2.3 g
(70.5%, after dialysis). 1H NMR (300 MHz, C6F6/CDCl3): d=1.84 (m,
32H; OCH2CH2CH2S,), 2.50 (tt, 3JH,F=18 and 3JH,H=9 Hz, 32H;
CH2CH2CF2), 2.80±2.90 (m, 64H; CH2S), 3.40±3.80 ppm (m, 100H;
CCH2O); 13C NMR (75 MHz, C6F6/CDCl3): d=22.7 (CH2CH2CH2), 28.6
(SCH2), 28.7 (SCH2), 29.2 (SCH2), 30.3 (SCH2), 31.6 (SCH2), 32.2 (t,
1JF,C=17 Hz; CH2CF2,), 110±120 ppm (m, CF2); MS (ESI): m/z : 617.9,
1114.0, 1578.0, 2056.0, 2359.1, 2375.1, 2399.2, 2878.7, 2894.7, 3404.4.


[G3.5] Compound 3d : (M(C441H468O60S32F416)=15648 gmol�1): 0.50 g
(57%, after dialysis). 1H NMR (300 MHz, C6F6/CDCl3): d=1.84 (m,
64H; OCH2CH2CH2S), 2.32 (m, 64H; CH2CH2CF2), 2.60 (m, 128H;
CH2S), 3.30±3.90 ppm (m, 212H; CH2O and CHO); 13C NMR (75 MHz,
C6F6/CDCl3): d=22.7 (CH2CH2CH2), 29.2 (SCH2), 29.8 (SCH2), 30.1
(SCH2), 32.23 (t, 1JF,C=22 Hz; CH2CF2), 68.9 (CH2O), 69 (CH2O), 70.1
(CH2O), 71.9 (CH2O), 72.1 (CH2O), 78.7 (CH2O), 78.9 (CH2O), 110±
120 ppm (m, CF2); MS (ESI): no reliable peak detection was possible.


Perallylated hyperbranched polyglycerols (4a±d)[9]


Compound 4a : (Mn(core)=2000 gmol�1): 1H NMR (300 MHz, CDCl3):
d=3.1±3.6 (m, CH2O, CHO), 3.78 (d, CH2CH=CH2,


3JH,H=4 Hz), 3.92 (d,
3JH,H=4 Hz, CH2CH=CH2), 4.93 (m, CH=CH2), 5.02 (d, 3JH,H=2 Hz,
CH=CH2), 5.08 (d, 3JH,H=2 Hz, CH=CH2), 5.70 ppm (m, CH=CH2);


13C
NMR (75 MHz, CDCl3): d=45.4 (CCH2) 70.2 (CH2O), 71.2 (CH2O),
71.6 (CH2O), 72.2 (CH2O), 77.3 (CH2O), 77.6 (CH2O), 78.6 (CH2O), 78.8
(CH2O), 116.5 (CH2=CH), 116.6 (CH2=CH), 116.7 (CH2=CH), 134.7
(CH2=CH), 134.8 (CH2=CH), 135.2 ppm (CH2=CH).


Hyperbranched polyglycerols that contain perfluorinated shells (5a±d)


Compound 5a : (Mn(core)=2000 gmol�1): 3.1 g crude. 1H NMR
(300 MHz, C6F6/CDCl3): d=1.9 (m, OCH2CH2CH2S), 2.3 (m,
CH2CH2CF2), 2.7 (m, CH2S), 3.3±3.9 ppm (m, CH2O and CHO);
13C NMR (75 MHz, C6F6/CDCl3): d=22.5 (CH2CH2CH2), 28.4 (SCH2),
29.1 (SCH2), 29.7 (SCH2), 30.1 (SCH2), 31.5 (SCH2), 31.7 (SCH2), 31.9
(SCH2), 32.6 (t, 1JF,C=23 Hz; CH2CF2), 68.8 (CH2O), 69.8 (CH2O), 70.8
(CH2O), 72.0 (CH2O), 78.7 (CH2O), 79.0 (CH2O), 105±125 ppm (m,
CF2).


Compound 5b : (Mn(core)=5000 gmol�1): 9.5 g (73%, after dialysis).
1H NMR (300 MHz, C6F6/CDCl3): d=1.9 (m, OCH2CH2CH2S), 2.3 (m,
CH2CH2CF2), 2.7 (m, CH2S), 3.3±3.9 ppm (m, CH2O and CHO);
13C NMR (75 MHz, C6F6/CDCl3): d=22.5 (CH2CH2CH2), 28.4 (SCH2),
29.1 (SCH2), 29.8 (SCH2), 30.1 (SCH2), 31.7 (SCH2), 32.3 (t, 1JF,C=22 Hz;
CH2CF2), 68.7 (CH2O), 69.7 (CH2O), 72.2 (CH2O), 78.7 (CH2O), 79.0
(CH2O), 79.5 (CH2O), 79.6 (CH2O), 105±120 ppm (m, CF2).


Compound 5c : (Mn(core)=15000 gmol�1): 7.1 g (41%, after dialysis).
1H NMR (300 MHz, C6F6/CDCl3): d=1.8 (m, OCH2CH2CH2S), 2.3 (m,
CH2CH2CF2), 2.6 (m, CH2S), 3.3±3.9 ppm (m, CH2O and CHO);
13C NMR (75 MHz, C6F6/CDCl3): d=22.6 (CH2CH2CH2), 28.6 (SCH2),
29.1 (SCH2), 29.7 (SCH2), 30.1 (SCH2), 31.8 (SCH2), 32.2 (t, 1JF,C=23 Hz;
CH2CF2), 68.7 (CH2O), 69.8 (CH2O), 72.0 (CH2O), 78.6 (CH2O), 78.8
(CH2O), 105±120ppm (m, CF2).


Compound 5d : (Hyperbranched polyglycerol with a stearylamine starter
group, Mn(core)=4500 gmol�1): 8.5 g (50%, after dialysis). 1H NMR
(300 MHz, C6F6/CDCl3): d=1.44 (m, OCH2CH2CH2S), 2.03 (m,
CH2CH2CF2), 2.58 (m, CH2S), 2.88 (CH2O, CHO), 3.81 ppm (CH2O and
CHO); 13C NMR (75 MHz, C6F6/CDCl3): d=22.4 (CH2CH2CH2), 29.0
(SCH2), 29.8 (SCH2), 30.2 (SCH2), 32.3 (SCH2), 32.3 (t, 3JF,C=22 Hz;


CH2CF2), 40.3 (d, 3JF,C=21 Hz, CH2CF2), 68.7 (CH2O), 69.7 (CH2O), 71.1
(CH2O), 72.1 (CH2O), 78.8 (CH2O), 105±125 ppm (m, CF2).


Synthesis of dendritic polyamines that contain perfluorinated shells


Synthesis of the partially fluorinated dendritic polyamine 6 : A suspension
of PEI (Mn(core)=4500 gmol�1, PD=1.3, 0.5 g, 4 mmol of primary
amino groups), 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-iodode-
cane (4.69 g, 8 mmol), and potassium carbonate (9 g, 65 mmol) in aceto-
nitrile (200 mL) was heated to reflux for 15 h. The reaction mixture was
then washed with water and methanol, and dried to give a brownish
rubber-like material (0.94 g, 60% based on functionalization). An NMR
spectrum could not be recorded because of the poor solubility of the
product in perdeuterated or perfluorinated solvents. Elemental analysis
found (%): C 35.05, H 3.83, N 8.13. Degree of functionalization from
CHN-analysis: 29%.


Synthesis of the partially fluorinated dendritic polyamide 7: A mixture of
PEI (Mn(core)=4500 gmol�1, PD=1.3, 0.19 g, 1.5 mmol of primary
amino groups) and 4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluor-
oundecanoic acid (1.5 g, 3 mmol) was heated at 140 8C for 4 h under an
atmosphere of argon. The reaction mixture was then dissolved in per-
fluorinated benzene (20 mL), filtered, Ionenaustauscher III (0.75 g,
4 mmol OH�g�1) (Merck) was added to the filtrate, and the resultant
mixture was stirred for 3 h. The Ionenaustauscher III was removed by fil-
tration and the solvent was evaporated under vacuum to give a brownish
solid (1.57 g, 95% based on functionalization). 1H NMR (300 MHz, C6F6/
CDCl3): d=0.6 (s), 1.0 (s), 1.3±4.0 ppm (m); 13C NMR (75 MHz, C6F6/
CDCl3): d=28±60 (m, CH2), 100±125 (m, CF2), 172 ppm (s, C=O); ele-
mental analysis found (%): C 34.83, H 3.12, N 4.57. Degree of functional-
ization from CHN-analysis : 56%.


Synthesis of the partially fluorinated dendritic polyalkylamide 9 : A mix-
ture of PEI (Mn(core)=4500 gmol�1, PD=1.3, 3.57 g, 54.3 mmol of
amino group) and 10-undecenoic acid (10 g, 54.3 mmol) was heated at
120 8C for 20 h under an atmosphere of argon (stream). The crude amide
8 (11.4 g) was then used without further purification in the next step.


A mixture of polyethyleneimine alkenylamide 8 (11.4 g, 49 mmol of allyl
ether groups) and 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctane-1-thiol
(93.38 g, 246 mmol) was stirred under reduced pressure (3 mbar) to
remove oxygen from the solution. The mixture was then heated to 100 8C
and AIBN (4 mmol) was added under an atmosphere of nitrogen. The re-
action mixture was stirred for 8 h. After further addition of AIBN
(8 mmol) the mixture was stirred for another 8 h at 100 8C, and then the
excess AIBN was deactivated by addition of butylhydroxytoluene. The
polymer was purified by dialysis in chloroform using a benzoylated cellu-
lose membrane (MWCO 1000, Sigma), and the solvent was evaporated
to yield a yellow polymer (29.0 g, 90% over two steps based on function-
alization). 1H NMR (CDCl3): d=1.51 (m, CH2), 1.82 (m, CH2CH2S and
NCOCH2), 2.44 (m, CH2S), 2.26 (m, NCH2), 2.78 (m, NCH2), 2.97 (m,
NCH2), 3.11 (m, NCH2), 3.73 (m, NCH2), 4.30 ppm (m, NCH2);


13C NMR
(CDCl3): d=15.8 (t, J=5 Hz; CH2), 22.9 (t, J=4 Hz, CH2), 23.7 (s, CH2),
26.4 (s, CH2), 28.8 (s, CH2), 29.2 (s, CH2), 29.7 (m, CH2), 30.0 (m, CH2),
31.9 (s, CH2), 32.1 (s, CH2), 32.4 (s, CH2), 32.6 (s, CH2), 32.7 (s, CH2),
36.0 (s, CH2), 36.3 (s, CH2), 36.6 (s, CH2), 37.0 (s, CH2), 105±125 (m,
CF2), 180.0 ppm (s, CO). Degree of functionalization from 1H NMR:
67%.


Determination of the number of encapsulated guest molecules : Solid
congo red dye was added to a solution of the respective dendritic nano-
carrier 3, 5, 6, 7, or 9 (50 mg) in 5 mL of solvent (see Table 3) and the re-
sultant mixture was stirred for two days. The suspension was filtered and
the absorbance of the solution at 530 nm was measured. The concentra-
tion of congo red was determined from a calibration curve in water. The
transport capacity n (number of encapsulated congo red molecules) was
calculated by using Equation (1).


n ¼ ½dye�
½polymer� ð1Þ
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Introduction


Nonspecific protein adsorption may occur at the solid±liquid
interface when a surface is exposed to a biological environ-
ment containing proteins (for example, blood). An example


of a circumstance where this phenomenon is unfavorable is
protein adsorption to artificial surfaces, such as medical de-
vices or biosensors.[1,2] Nonspecific protein adsorption in bio-
sensors can impair their proper function. Moreover, compli-
cations initially arising from protein adsorption to surfaces
of, for example, catheters,[3,4] implants,[1,5] or artificial
organs[3,6] introduced into the human body may lead to irri-
tations, chronic infections, or thrombosis.[7,8] Despite the
large impact of this problem on the above-mentioned appli-
cations and extensive research efforts, the details of the
mechanism of nonspecific protein adsorption are not yet
completely understood. However, it is believed that parame-
ters such as van der Waals interactions, electrostatic forces,
and hydrogen bonding govern nonspecific adsorption.[1,8]


A common approach to avoiding problems arising from
protein adsorption is coating a device used in biomedical ap-
plications with a layer of a material that prevents nonspecif-
ic interactions. Materials that have been used for this pur-
pose include heparin,[9] dextran,[10] and poly(ethyloxazo-
line);[11, 12] however, the most common and prominent exam-
ple of a material used to render a surface inert to nonspecif-
ic protein adsorption is poly(ethylene glycol) (PEG), a
linear, flexible, hydrophilic, and water-soluble polyether.[13]
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Abstract: Highly protein-resistant, self-
assembled monolayers (SAMs) of den-
dritic polyglycerols (PGs) on gold can
easily be obtained by simple chemical
modification of these readily available
polymers with a surface-active disulfide
linker group. Several disulfide-func-
tionalized PGs were synthesized by
N,N’-dicyclohexylcarbodiimide-mediat-
ed ester coupling of thioctic acid.
Monolayers of the disulfide-functional-
ized PG derivatives spontaneously
form on a semitransparent gold surface
and effectively prevent the adsorption
of proteins, as demonstrated by surface
plasmon resonance (SPR) kinetic


measurements. A structure±activity re-
lationship relating the polymer archi-
tecture to its ability to effectuate pro-
tein resistance has been derived from
results of different surface characteri-
zation techniques (SPR, attenuated
total reflectance infrared (ATR-IR),
and contact-angle measurements).
Dendritic PGs combine the characteris-
tic structural features of several highly
protein-resistant surfaces: a highly flex-


ible aliphatic polyether, hydrophilic
surface groups, and a highly branched
architecture. PG monolayers are as
protein resistant as poly(ethylene
glycol) (PEG) SAMs and are signifi-
cantly better than dextran-coated sur-
faces, which are currently used as the
background for SPR spectroscopy. Due
to the higher thermal and oxidative sta-
bility of the bulk PG as compared to
the PEG and the easy accessibility of
these materials, dendritic polyglycerols
are novel and promising candidates as
surface coatings for biomedical applica-
tions.


Keywords: biocompatible materi-
als ¥ dendrimers ¥ polymers ¥
proteins ¥ surface chemistry
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Self-assembled monolayers (SAMs) presenting oligo(ethyl-
ene glycol) (OEG) groups (as in HS(CH2)11(EG)nOH (n�
3)) on a gold surface also prevent the adsorption of proteins,
even if the number of EG units presented is as low as three
(for example, 1, where n=3; Scheme 1).[14] PEG is widely


employed to coat the surfaces of biomedical devices, but it
nevertheless exhibits the disadvantage of thermal instabili-
ty[15] and rapid autooxidation, either through O2 in presence
of transition metal ions or enzymatically in vivo, to yield al-
dehydes and acids.[16] These drawbacks of PEG are spurring
interest in the development of alternative protein-resistant
materials.


The mechanism of protein resistance of PEGylated surfa-
ces is still subject to discussion. One of the many and di-
verse mechanisms presented in the literature was proposed
by Nagaoka et al., who ascribed the suppression of protein
adsorption to surfaces modified with short PEG segments
directly to the high dynamics of such segments in water.[17]


The authors reasoned that protein adsorption would greatly
restrict the mobility of the chain segments, a restriction that
is synonymous with a thermodynamically unfavorable de-
crease of entropy.[17,18] Grunze and co-workers correlated
the protein-resistant properties of OEG chains to their mo-
lecular conformation at the interface. They showed that the
conformation is different on gold and silver substrates due
to different packing densities. On silver, the OEG segments
form the all-trans conformation, whereas SAM formation on
a gold substrate gives rise to a helical structure,[19] which is
favored by solvation in water.[20, 21] Hence, the presence of
the OEG segments in the helical conformation was consid-
ered crucial for the occurrence of protein resistance.[19] The


authors stated that the protein resistance of the helical
OEG phase may not be a property of the molecule itself; in-
stead, the helical phase may prevent a direct interaction be-
tween the surface and the protein by forming a stable sol-
id±liquid interphase involving tightly bound water.[19,21]


The first systematic correla-
tion between protein resistance
and different chemical struc-
tures as surface coatings was
performed by Whitesides and
co-workers for a large number
of low molecular weight com-
pounds attached to gold surfa-
ces through a thioundecanoic
amide.[16] Based on this detailed
study several criteria for the oc-
currence of good protein-resist-
ant properties were formulated
for small molecules.[22] The de-
sired structural features of a
protein-resistant material in-
cluded a high hydrophilicity,
the absence of hydrogen-bond
donors, and the presence of hy-
drogen-bond acceptors. These
criteria were demonstrated
when substitution of acidic pro-
tons with methyl groups led to
a reduction in protein adsorp-
tion.[22] In this respect, a few
polymeric structures showing
good protein-resistant proper-
ties were also investigated;[7]


amongst them was a branched poly(ethylenimine), which
was further derivatized with OEG groups. A monolayer of
this branched PEG analogue (3 in Scheme 1) exhibits good
protein-resistant properties. This new polymer-grafted sur-
face layer covers small heterogeneities in the underlying
support and has a gel-like character (a characteristic that is
associated with resistance to the adsorption of proteins[18]).
However, in some cases, good protein-resistant properties
were observed even for molecules with a large number of
free hydrogen-bond donors (that is, OH groups). For exam-
ple, Mrksich and co-workers prepared a monolayer present-
ing mannitol groups (2 in Scheme 1) and demonstrated that
this surface is inert to protein adsorption[23] even though
other simple sugar derivatives do not resist the adsorption
of proteins.[16] Several groups immobilized dextran, a biopol-
ymer consisting of mainly 1,6-linked glucose units,[9] onto
various surfaces and showed a substantial reduction in pro-
tein adsorption due to the coating procedure.[24±26] Polymers
based on methylated sorbitol have also recently been shown
to be highly protein resistant.[27]


From a structural analysis of the protein-resistant surfaces
with 1±3 (Scheme 1) and dextran, three structural features
become apparent: the presence of highly flexible, aliphatic
polyether and hydrophilic groups (that is, OH groups) and a
highly branched architecture. Dendritic polyglycerols
(PGs)[28±32] exhibit all the above-mentioned structural fea-


Scheme 1. Highly protein-resistant surfaces selected from the literature (1±3) and a dendritic polyglycerol that
could be attached to a surface to give a novel protein-resistant material combining all the structural features
of 1±3 (highly flexible aliphatic polyether, rich in hydrophilic groups, and highly branched architecture).
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tures; thus, they meet the requirements for protein resis-
tance because they comprise 1) a hydrophilic repeating unit,
2) a unit that can hydrogen bond with water and is hence
well soluble (swellable) in water, 3) an oligomer/polymer
that is conformationally very flexible due to aliphatic ether
bonds, and 4) a highly branched architecture. These similari-
ties led us to hypothesize that a monolayer of dendritic
polyglycerol derivatives that combine all of the above-men-
tioned properties should possess good protein-resistant
properties.


Experimental design and synthetic approach : For the exami-
nation of this hypothesis we have prepared several suitable
PG derivatives that form SAMs on gold films and we have
used surface plasmon resonance (SPR) spectroscopy[3,16] as a
reliable detection system for the quantitative evaluation of
protein adsorption from an aqueous solution. The amount
of adsorbed protein was determined by exposing each modi-
fied surface to a protein solution in the flow cell of an SPR
spectrometer (see the Experimental Section). SPR spectros-
copy can determine changes in the optical thickness (nîd,
where n= refractive index and d=absolute thickness) of a
layer system near the interface of a semitransparent gold
film by measuring changes in the resonance angle at which
p-polarized light reflected from the glass/gold interface has
a minimum intensity.[1,3,33,34]


For the investigation of protein adsorption we used fibri-
nogen,[9] a protein that is present in relatively large quanti-
ties (0.2±0.4%) in the blood and that is commonly used to
evaluate biocompatibility of artificial surfaces.[7,14,16, 22,35] This
protein is relevant for nonspecific adsorption and biofilm
formation because it has a high tendency to adsorb onto
most surfaces.[11,16] For a structure±activity relationship of
the protein-resistant properties resulting from these dendrit-
ic architectures attached to a gold surface, we have varied
the following molecular parameters: 1) the molecular weight
of the dendritic polymer, 2) the initiator unit at the core,
and 3) the functionalization of the OH groups. These param-
eters were all tunable by the polymerization conditions or
subsequent functionalization steps.[28±32,36] To compare the
protein resistance of the PGs with already established mate-
rials used for surface coatings, we studied protein adsorption
to PEG- and dextran-modified surfaces. Furthermore, the
thermal stabilities (under air and nitrogen) of the bulk PG
and PEG under air were characterized by thermogravimet-
ric analysis.


The synthetic approach to obtain various PG derivatives
suitable for the formation of PG SAMs consisted of the par-
tial esterification of OH groups (approximately one linker
group per dendritic polymer molecule) of PG substrates 4a±
d with thioctic acid (Scheme 2), a linker molecule bearing a
carboxylic acid linked to a 1,2-dithiolane ring and known to
form stable SAMs.[37±40] Four different functionalized den-
dritic polymers, 5a±d, were obtained by DCC-mediated
ester coupling (Table 1). The following PG derivatives were
used as substrates for the partial esterification: a polyglycer-
ol with Mn=5000 gmol�1 and trimethylolpropane (TMP) as
the initiator (PG5000±TMP, 4a), polyglycerols with pentaery-
thrite (PE) as the initiator and molecular weights of Mn=


2500 and 5000 gmol�1 (PG2500±PE, 4b, and PG5000±PE, 4c,
respectively), and a partially methylated PG derivative with
glycerol as the initiator and an estimated molecular weight
of Mn=5000 gmol�1 (MeO±PG, 4d ; 88% of the initially


Scheme 2. Synthesis of disulfide-functionalized polyglycerol derivatives
by DCC-mediated coupling with thioctic acid and spontaneous formation
of self-assembled monolayers of PG±Thioc derivatives 5a±d on semi-
transparent gold films for SPR spectroscopy evaluation of their protein-
resistant properties (4a±c, 5a±c : R=H; 4d, 5d : R=Me). The polymers
used are discussed in the text. Reagents and conditions: i) DCC, DMAP,
DMF, 0 8C; ii) self-assembled monolayer formation on 40 nm Au/2.5 nm
Cr/glass support. DCC=N,N’-dicyclohexylcarbodiimide, DMAP=4-di-
methylaminopyridine, DMF=N,N-dimethylformamide, Thioc= thioctic
acid.
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prevailing OH groups were converted into OMe groups).[36]


The motivation for evaluating the methylated PG deriva-
tives arose from the effect observed by Whitesides and co-
workers[22] and Guan and co-workers[27] that protein resis-
tance may be enhanced if acidic protons (such as OH
groups) are substituted by methoxy groups, thereby elimi-
nating the hydrogen-bond donors of a given structure.


By the described synthetic strategy (Scheme 2) it was pos-
sible to obtain different PG derivatives containing the ap-
propriate disulfide linker group, which in contact with a
gold surface forms two covalent bonds.[37,38,41,42] The number
of linker groups per PG molecule is subject to a statistical
distribution with an average of one group per PG molecule,
as determined by 1H NMR spectroscopy (Table 1).


SAM formation and characterization : To screen all the PG
derivatives for their protein-resistant properties, self-assem-
bled monolayers were formed on semitransparent gold sub-
strates by immersing the surfaces into a methanol solution
of the respective thiol or disulfide overnight (referred to as
ex situ surface modification in the following description)
and subsequent washing with organic solvent to remove the
unreacted material (Scheme 2). The optimal time for com-
plete SAM formation with the PG±Thioc derivatives 5a±d
was obtained from SPR kinetic studies, which consisted of
monitoring the adsorption of different PG derivatives in the
flow cell of the SPR spectrometer (referred to as in situ sur-
face modification in the following description). A steady
state in the sensogram of the adsorption of 5c (Figure 1)
was observed after 210 min, a result indicating complete


SAM formation; this result was
not observed if the PG deriva-
tive 4c without the disulfide
linker was used.[43]


For comparison of the differ-
ent protein-adsorption experi-
ments our SPR protocol was
based on those found in the
literature as follows:[3,16, 22]


1) flowing PBS over the surface
for 1.5 min, 2) replacing the


buffer by flowing a solution of 20 mm sodium dodecylsulfate
(SDS) in PBS over the surface for 3 min, 3) rinsing the sur-
face of SDS by washing with PBS buffer for 10 min, 4) ex-
posing the surface to protein by flowing a fibrinongen solu-
tion (1 mgmL�1 in PBS) over it for 30 min, and 5) finally
rinsing the surface with PBS for an additional 10 min. The
amount of adsorbed protein is proportional to the difference
between the reflective units (RU) obtained from the SPR
sensograms (see Figure 2 and the Supporting Information)
after and before exposure to protein solution (DRU=


RUafter exposure�RUbefore exposure). The amount of adsorbed fibrin-


Table 1. Disulfide-functionalized PG derivatives 5a±d synthesized by DCC coupling with thioctic acid.


Entry Substrate Mn [gmol�1] Initiator R Product DF[a] [%] NThioc
[b] Yield[c] [%]


1 PG5000±TMP 4a 5000 TMP H PG2500±Thioc 5a 1.7 1.1 34
2 PG2500±PE 4b 2500 PE H PG2500±Thioc 5b 2.2 0.7 22
3 PG5000±PE 4c 5000 PE H PG5000±Thioc 5c 0.6 0.5 82
4 MeO-PG[d] 4d 5000 glycerol Me MeO-PG±Thioc 5d 2.2 1.4 76


[a] DF : degree of functionalization=number of thioctic acid groupsî(OH groups before functionaliza-
tion)�1î100. The uncertainty was calculated to be 7% (relative error). [b] Nthioc=average number of thioctic
acid groups per PG molecule. [c] Yields of isolated product after extensive dialysis. [d] The degree of methyla-
tion was 88% (see text).


Figure 1. a) Sensogram of a polyglycerol (1 wt%) in phosphate-buffered saline (PBS; in-situ modification), before (PG5000±PE, 4c, solid line) and after
(PG5000±Thioc, 5c, dashed line) partial esterification with thioctic acid, upon exposure to a gold surface. b) Sensogram of protein adsorption to the in situ
modified gold surfaces with 4c and 5c.


Figure 2. SPR Sensograms of fibrinogen adsorption to modified surfaces
(SAMs consisting of hexadecanethiol (HDT, solid line), thioglycerol
(dotted line), and PG5000±Thioc, 5c (dashed line)). The sensorgrams illus-
trate the adsorption of different amounts of protein onto different SAMs.
The HDT SAM is the reference surface (DRUHDT=100%).
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ogen was determined relative to a hydrophobic reference
surface, an HDT SAM, which is known to strongly adsorb
proteins by nonspecific interactions.[16] Thus, the relative
amount of adsorbed protein (%PA) was calculated from
DRU values taken from sensograms according to the follow-
ing equation: %PA=DRUPGî(DRUHDT)


�1î100.
In all cases the advancing static contact angle of a water


drop was measured before the substrate was mounted in the
flow cell of the SPR spectrometer.


For comparison with PEG SAMs that do not adsorb sig-
nificant amounts of protein, we also studied the fibrinogen
adsorption to a SAM of compound 1 (HS-(CH2)11-
(OCH2CH2)3-OH), which is known to be highly protein re-
sistant,[16] and to the surface of a CM5 sensor chip (Biacore),
which is a gold surface coated with partially carboxymeth-
ylated dextran.[44] The latter surface (Table 2, entry 10) is
typically used as the background in SPR experiments.


Results and Discussion


To inspect the quality of the SAM formation, the modified
gold surfaces were initially characterized by kinetic SPR ex-
periments (Figure 1). Adsorption experiments of PG5000±
Thioc 5c and PG5000±PE 4c in PBS gave strong evidence for
the formation of stable SAMs mediated by thioctic acid.
The sensogram in Figure 1a shows a sudden initial increase
in the DRU value in both cases, after which a slower in-
crease persists over the exposure time for PG5000±Thioc 5c
only; this value eventually reaches a constant level after
210 min. The initial increase can be attributed to the bulk
effect resulting from substitution of running buffer with the
PG solution within the flow cell of the SPR device. The con-
tinuous increase in the DRU value towards a constant level
is typical for the formation of SAMs.[45,46] Another indica-
tion for the presence of immobilized PG at the surface is
the fact, that, if the disulfide group is present, the DRU
value does not drop back to 0 after rinsing the surface with
buffer and SDS.


Further evidence for the chemisorbed versus physisorbed
PG SAM (assuming its protein resistance) is given by the
protein-adsorption experiments to the in situ modified surfa-


ces (Figure 1b). Protein resistance can only be observed
when the gold surface was exposed to the PG derivative 5c
bearing a thioctic acid moiety; strong fibrinogen adsorption
is observed for the PG derivative 4c. From the change in re-
flectivity caused by adsorption of PG5000±Thioc 5c onto
semitransparent gold (in situ modification in MeOH), we
have calculated the layer thickness after the adsorption to
be 2�1 nm with the assumption of a refractive index of n=
1.45 for the swollen PG layer in MeOH (see the Supporting
Information). The error in the layer thickness is mainly due
to the uncertainty in the value for the refractive index. This
layer thickness is in good agreement with results obtained
from atomic force microscopy measurements.[47]


For the structure±activity relationship, several PG SAMs
have been evaluated for their fibrinogen adsorption and
compared to reference surfaces (Table 2). Typical examples
of sensograms of protein-adsorption experiments to surfaces


modified ex situ in an organic
solvent are shown in Figure 2.
From the results presented in
Figure 1, Figure 2, and Table 2
it becomes obvious that the PG
derivatives bearing a surface-
active 1,2-dithiolane linker, 5a±
d, form a highly protein-resist-
ant surface layer (Table 2, en-
tries 5±8), while physically ad-
sorbed PG 4a (Table 2, entry 4)
shows only marginal improve-
ments over the bare gold sur-
face (Table 2, entry 2). The sur-
faces employed in the protein-
adsorption experiments with 4a
and 5a (Table 2, entries 4 and
5) were both modified with the
same type of polymer (a poly-


glycerol with a trifunctional core group and identical molec-
ular weight); however, only one surface was covalently
modified with the linker-containing PG derivative 5a. The
significant difference in the relative adsorptions (%PA) of
these two surfaces is consistent with the necessity of the
sulfur-containing linker between the polyglycerol and the
gold surface. If the polymer is merely bound by weak inter-
actions (for example, physical adsorption), it cannot resist
the adsorption of proteins effectively and so the protein-ad-
sorption behavior to a surface immersed in a solution of
PG5000±TMP 4a is similar to that of a bare gold surface. It is
assumed that most of the physisorbed PG layer has been re-
moved by the extensive washing steps prior to the protein-
adsorption step, while the shift to a smaller contact angle as
compared to bare gold is caused by the few remaining PG
molecules (see also Figure 1).


It is noteworthy that a gold surface modified with
thioglycerol (Table 2, entry 3) under identical conditions
does not show notable protein resistance, even though iden-
tical contact angles were measured for this surface and the
PG±Thioc derivatives 5b and 5c (Table 2, entries 7 and 8).
Thioglycerol can be considered as the smallest PG unit since
it contains the terminal hydrophilic 1,2-diol group. Since a


Table 2. Protein adsorption and contact angles of surfaces modified with the dendritic polyglycerols 4a and
5a±d and reference surfaces.


Entry SAM Multiplicity of Surface active Mn PA qwater
[a]


core unit group [gmol�1] [%] [8]


1 HDT (reference) ± SH ± 100.0�4.6 97�3
2 bare gold ± ± ± 45.5�6.0 74�5[b]


3 thioglycerol ± SH ± 47.4�4.2 20�2
4 PG5000±TMP 4a 3 none 5000 39.7�6.3 40�5
5 PG5000±Thioc 5a 3 1,2-dithiolane 5000 3.7�2.5 31�2
6 MeO-PG±Thioc 5d 3 1,2-dithiolane 5000 1.6�0.5 50�3
7 PG2500±Thioc 5b 4 1,2-dithiolane 2500 0.8�0.1 20�2
8 PG5000±Thioc 5c 4 1,2-dithiolane 5000 0.8�0.2 20�3
9 HS-(CH2)11EG3OH ± SH ± 0.8�0.3 34[c]


10 dextran[d] ± ± ± 2.7�0.8 n.d.[e]


[a] Advancing static contact angle. [b] After rinsing with MeOH and drying. [c] Water contact angle reported
in the literature: see ref. [48]. [d] CM5 research-grade sensor chip from Biacore, partially carboxymethylated
dextran matrix (see text). [e] n.d.=not determined.
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SAM-stabilizing, unbranched alkyl chain between the thiol
group and the functional group to be exposed at the inter-
face is not present in this compound, poor monolayer for-
mation has to be expected. In analogy to thioglycerol,
SAMs with very short ethylene glycol chains (HS-(CH2)11-
(OCH2CH2)n-OH, n=1 or 2) also show poor protein resis-
tance.[48] These results are consistent with the small-molecule
thioglycerol, which possesses only a single 1,2-diol unit and
has low molecular chain dynamics, lacking a substantial en-
tropy loss on protein adsorption; this in turn leads to poor
protein resistance. On the other hand, PGs show good pro-
tein resistance, due to their high molecular weight, flexibili-
ty, and dynamics. The contact angles are identical for thio-
glycerol and the best protein-resistant surfaces (those modi-
fied with 5b and 5c ; q=208) but the protein-resistant prop-
erties differ strongly. This reconfirms the fact that the hydro-
philicity of a surface alone is not a sufficient feature to
effectuate protein resistance.


By comparison of the relative adsorptions (%PA) for the
PG±Thioc derivatives 5a±d (Table 2, entries 5±8) only slight
changes of the already very low protein adsorption were ob-
served. However, these can be discussed in terms of the
polymer architecture. The more globular PG5000±Thioc 5c
with a tetrafunctional core unit is more inert to protein ad-
sorption than PG5000±Thioc 5a with a trifunctional core unit
(%PA5c<%PA5a, Table 2, entries 5 and 8). This behavior is
consistent with a correlation between the higher polymer
segment density for PG5000±Thioc 5d that arises from the
tetrafunctional pentaerythrite core (as opposed to the tri-
functional trimethylolpropane) and better protein resistance.
On the other hand, no pronounced molecular-weight de-
pendence could be detected in this structure±activity corre-
lation for the polymers 5b and 5c ; both SAMs show excel-
lent protein-resistant properties. In order to confirm the pro-
tein resistance of these PG derivatives by direct detection
methods as opposed to the indirect SPR measurements, at-
tenuated total reflectance infrared (ATR-IR) spectra of the
hydrophobic HDT surface and the PG SAM of 5c were re-
corded (Figure 3). The characteristic amide bands of fibrino-
gen at 1650 and 1550 cm�1 (Figure 3a) are also visible on
the hydrophobic surface after incubation in the fibrinogen
solution (Figure 3b). This is not the case after incubation of


the PG5000±Thioc SAM (Figure 3c). This comparison under-
lines the results obtained from our SPR data.


With respect to the criteria formulated by Whitesides and
co-workers regarding the molecular structure of protein-re-
sistant materials,[16,22] it is surprising that the hydrophilic
PG±Thioc derivatives 5a±c with a very high number of hy-
drogen-bond donors (13.5 mmolg�1 OH groups) show such
excellent protein-resistant properties. Thus, in analogy to
the mannitol SAMs prepared by Mrksich and co-workers[23]


and to the dextran surfaces,[24,25] these PG derivatives are
yet another exception to the correlation between protein re-
sistance and the absence of hydrogen-bond donors.[16,22] Our
incentive for the synthesis of the compound MeO-PG±Thioc
5d in which the majority of the acidic hydrogen atoms were
substituted by a CH3 group was to verify whether these cri-
teria also apply to PG derivatives. Surfaces modified with
5d did not reveal significantly different protein resistance to
the best hydrophilic PG±Thioc derivatives (%PAPG±Thioc�
%PAMeO-PG±Thioc). However, a small improvement can be ob-
served over a comparable trifunctional core PG derivative
with free OH groups (Table 2, entries 5 and 6). This result is
surprising with regard to the hydrophobicity of the methyl-
ated species 5d. It is not soluble in MeOH and has a much
higher contact angle. Nevertheless, this observation is in
good agreement with the hypothesis referring to the absence
of hydrogen-bond donors.[22]


A comparative protein-adsorption experiment to a dex-
tran matrix showed that the immobilized PG SAMs of 5b
and 5c are significantly more protein resistant than commer-
cially available dextran-based sensor-chip surfaces that are
typically used for SPR background measurements (Table 2,
entry 10). For direct comparison we have also studied the
protein adsorption to a SAM composed of a PEGylated al-
kanethiol HS-(CH2)11-(OCH2CH2)3-OH, for which %PAPEG


values of 0.3±1% have been reported in the literature.[16,49]


Our reproduced value for relative adsorption (%PA) to the
above-mentioned SAM was %PAPEG=0.8�0.3% (Table 2,
entry 9). The slight differences between the experimental
values may be ascribed to either different exposure times or
the surface roughness of different gold substrates. Neverthe-
less, the present results show that the PGs effectuates inert-
ness to protein adsorption as effectively as PEG derivatives


under the applied experimental
conditions.


In addition, the higher ther-
mal and oxidative stability of
the bulk PG as opposed to the
PEG was determined by ther-
mogravimetric analysis (TGA,
Figure 4) to compare the long-
term stability of the respective
coating. The onset of thermal
decomposition of PG5000 under
nitrogen is 395 8C (under air
225 8C) and exceeds that of
PEG20000 by 115 8C (30 8C under
air).[15] This observation is ex-
tremely important for the appli-
cation of PG derivatives as pro-


Figure 3. FT-IR spectra of a) fibrinogen in bulk, as well as b) a hydrophobic HDT SAM and c) the PG5000±
Thioc SAM after incubation in a fibrinogen solution and rinsing. The spectra in b) and c) were measured at
the surface by using the ATR technique.
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tein-resistant coating material for biomedical devices, where
heat is typically used for sterilization.


Conclusions


In summary, we have presented a new, biocompatible coat-
ing material, which suppresses the nonspecific adsorption of
proteins. The synthesis of the PG±thioctic acid derivatives 5
is straightforward and the self-assembled monolayers form
spontaneously on gold surfaces. A structure±activity rela-
tionship of the polymer architecture forming the self-assem-
bled monolayers has been revealed by SPR and ATR-IR
measurements, with detection of the adsorption of fibrino-
gen as well as contact-angle measurements of water drop-
lets. The capability of these dendritic polyglycerol deriva-
tives to resist the adsorption of proteins is compatible with
the dynamic surface-layer mechanism proposed by Nagaoka
et al.[17] Dendritic PGs combine the characteristic structural
features of highly protein-resistant surfaces: a highly flexible
aliphatic polyether, hydrophilic surface groups, and a highly
branched architecture. While PG monolayers are as protein
resistant as PEG SAMs, they are significantly more active
than dextran-coated surfaces, which are currently used for
SPR background measurements. Due to the higher thermal
and oxidative stability of the bulk PG as compared to PEG
and the easy accessibility of these materials, dendritic poly-
glycerols are promising candidates as surface coatings for bio-
medical applications. In addition, the multiple free OH
groups of dendritic polyglycerols can be further functional-
ized with ligands for specific protein interactions with avoid-
ance of nonspecific interactions at the same time. With con-
sideration of practical applications, further research in our
group is focused on dendritic polyglycerol derivatives with
alternative reactive linker groups for the coating of com-
modity material surfaces (such as glass, plastics, and ceram-
ics).


Experimental Section


The controlled syntheses of hyperbranched polyglycerols have been re-
ported[28±32] and precise molecular weights of the polymers (controlled by
the monomer/initiator ratio) with narrow polydispersities (<2) can be
obtained. The unique, dendritic architecture of the hyperbranched PG
shown in Scheme 1 has a typical degree of branching of 60%, as deter-
mined by inverse-gated 13C NMR spectroscopy.


Synthesis of PG±Thioc 5b : In a Schlenk flask PG2500±PE (Mn=


2500 gmol�1, 3.92 g, 1.57 mmol, 1 equiv), thioctic acid (0.324 g,
1.57 mmol, 1 equiv), and a catalytic amount of DMAP (10 mg,
0.08 mmol, 0.05 equiv) were dissolved in anhydrous DMF (25 mL) under
an argon atmosphere. After the mixture was cooled to 0 8C, DCC
(0.356 g, 1.73 mmol, 1.1 equiv) was added in DMF (1.4 mL) and the solu-
tion was stirred for 18 h at room temperature. The reaction mixture was
filtered, the solvent was evaporated, and the residue was purified by ex-
tensive dialysis in MeOH. Evaporation of the solvent afforded the de-
sired polymer 5b (0.9 g, 22%): 1H NMR (300 MHz, CD3OD, 25 8C): d=
1.48 (m, 2H; H-Thioc), 1.65 (m, 4H; H-Thioc), 1.91 (m, 1H; H-Thioc),
2.45 (m, 3H; H-Thioc), 3.16 (m, 2H; H-Thioc), 3.40±4.25 (m, PG back-
bone and H-Thioc), 4.69 (m, OH), 4.89 (m, OH) ppm; 13C NMR
(75.4 MHz, CD3OD, 25 8C): d=25.8 (C-Thioc), 29.9 (C-Thioc), 35.0 (C-
Thioc), 35.7 (C-Thioc), 39.6 (C-Thioc), 41.6 (C-Thioc), 47.0 (central C
atom of initiator), 57.8 (C-Thioc), 62.7, 63.0, 64.4, 66.9, 70.7, 71.0, 71.7,
72.1, 72.3, 72.5, 72.8, 74.0, 79.8, 80.1, 81.4, 81.6 (PG backbone), 176.0 (C-
Thioc) ppm; IR (KBr) ñ=3370 (s), 2920 (m), 2880 (m), 1750 (w), 1650
(w), 1460 (w), 1350 (w), 1250 (w), 1120 (s), 1080 (s) cm�1.


Preparation of SAMs : Gold substrates for SPR spectroscopy were pre-
pared from glass coverslips (VWR International, no. 1, 20î20 mm2) that
were cut in half (resulting in glass chips of 10î20 mm2), cleaned by im-
mersing into deionized water and isopropanol in an ultrasonic bath, dried
in a stream of nitrogen, and subsequently subjected to electron-beam
evaporation of Cr (2.5 nm) followed by Au (40 nm). Preparation of
SAMs from sulfur-functionalized polymers consisted of immersing the
gold-coated glass coverslip in a PG solution (1% w/w) in MeOH (for
PG±Thioc) or THF (MeO-PG±Thioc) overnight, rinsing the surface in a
stream of the respective solvent for 30 s, and drying it in a stream of ni-
trogen. SAMs from HDT, HS-(CH2)11-(OCH2CH2)3-OH, and thioglycerol
were prepared analogously by using 1 mm solutions in EtOH and MeOH,
respectively.


SPR measurements : The measurements were carried out on a Biacore
1000 (Upgrade) spectrometer. The modified and dried, semitransparent
gold substrates were mounted on an SPR cartridge with double-sided
tape. The running buffer for the SPR spectrometer was PBS (10mm


PO4
3�, 138mm NaCl, 3mm KCl, pH 7.4). All solutions used for SPR


measurements were freshly prepared and filtered through a 0.22-m filter
prior to use. Fibrinogen and SDS solutions were used at concentrations
of 1 mgmL�1 and 20mm in PBS, respectively. The standard procedure for
the recording of sensograms was 1) flowing PBS buffer over the surface
for 1.5 min, 2) replacing the buffer by flowing SDS solution for 3 min,
3) rinsing the surface of SDS by flowing PBS buffer over it for 10 min,
4) exposing the surface to protein by flowing fibrinongen solution over it
for 30 min, and 5) finally rinsing the surface with PBS for an additional
10 min. An experimental value for RUbefore exposure was acquired by averag-
ing the RU(t) values within the time interval 180±90 s prior to the fibrino-
gen injection. An experimental value for RUafter exposure was acquired by
averaging the RU(t) values within the time interval 420±510 s after com-
pletion of the fibrinogen injection. The DRU values of four protein-ad-
sorption measurements for the same modified surface were used to calcu-
late the standard deviation, which was further used to estimate the error
in relative adsorption (%PA) by using the mean square method.


Contact angles : The advancing static contact angle of a water drop
(MilliQ) was measured prior to the SPR measurement by using a OC20
apparatus from Data Physics.


IR measurements : IR spectra from surfaces were carried out with an
ATR-IR machine (IFS88) from Bruker.


Thermogravimetric analysis : To compare the onset of thermal decompo-
sition for PG and PEG, a sample of PG with a molecular weight of
5000 gmol�1 and a PEG sample with a molecular weight of 20000 gmol�1


Figure 4. TGA diagram of PG with a molecular weight of 5000 gmol�1


under air and N2 atmosphere and PEG with a molecular weight of
20000 gmol�1 under air. From this diagram, the following temperatures
for the onset of thermal decompositions were extracted: PG5000 under N2:
395 8C; PG5000 under air: 226 8C; PEG20000 under air: 195 8C.
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were subjected to thermogravimetric analysis under air or nitrogen by
using an STA 409 apparatus from Netzsch.
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Long-Range Stereocontrol in the Self-Assembly of Two-Nanometer-
Dimensioned Triple-Stranded Dinuclear Helicates�


Markus Albrecht,*[a] Ingo Janser,[a] Hirohiko Houjou,[b] and Roland Frˆhlich[c]


Dedicated to Professor Jµnos Rÿtey on the occasion of his 70th birthday


Introduction


(Metallo-)supramolecular chemistry[1] is a discipline which is
positioned at the borders between chemistry and nanotech-
nology.[2] It provides the chemical tools for, and the mecha-
nistic understanding of, arranging molecular components to
give large, very stable noncovalently linked structures.[3] The
knowledge of fundamental mechanistic principles of coordi-
nation chemistry,[4] supramolecular chemistry,[5] and self-as-
sembly[6] are essential for the systematic use of the chemical
™bottom up synthesis∫[7] for metal-containing nanostruc-
tures.


Modern coordination chemistry started with the ground-
breaking work of Alfred Werner in the late 19th century.


Basic knowledge of the three-dimensional arrangement of li-
gands coordinated to metal ions was provided at this time.[8]


An extension of this ™simple∫ coordination chemistry to-
wards more complex and larger self-assembled structures
was introduced in the 1980s by Lehn and co-workers.[9,10]


This was, and still is, thoroughly investigated by the groups
of Raymond,[11±13] Saalfrank,[12,14, 15] Constable,[16,17] Ward,[18]


and many others.[7,19] An even more sophisticated level of
organization is achieved in the preparation of large, multi-
nanometer-dimensioned oligo- (or better: poly-) nuclear co-
ordination compounds which approach the size of proteins
or viruses.[20] This is impressively demonstrated by the work
of Stang,[21] Fujita,[22] Robson[23] and their respective co-
workers.


As it is understood today, the specificity of the self-assem-
bly of metallo-supramolecular architectures depends on the
symmetry of the molecular components; on the one hand on
the coordination geometry of the metals, and on the other
on the symmetry of the ligands.[5] However, for the in-depth
study of the basic mechanistic principles of the self-assembly
of supramolecular aggregates by metal coordination, simple
model compounds have to be studied. This allows the use of
the gained knowledge to design bigger supermolecules.
Therefore, during the last 15 years, helicates became a kind
of ™metallo-supramolecular chemists’ drosophila∫, which
made it easy to investigate self-assembly processes using co-
ordination chemistry.[10,24, 25]


The mechanism of the self-assembly of helicates,[25±28] the
™cooperativity∫ of this process,[29] and ™secondary interac-
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Abstract: A series of bisimine-bridged
dicatechol ligands 2-H4±5-H4 were syn-
thesized and were used to prepare
triple-stranded dinuclear helicate-type
complexes with a length of up to more
than 2 nm. X-ray structural analyses of
Na4[(2)3V2], Na4[(3)3Ti2], Na4[(4)3Ti2],
and Na4[(5)3Ti2], as well as tempera-
ture-dependent NMR investigations of
Na4[(4)3Ti2] and Na4[(5)3Ti2] show that,
in the case of the rigid linear ligands 2


and 3, and of the ligand 5, which pos-
sesses C2h symmetry in its idealized
structure, homochiral helicates are dia-
stereoselectively formed. Ligand 4, on
the other hand, with idealized C2v sym-
metry, leads with surprisingly high se-


lectivity to the formation of the hetero-
chiral meso-helicate. This is attributed
to the ability of ligand 4 to adopt a
less-restricted conformation in the
meso compound than in the helical
complex. NMR investigations indicate
that both complex units of Na4[(4)3Ti2]
invert (LD!DL) simultaneously, while
in the case of Na4[(5)3Ti2] a stepwise
racemization proceeds.


Keywords: helicates ¥ self-assembly ¥
stereoselectivity ¥ titanium ¥
vanadium
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tions∫ (templating effects)[10,30,31] have already been the
focus of much work. Further questions regarding the orien-
tation of directional ligands[17,32±34] or the self- or hetero-rec-
ognition of ligands and/or metals[35] were also posed. Just re-
cently several groups have started to investigate the function
of helicates with respect to electrochemistry,[36] photophy-
sics,[34,37,38] mesoscopic behavior,[39] and their ability to recog-
nize guests[40] or binding sites.[41]


In the self-assembly of double- and triple-stranded heli-
cates, an intrinsically chiral supramolecular architecture is
formed from achiral components (if ligands without stereo-
genic units are used).[10] Chirality is introduced upon wrap-
ping of the helicating ligands around the metal centers. In
the case of the meso-helicates[31,42±46] (™side-by-side com-
plexes∫,[47] or™mesocates∫[48]) an achiral supermolecule is ob-
tained that bears two oppositely configured chiral units. Dif-
ferent factors can be responsible for the stereocontrol in the
formation of the helicate-type complexes.[49] Templating ef-
fects might influence the diastereoselective formation of hel-
icates.[15,48,50] Chiral units in the ligand spacer can control the
stereochemistry at the metal complex units,[51] or steric con-
straints enforce one of the two possible diastereomeric
forms of coordination compounds.[28,52]


As a systematic entry for the stereospecific preparation of
helicates or meso-helicates, we introduced the ™even±odd
principle∫[53] in this field of chemistry: We prepared alkyl-
bridged dicatechol,[54] di-8-hydroxyquinoline,[55] or dibipyri-
dine[43] ligands with alkyl spacers of different length (e.g. 1 a-
H4, 1 b-H4), and owing to the preferred zigzag conformation
of the alkyl chain, the diastereoselectivity of the complex
formation can be controlled.[45]


As outlined for the ™CH2∫ spacer of 1 a-H4 in Figure 1, li-
gands with an odd number of methylene units in the spacer
possess a ™horizontal∫ mirror plane as the most influential
symmetry element of the idealized C2v symmetry, which
mirors the two attached chiral metal-complex moieties onto
each other. This symmetry transformation leads to an oppo-
site configuration at the complex units, and thus the ligand


is predisposed to form the achiral dinuclear meso-helicate
LD-[(1 a)3Ti2]


4�.[31] The methylene unit also possesses a C2-
symmetry axis. However, to preserve this symmetry in a di-
nuclear complex with short spacers, the ligand has to adopt
an unfavorable conformation for complex formation. If long
spacers are present, this conformation should not be ™unfav-
orable∫ (vide infra).


Ligands with an even number of methylene units, such as
1 b-H4, show idealized C2h symmetry. They possess a C2 axis
(see Figure 1) as the relevant symmetry element. This leads
to the specific formation of chiral helicates such as LL- and
DD-[(1 b)3Ti2]


4� as a racemic mixture.[56] Thus, the alkyl
chains of ligands with a linear alkyl bridge connecting two
rigid metal binding sites act as stereo-controlling units that
transfer the chiral information from one metal-complex
moiety to the other and predetermine the stereochemical re-
lation (homo- versus heterochiral) between the two cen-
ters.[57]


In the present study we synthesized a series of dicatechol
ligands 2±5 (see Scheme 1) by simple imine condensa-
tion[33,58±63] and prepared their dinuclear metal complexes.[64]


Our aim was to assemble nanometer-dimensioned com-
plexes, and to use the most simple ™stereo-controlling∫ alkyl
units±-methylene and ethylene–in conjunction with rigid
linear connectors to control the formation of stereochemi-
cally well-defined coordination compounds.[65] We wanted to
determine whether the relative stereochemistry is still con-
trolled by the methylene or ethylene units (Figure 2), as was
described for ligands 1 a and 1 b.[31, 45,56]


The small control units CH2 and (CH2)2 are therefore in-
troduced in the central part of a long, partly rigid spacer to


Figure 1. Idealized representation of the ligands 1 a-H4 and 1b-H4 show-
ing the symmetry elements that are relevant for the selective formation
of the meso-helicate (mesocate, side-by-side complex) [(1 a)3Ti2]


4�[31] or
the helicate [(1b)3Ti2]


4�.[56]
Figure 2. Schematic representation of dicatechol ligands possessing rigid
connectors and small central stereo-controlling alkyl units.
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investigate if long-range stereochemical information transfer
between two connected complex units can occur in systems
with long ™semirigid∫ ligands.


Results


Ligand synthesis : The bisimine-bridged dicatechol ligands 2-
H4±5-H4 are easily prepared by condensation of appropriate
diamines with two equivalents of 2,3-dihydroxybenzalde-
hyde (Scheme 1).[66] The preparation and characterization of


2-H4 was described earlier.[64] The ligand 2-H4 possesses a
rigid (but short) spacer connecting the ligand units. In the
benzidine derivative 3-H4 the two ligand units are also
bridged by a rigid spacer. In 4-H4 and 5-H4 rigid linear con-
nectors on the one side are attached to the ligand moieties,
and, on the other side, are bound to a flexible central
stereo-controlling unit: either -CH2- (4-H4) or -CH2CH2- (5-
H4). The ligands 3-H4±5-H4 are obtained in 91 to 97 % yield
and are characterized by standard methods (1H and
13C NMR spectroscopy, mass spectrometry, and elemental
analysis). As a characteristic 1H NMR signal, the resonance
of the imine proton of the ligands in [D6]DMSO appears at
d=8.9±9.0 ppm.


Formation and structure of Na4[(2)3V2]: Titanium(iv) and
vanadium(iv) complexes of ligand 2-H4 can be easily pre-
pared by simple mixing of 2-H4 with the alkali metal carbon-
ate and [MO(acac)2] (M=Ti, V; acac=acetylacetonate) in
methanol (Scheme 2). After the mixture is stirred overnight,
the solvent is removed and the obtained solids are purified
by chromatography on lipophilic Sephadex LH20.[64]


The titanium(iv) complex Na4[(2)3Ti2] was already report-
ed by us. The complex shows a helicate structure with two
equal configured complex units. A sodium cation can be ob-
served in the interior of the helicates in the solid state, and


NMR spectroscopy indicates that this binding takes place in
solution as well.[64]


The vanadium(iv) complex Na4[(2)3V2] was isolated in
92 % yield and was characterized by elemental analysis and
positive FAB mass spectrometry in 3-nitrobenzoic acid (3-
NBA) as matrix. Characteristic peaks of the dinuclear coor-
dination compound are detected at m/z 999 {Na4[(2)3V2]H


+}
and 977 {Na3[(2)3V2]H2


+}. X-ray±quality crystals of
Na4[(2)3V2]¥5MeOH¥Et2O were obtained by slow diffusion
of diethyl ether into a methanolic solution of Na4[(2)3V2].
The compound crystallizes in the monoclinic space group
C2/c (no. 15), with cell parameters a=13.905(1), b=
18.387(1), c=21.368(1) ä, and b=90.84(1)8. The structure
was refined to R=0.074.


Figure 3a shows the dinuclear tetraanionic helicate
[(2)3V2]


4�, with the three azine-bridged dicatechol ligands 2
wrapping around the two vanadium(iv) centers (Figure 3b).


Scheme 1. Synthesis of the bisimine-bridged dicatechol ligands 2-H4±5-
H4.


Scheme 2. Synthesis of TiIV and VIV complexes of ligand 2-H4.


Figure 3. Part of the solid state structure of Na4[(2)3V2]¥5MeOH¥Et2O.
Hydrogen atoms are omitted for clarity and methanol is only indicated.
a) Side view of the dinuclear triple-stranded helicate [(2)3V2]


4� ; b) top
view of the dinuclear triple-stranded helicate [(2)3V2]


4� ; c) [(2)3V2]
4� with


encapsulated sodium cations and methanol molecules; d) representation,
showing the coordination at the encapsulated sodium cations.
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Two different conformations are observed at the azine
bridges. One of the spacers of 2 adopts an s-cis orientation
at the N�N unit (dihedral angle at C=N�N=C 48.88), with
the nitrogen lone pairs pointing away from the cavity of the
helicate and the imine hydrogen atoms pointing inwards.
The other two spacers adopt an s-trans conformation (C=N�
N=C �155.98), with one lone pair of one nitrogen atom
pointing outwards and the other inwards. The latter confor-
mation is enforced by encapsulation of two sodium ions in
the interior of the helicate [(2)3V2]


4� (Figure 3c). Each of
the Na+ ions binds to two internal catecholate oxygen
atoms of a complex moiety and to one of the internal N
atoms. Additionally, two methanol ligands bind to each of
the sodium cations, and a further methanol group bridges
the two cations (Figure 3d).


The coordination chemistry at the vanadium centers of
[(2)3V2]


4� can be described as distorted octahedral with a
V¥¥¥V separation of 8.339 ä within the complex. The heli-
cate, with the same configuration at both metal-complex
units, is the favored diastereoisomer due to the rigidity of
the linear conjugated spacer.[28, 52,61,67, 68]


Formation and structure of M4[(3)3Ti2] (M=Li, Na, K): Ti-
tanium(iv) complexes of ligand 3 cannot be prepared as was
described for the corresponding complexes of ligand 2 due
to the low solubility of 3. Therefore, 3-H4, [TiO(acac)2], and
the corresponding alkali metal carbonate are dissolved in
DMF (Scheme 3). Within minutes the solution turns orange-


red and is then stirred overnight at room temperature. Vola-
tile components are removed under vacuum to obtain the
complex salts M4[(3)3Ti2] (M=Li, Na, K) as red solids in
92±95 % yield.


The dinuclear complexes were characterized by elemental
analysis. Positive FAB MS (3-NBA) reveals characteristic
peaks at m/z 1379 {H2Li3[(3)3Ti2]


+} and 1385 {HLi4[(3)3Ti2]
+},


and 1427 {H2Na3[(3)3Ti2]
+} and 1449 {HNa4[(3)3Ti2]


+}, or
1475 {H2K3[(3)3Ti2]


+} and 1513 {HK4[(3)3Ti2]
+}, respectively.


Upon complex formation, the imine proton, which appears in
the 1H NMR of 3-H4 in [D6]DMSO at d=9.01 ppm, is shifted
upfield to d=8.69±8.71 ppm. The signals of the spacer are ob-
served as two doublets at d=7.57/7.19 (M=Li, J=7.1 Hz),
7.56/7.21 (M=Na, J=7.8 Hz), or 7.56/7.22 ppm (M=K, J=
7.1 Hz), while the catechol resonances are detected at d=


7.04/6.41/6.21 (M=Li), 7.08/6.40/6.21 (M=Na), or 7.08/6.41/
6.23 ppm (M=K). Thus, no significant differences are ob-
served for the NMR shifts of different salts of [(3)3Ti2]


4�.[69]


X-ray quality crystals of Na4[(3)3Ti2]¥13DMF were ob-
tained by slow diffusion of diethyl ether into a solution of
the sodium salt in DMF. The compound crystallizes in the
monoclinic space group P21/c (no. 14) with the cell parame-
ters a=22.716(1), b=24.487(1), c=22.868(1) ä and b=


104.358. The linear rigid ligands form a triple-stranded heli-
cate [(3)3Ti2]


4� with two similar-configured titanium(iv) com-
plex units. The transition metals are fixed at a distance of
Ti¥¥¥Ti=16.946 ä (Figure 4). The total length of the cylindri-
cal complex is approximately 2.1 nm.[13]


The ligands (3) slightly wrap around the metals and adopt
a conformation with the imine hydrogen atoms pointing into
the cavity, directed towards the catecholate oxygen atoms.
This orientation leads to the upfield shift of the resonance
of this proton in the 1H NMR spectra. The bridging biaryl
units are twisted by 33.0, 21.6, and 45.18, respectively. In the
solid state, two sodium cations are bound in the interior of
the helicate, each binding to the internal catecholate oxygen
atoms and to three DMF molecules. An additional DMF
molecule is encapsulated in the center of the cavity (Fig-
ure 4b).


Formation and structure of M4[(4)3Ti2] (M=Li, Na, K): Re-
action of titanium(iv) ions with ligand 4-H4 in the presence
of the corresponding alkali metal carbonate in DMF leads
to the assembly of dinuclear complexes M4[(4)3Ti2] in quan-
titative yield (Scheme 4).


The complexes M4[(4)3Ti2] were characterized by elemen-
tal analysis, FAB MS, and NMR spectroscopy. For example,
in the positive FAB mass spectrum of Li4[(4)3Ti2] character-
istic peaks can be detected at m/z 1415 {H3Li2[(4)3Ti2]}


+ and


Scheme 3. Synthesis of M4[(3)3Ti2] complexes.


Figure 4. a) View of the dinuclear triple-stranded helicate [(3)3Ti2]
4� in


the solid state; b) structure of [(3)3Ti2]
4� including encapsulated sodium


cations and DMF molecules. Hydrogen atoms are omitted for clarity, and
DMF molecules, which are coordinated to sodium cations, are only
shown schematically.


Scheme 4. Synthesis of M4[(4)3Ti2] and M4[(5)3Ti2] complexes.
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1421 {H2Li3[(4)3Ti2]}
+ . A corresponding peak for the anion


{Li3[(4)3Ti2]}
� appears in the negative FAB mass spectrum at


m/z 1419. The lithium salt Li4[(4)3Ti2] in [D6]DMSO shows
peaks in the 1H NMR spectrum at d=8.75 (6 H, imine), 7.14
(br., 24 H; spacer-aryl), 7.05 (dd, J=8.0, 1.4 Hz, 6 H; cat),
6.35 (t, J=8.0 Hz, 6 H; cat), and 6.11 ppm (dd, J=8.0,
1.4 Hz, 6 H; cat). The corresponding aromatic and imine 1H
NMR resonances of the potassium or the sodium salt show
no significant shift differences compared to the lithium com-
pound. The signal of the spacer methylene unit, however,
appears for both the potassium and the sodium salts as a sin-
glet at d=3.87 ppm. In the case of Li4[(4)3Ti2] two separate
signals are observed at d=3.86 and 3.84 ppm for the CH2


group.[70]


We were able to obtain crystals of Na4[(4)3Ti2]¥10 DMF by
diffusion of diethyl ether into a DMF solution. The complex
crystallizes in the monoclinic space group P21/n (no. 14)
with cell parameters a=25.887(1), b=12.584(1), c=
34.210(1) ä, b=96.45(1)8 and was refined to R=0.122.
Ligand 4 with a central CH2 unit leads to the formation of
the triple-stranded meso-helicate [(4)3Ti2]


4�. The solid-state
structure shows the ™C∫-shaped conformation at the ligands
(4), which leads to different configurations at the two com-
plex units (Figure 5a).[45] The meso-helicate [(4)3Ti2]


4� is


2.05 nm long, and the metals (Ti¥¥¥Ti) are 1.6845 nm apart.
Again, two sodium cations are encapsulated in the interior
of the complex. One of the cations shows a disorder over
two positions (Figure 5b). In addition to the interaction with
two internal catecholate oxygen atoms and two or three
DMF molecules, respectively, the cations bind to the imine
nitrogen atoms of one of the three 4 ligands, enforcing an
™inward∫ orientation of the imines of this strand. Na�N dis-
tances are 2.58±2.59 ä. One additional DMF molecule is lo-
cated in the inner cavity of the complex.


Formation and structure of M4[(5)3Ti2] (M=Li, Na, K): The
complex salts M4[(5)3Ti2] are prepared in quantitative yield


as was described for M4[(4)3Ti2]. Elemental analyses showed
the correct composition for the compounds, and characteris-
tic peaks were observed in the positive (e. g.: m/z 1463
{H2Li2[(5)3Ti2]}


+) as well as in the negative FAB mass spec-
tra (e. g.: m/z 1455 {HLi2[(5)3Ti2]}


� and 1461 {Li3[(5)3Ti2]}
�).


1H NMR spectroscopy in [D6]DMSO reveals the resonances
of the imine proton at d=8.67 (M=Li), 8.80 (M=Na), and
8.74 ppm (M=K), of the spacer at d=7.29/7.10/2.80 (M=


Li), 7.32/7.18/2.81 (M=Na), and 7.33/7.19/2.82 ppm (M=


K), and of the catecholate units at d=7.03/6.36/6.14 (Li),
7.08/6.38/6.18 (Na), and 7.07/6.37/6.17 ppm (K). Again, no
significant differences were observed comparing the spectra
of the complex salts M4[(5)3Ti2] with different cations M+ .


Crystals of Na4[(5)3Ti2]¥13 DMF¥H2O were obtained from
wet DMF/diethyl ether. The complex crystallizes in the
monoclinic space group P21/c (no. 14) with cell parameters
a=24.870(1), b=23.601(1), c=23.564(1) ä, b=104.85(1)8
and was refined to R=0.102.


The three 5 ligands, with an ethylene moiety as central
unit, wrap slightly around the two metal centers, leading to
the same configuration at the two metal-complex units. The
obtained supramolecular ™cylinder∫ is 2.25 nm long with a
Ti¥¥¥Ti separation of 1.9060 nm (Figure 6a). Two sodium cati-


ons are encapsulated in the interior of the helicate, each
binding to three internal catecholate oxygen atoms and to
three DMF molecules. One molecule of DMF fills the inter-
nal space of the cavity (Figure 6b).


Temperature-dependent NMR investigations on Na4[(4)3Ti2]
and Na4[(5)3Ti2]: For dinuclear helicate-type complexes with
an odd number of CH2 units in the spacer, NMR spectrosco-
py is a powerful tool to distinguish between the helicate and
the meso-helicate form.[27,42,44, 45,71,72]


Figure 7 shows schematic representations of the situation
that is found for methylene or ethylene spacers either in hel-


Figure 5. a) View of the dinuclear triple-stranded meso-helicate
[(4)3Ti2]


4� in the solid state; b) structure of [(4)3Ti2]
4� including encapsu-


lated sodium cations and DMF molecules. Hydrogen atoms are omitted
for clarity, and DMF molecules, which are coordinated to sodium cations,
are only shown schematically.


Figure 6. a) View of the dinuclear triple-stranded helicate [(5)3Ti2]
4� in


the solid state; b) structure of [(5)3Ti2]
4� including encapsulated sodium


cations, and DMF molecules. Hydrogen atoms are omitted for clarity,
and DMF molecules, which are coordinated to sodium cations, are only
shown schematically.
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icate or meso-helicate structures. In the case of the ethylene
spacer we expect two sets of signals for the helicate as well
as for the meso-helicate. However, in the case of the methyl-
ene linkage, only one signal is expected for the helicate,
whereas two diastereotopic protons are present for the
meso-helicate. Therefore, we would expect two signals for
the methylene unit of the meso-helicate [(4)3Ti2]


4�.[42,44,45, 72]


This is only observed for the lithium salt Li4[(4)3Ti2] which
shows, in [D6]DMSO at room temperature (400 MHz), two
signals at d=3.86 and 3.84 ppm for the spacer. Under the
same conditions singlets are observed for the alkyl units of
the potassium as well as of the sodium salt. This is attributed
to a low inversion barrier for the complex units,[73] which de-
pends on the internally bound counterions.[44] Therefore we
investigated the spectra of Na4[(4)3Ti2] at low temperature.


The 1H NMR spectrum of Na4[(4)3Ti2] in [D4]methanol at
room temperature shows only one singlet at d=3.90 ppm
for the protons of the central methylene unit. Upon cooling
of the NMR sample, the signal of the CH2 group broadens
and starts to split. At 233 K two separate doublets are ob-
served at d=3.86 and 3.93 ppm (J=15 Hz) (Figure 8a), re-
vealing that the meso-helicate Na4[(4)3Ti2] is present in solu-
tion as it is observed in the solid state. From the coalescence
temperature (ca. 275 K) an energy barrier of DG�=


57 kJ mol�1 is estimated[74] for the degenerated inversion of
the meso-helicate (LD!DL).[44]


In the case of Na4[(5)3Ti2] a fast racemization reaction
LL!DD and vice versa is expected to occur.[56] Unfortu-
nately Na4[(5)3Ti2] is only slightly soluble in [D4]methanol.
We therefore had to perform the temperature-dependent
NMR investigations in [D7]DMF. Rather different results
were obtained for the two complexes Na4[(4)3Ti2] and
Na4[(5)3Ti2] in this solvent.


The 1H NMR spectrum of Na4[(4)3Ti2] in [D7]DMF at
500 MHz shows broad signals at room temperature for the
methylene protons. At high temperature (Figure 8b) a sharp
singlet can be detected for this group at d=4.07 ppm
(350 K). Coalescence occurs at approximately 305 K. At low
temperature (253 K) two separate doublets can be observed
for the diastereotopic protons at d=4.22 and 3.94 ppm (J=
13.4 Hz). This shows the presence of the meso-helicate in
solution. According to NMR spectroscopy no significant
amounts of the chiral helicate were present. A barrier of
DG�=59 kJ mol�1 can be estimated[74] for the inversion of
the complex, which is in accordance with the corresponding
results obtained in [D4]methanol.


The racemization barrier of Na4[(5)3Ti2] is rather low. We
could therefore not freeze out the inversion process in the


NMR spectrum in [D7]DMF at 500 MHz. However, at 190 K
the signal of the alkyl unit (d=3.05 ppm at room tempera-
ture) broadens significantly, indicating that this temperature
is close to the coalescence temperature. At lower tempera-
ture the sample solidifies. Therefore the barrier for the race-
mization of Na4[(5)3Ti2] can be estimated to be DG�<


32 kJ mol�1.[74] Our NMR investigations in [D7]DMF at
500 MHz show that the barrier for the inversion of the
meso-helicate Na4[(4)3Ti2] is approximately twice as high as
that of the helicate Na4[(5)3Ti2].


Discussion


Herein we describe a series of bisimine-bridged dicatechol
ligands 2-H4±5-H4 which form dinuclear triple-stranded com-
plexes in self-assembly processes with surprisingly high dia-
stereoselectivity. All ligands are rigid[75] with some degree of
flexibility introduced into ligands 4-H4 and 5-H4. To under-
stand the structure of the ligands in the complexes we have
to consider conformational restrictions in the ligand strands
based on dipole±dipole interactions, conjugation, and cation
complexation.


Conformational considerations : Figure 9a shows different
orientations that can be adopted by the imine units of li-
gands 2±5. Conformation A represents a favored orienta-
tion. Here the imine group is oriented away from the inter-


Figure 7. Schematic representation of the orientation of ligands with
methylene or ethylene spacers in the helicate and meso-helicate. Homo-
topic and diastereotopic protons are indicated.


Figure 8. Temperature-dependent NMR spectra of Na4[(4)3Ti2] in
[D4]methanol (a) or [D7]DMF (b) showing the splitting of the signal of
the CH2 group (^) into two doublets at low temperature (*: impurities).
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nal catecholate oxygen atom and an attractive dipole±dipole
interaction occurs between the imine proton and the lone
pair of the oxygen atom. In B a disfavored conformation is
shown in which a repulsive interaction takes place between
the nitrogen and oxygen lone pair. However, structure C
can be adopted if a cation binds to the internal catecholate
oxygen atom as well as to the imine nitrogen atoms, and
thus compensates for the charge of the electron pairs. In the
presented X-ray structures of Na4[(2±5)3(V/Ti)2], the imine
group usually is in conjugation with the catechol. This leads
to small dihedral angles Y=0.18±158 (Figure 9b) in the case
of a structure like A. If a cation coordinates (C), Y becomes
approximately 1758. On the other hand, the imine is not in
conjugation with the aromatic ring of the spacer (Figure 9c),
and the dihedral angle F varies from 138 to 498. However,
this dihedral angle F does not influence the linearity of the
spacer, due to the para substitution at the phenyl group.


Stereochemical considerations : It is not a surprise that the
rigid linear ligands 2-H4 and 3-H4 form helicates.[68, 69,75] The
linear ligand transfers the stereochemical information direct-
ly from one complex unit to the other. To obtain a meso-hel-
icate, the ligand has to bend, that is, to adopt a ™C∫-type
shape. Due to the buildup of strain, this is highly disfavored.


In the case of the ligand 5-H4, which contains a central
ethylene linkage, it is also understandable that the helicate
is favored over the meso form because of symmetry argu-
ments. In the favored zigzag conformation D (Figure 10),


the ethylene linkage does not possess the mirror plane that
is necessary for the meso-helicate. To form the meso-heli-
cate, the ethylene linkage has to adopt the sterically disfa-


vored staggered conformation E. Minimization of strain
energy leads to the preferred formation of the homochiral
helicate if ligand 5 is used.[56]


The most surprising result is obtained with ligand 4-H4,
which forms the achiral meso-helicate [(4)3Ti2]


4� with high
diastereoselectivity. As indicated in Figure 11, ligand 4 can


adopt two different conformations, ™side-on∫ and ™wrap-
ping∫, in which either the C2 axis of the helicate (™wrap-
ping∫)[38,76] or the mirror plane of the meso-helicate (™side-
on∫)[31, 43] is present. Thus, ligand 4 is in principle able to
form both the chiral helicate and the achiral meso-helicate.


For the small ligand 1 a, the same arguments can be used.
However, in contrast to 4, 1 a has only a very short spacer.
Thus it is not able to wrap around the metal centers, but has
to approach side-on with both ligand units from the same
face of the dinuclear complex. Ligand 1 a forms the meso-
helicate [(1 a)3Ti2]


4� with high diastereoselectivity.[31] The
spacer of 4 is much longer than that of 1 a, and therefore it
is surprising that here the meso-helicate L,D-[(4)3Ti2]


4� is
also formed with high stereoselectivity.


Furthermore, Williams,[77,78] Hannon,[58,60] and Yoshida[62,63]


and their respective co-workers already introduced the meth-
ylene-bridged ligands 6 and 7, which form the triple-stranded
homochiral helicates [(6)3Co2]


4+ [77] and [(7a)3Ni2]
4+ [58] or


[(7a)3Zn2]
4+ [62,63] with high diastereoselectivity.


Figure 9. a) Schematic representation of the imine orientations and of the
dihedral angles Y (b) and F (c).


Figure 10. Different conformations of an ethylene unit, which have to be
adopted in a helicate (D) or a meso-helicate (E).


Figure 11. Schematic representation of the possible conformations of
ligand 4 and 5 to either wrap around the two metals or to bind by side-
on coordination. Hereby ligand 4 forms the helicate by ™wrapping∫,
whereas ™side-on∫ coordination results in the meso-helicate. With ligand
5 the homochiral helicate is formed in all cases.


Chem. Eur. J. 2004, 10, 2839 ± 2850 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2845


Triple-Stranded Dinuclear Helicates 2839 ± 2850



www.chemeurj.org





NMR investigation of the diamagnetic triple-stranded hel-
icate [(7 a)3Fe2]


4+ shows that this chiral complex is formed
in a highly diastereoselective way.[58,60] The corresponding
dinuclear zinc complex [(7 a)3Zn2]


4+ leads to a complicated
NMR spectrum at low temperature, which is attributed to
restricted rotation of the phenyl groups and eventually to
some ligand dissociation.[62,63] For the double-stranded com-
plex [(7 b)2Ag2]


2+ , NMR spectroscopy shows signals of both
diastereomeric forms, that is, the helicate and the meso-heli-
cate.[60]


Both ligands 4 and 7 possess a similar geometric arrange-
ment but, in coordination studies, led to different diaster-
oisomers with high selectivity. At first sight this seems to be
surprising. To explain this contradiction we have to specu-
late: In the case of 7, the imine groups are a part of the
metal-binding unit. The flexibility of the ligand is thus re-
duced, leading to a state of high preorganization which facil-
itates wrapping around the metals.[58,62] To form dinuclear
triple-stranded complexes, the metal-complex units have to
adopt a well-defined geometry. To minimize distortion at
the metal center, the ligand 7 wraps around the metal cen-
ters and the helical complex [(7)3M2]


4+ is formed. Here con-
straints at the metal center as well as at the ligand control
the structure. On the other hand, ligand 4 shows a higher
flexibility than 6 or 7 due to some rotational freedom at the
imine units. Therefore, constraints, which accumulate upon
complex formation, can be cancelled by dihedral distortion
of those units.


™Side-on∫ binding of the ligands is observed in the solid
state for complex [(4)3Ti2]


4� and [(5)3Ti2]
4�, as well as in sol-


ution for ligand 4. We can speculate that the side-on coordi-
nation might be entropically favored. If the ligand wraps
around the metal centers, the inversion of the metal centers
is disfavored, due to a major structural rearrangement of the
complex during this process. In the side-on coordination the
complexes are highly dynamic. This coordination should
therefore be entropically favored because the system can
adopt a state of ™higher disorder∫.


A shallow potential surface for the racemization of heli-
cates was demonstrated before for related small triple-
stranded helicates by Raymond et al.[28] and later by us.[72] In
the dynamic systems Na4[(4)3Ti2] and Na4[(5)3Ti2], a dramat-
ic difference can be detected for the inversion barriers of
DG�=59 kJ mol�1 (Na4[(4)3Ti2]) and DG�<32 kJ mol�1


(Na4[(5)3Ti2]). This indicates that inversion proceeds by dif-
ferent mechanisms (Figure 12).


For the ethylene-linked system Na4[(5)3Ti2], the inversion
proceeds by successive racemization of the single complex
units. Hereby the meso compound is formed as a ™high-
energy∫ intermediate in which the ethylene linkage adopts
the unfavored staggered conformation. For Na4[(4)3Ti2] the
simultaneous inversion of the two complex units is assumed.
In the transition state both titanium(iv) complex units pos-
sess a trigonal-prismatic coordination geometry.[73] Due to
the racemization of both units at once, the barrier for this
process is approximately twice as high as for the successive
inversion of the two units in Na4[(5)3Ti2]. This can be ob-
served by NMR spectroscopy and is probably due to a me-
chanical coupling of the binding sites in the more rigid


ligand 4. Ligand 5, on the other hand, possesses higher flexi-
bility.


In Na4[(4)3Ti2] the achiral (™trigonal-prismatic∫) transi-
tion-state geometry seems to be energetically favored over
the chiral intermediate in which the ligand wraps around the
metal.


Conclusion


In this study we investigated the coordination chemistry of a
series of bisimine-bridged dicatechol ligands and found a
surprising long-range transfer of stereochemical information
in the obtained helicate-type complexes. With ligands 4 and
5, a rigid connector transfers the stereochemical information
of the first complex unit to a stereo-controlling unit that is
located at a distance of about 1 nm from the complex
moiety. This small central unit influences the stereochemis-
try at the second titanium(iv) triscatecholate complex, which
again is located 1 nm away. Thus, the stereochemical infor-
mation is transferred over a distance of nearly 2 nm. If the
stereo-controlling unit consists of a methylene group, the
heterochiral meso-helicate is formed, while a direct rigid
connection or the presence of an ethylene group leads to
the homochiral helicate.


In summary, we demonstrated that the three-dimensional
structure of nanometer-sized supramolecular aggregates can
be controlled by very small units. Appropriate rigid moieties
have to be present as stereochemical communicators that
are able to transfer the chiral information over long distan-
ces. It is crucial to observe and to rationalize factors that in-
fluence the stereochemistry at such ™small∫ supramolecular
aggregates like the helicates to learn how to rationally
design bigger structures.[79]


Figure 12. Schematic representation of a) the stepwise racemization of
the helicate Na4[(5)3Ti2] and b) simultaneous inversion of the complex
units of the meso-helicate Na4[(4)3Ti2].
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Experimental Section


NMR spectra were recorded on a Bruker DRX 500, WM 400 or a Varian
Inova 400 or Unity 500 spectrometer. FT-IR spectra were recorded by
diffuse reflection (KBr) on a Bruker IFS spectrometer. Mass spectra (EI,
70 eV; FAB with 3-NBA as matrix) were taken on a Finnigan MAT 90,
95 or 212 mass spectrometer. UV/Vis spectra were obtained with a
Perkin Elmer Lambda2 Spectrometer. Elemental analyses were obtained
with a Heraeus CHN-O-Rapid analyzer. Melting points: B¸chi B-540
(uncorrected). Ligand 2-H4 was prepared as described before.[64]


Data sets were collected on a Nonius KappaCCD diffractometer, equip-
ped with a Nonius FR591 rotating-anode generator. Programs used: data
collection: COLLECT (Nonius B.V., 1998); data reduction: Denzo-
SMN;[80] absorption correction: SORTAV;[81] structure solution:
SHELXS-97;[82] structure refinement: SHELXL-97 (G.M. Sheldrick, Uni-
versity of Gˆttingen, 1997); graphics: SCHAKAL (E. Keller, University
of Freiburg, 1997); and XP (Bruker AXS, 2001).


CCDC-200 000, -200 001, -200 002, and -205 260 contain the supplementa-
ry crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; Fax: (+44) 1223-336033; or deposit@ccdc.cam.ac.uk).


General procedure for the preparation of the ligands : 2,3-Dihydroxyben-
zaldehyde (2 mmol) and the appropriate diamine (1 mmol) were dis-
solved in methanol (20 mL). After a few minutes an orange material pre-
cipitated which, after being left to stand overnight, was isolated by filtra-
tion and dried in vacuum.


Ligand 3-H4 : Yield: 97% of a red solid; m.p. 275 8C (decomp); 1H NMR
([D6]DMSO): d=9.01 (s, 2H), 7.83 (d, J=8.3 Hz, 4H), 7.54 (d, J=
8.3 Hz, 4H), 7.13 (d, J=7.7 Hz, 2H), 6.96 (d, J=7.7 Hz, 2 H), 6.81 ppm
(pseudo t, J=7.7 Hz, 2H); 13C NMR ([D6]DMSO): d=165.2 (CH), 149.9
(C), 147.5 (C), 146.1 (C), 138.3 (C), 128.0 (CH), 123.3 (CH), 122.5 (CH),
119.9 (C), 119.5 (CH), 119.3 ppm (CH); IR (KBr): ñ=3438, 1624, 1579,
1460, 1368, 1277, 1215, 829, 735 cm�1; MS (EI, 70 eV): m/z : 424 (100 %)
[M]+ . HRMS calcd for C26H20N2O4: 424.1423, found: 424.1432; elemental
analysis calcd (%) for C26H20N2O4: C 73.57, H 4.75, N 6.60; found: C
73.57, H 4.94, N 6.55.


Ligand 4-H4 : Yield: 91 % of a red solid; m. p. 227 8C (decomp); 1H NMR
([D6]DMSO): d=13.32 (br, 2 H), 9.21 (br, 2 H), 8.91 (s, 2 H), 7.37 (d, J=
8.8 Hz, 4H), 7.34 (d, J=8.8 Hz, 4H), 7.09 (dd, J=7.7, 1.7 Hz, 2 H), 6.96
(dd, J=7.7, 1.7 Hz, 2H), 6.79 (t, J=7.7 Hz, 2 H), 4.02 ppm (s, 2H);
13C NMR ([D6]DMSO): d=163.9 (CH), 150.0 (C), 146.4 (C), 146.2 (C),
140.8 (C), 130.4 (CH), 123.4 (CH), 122.1 (CH), 120.0 (CH2), 119.5 (CH),
119.4 ppm (CH); IR (KBr): ñ=3523, 3440, 3319, 1625, 1462, 1276, 1235,
733 cm�1; MS (EI, 70 eV): m/z : 438 (100 %) [M]+ ; HRMS calcd for
C27H22N2O4: 438.1580, found: 438.1579; elemental analysis calcd (%) for
C27H22N2O4: C 73.96, H 5.06, N 6.39; found: C 73.74, H 5.11, N 6.24.


Ligand 5-H4 : Yield: 94 % of a red solid; m. p. 231 8C (decomp); 1H NMR
([D6]DMSO): d=13.38 (br, 2 H), 9.21 (br, 2 H), 8.92 (s, 2 H), 7.35 (d, J=
8.5 Hz, 4H), 7.32 (d, J=8.5 Hz, 4H), 7.10 (dd, J=7.7, 1.7 Hz, 2 H), 6.97
(dd, J=7.7, 1.7 Hz, 2H), 6.80 (t, J=7.7 Hz, 2 H), 2.94 ppm (s, 4H);
13C NMR ([D6]DMSO): d=163.6 (CH), 150.0 (C), 146.2 (C), 146.1 (C),
141.0 (C), 130.1 (CH), 123.4 (CH), 121.8 (CH), 120.0 (CH2), 119.5 (CH),
119.4 ppm (CH); IR (KBr): ñ=3429, 1623, 1463, 1274, 1228, 733 cm�1;
MS (EI, 70 eV): m/z : 452 (100 %) [M]+ ; HRMS calcd for C28H24N2O4:
452.1736, found: 452.1737; elemental analysis calcd (%) for C28H24N2O4:
C 74.32, H 5.35, N 6.19; found: C 73.71, H 5.64, N 6.12.


Complex Na4[(2)3V2]: Ligand 2-H4 (150 mg, 0.55 mmol), Na2CO3 (39 mg,
0.37 mmol), and [VO(acac)2] (97 mg, 0.37 mmol) were dissolved in meth-
anol under argon. The dark mixture was stirred overnight, the solvent
was removed under vacuum, and the residue was purified by chromatog-
raphy over Sephadex LH20 (methanol). Yield: 92% of a black solid; IR
(KBr) ñ=3409, 1619, 1439, 1329, 1262, 774, 739, 644 cm�1; UV/Vis (meth-
anol): l=195, 297, 570 nm. MS (pos. FAB, 3-NBA): m/z : 977
[M�Na+2 H]+ , 999 [M+H]+ ; elemental analysis calcd (%) for
C42H24N6Na4O12V2¥5H2O: C 46.34, H 3.15, N 7.72; found: C 46.41, H
3.57, N 7.18.


General procedure for the preparation of titanium(iv) complexes : Ligand
(3 equiv), M2CO3 (M=Li, Na, K, 2 equiv), and [TiO(acac)2] (1 equiv)


were dissolved in DMF under argon. The orange mixture was stirred
overnight and volatiles were removed in vacuum to obtain an orange-red
material.


Complex Li4[(3)3Ti2]: Yield: 92% of a red solid; 1H NMR ([D6]DMSO):
d=8.69 (s, 6 H), 7.57 (d, J=7.4 Hz, 12H), 7.19 (d, J=7.4 Hz, 12 H), 7.04
(d, J=7.1 Hz, 6H), 6.41 (pseudo t, J=7.1 Hz, 6 H), 6.21 ppm (d, J=
7.1 Hz, 6H); IR (KBr): ñ=3367, 3054, 2929, 2887, 1665, 1590, 1491, 1446,
1251, 740, 628 cm�1; MS (pos. FAB, 3-NBA): m/z : 1379 [M�Li+2 H]+ ,
1385 [M+H]+ ; elemental analysis calcd (%) for C78H48N6Li4O12Ti2¥
5H2O¥4 DMF: C 61.17, H 4.90, N 7.93; found: C 61.10, H 5.27, N 8.55.


Complex Na4[(3)3Ti2]: Yield: 95% of a red solid; 1H NMR ([D6]DMSO):
d=8.72 (s, 6 H), 7.56 (d, J=7.8 Hz, 12H), 7.21 (d, J=7.8 Hz, 12 H), 7.08
(d, J=7.4 Hz, 6H), 6.40 (pseudo t, J=7.4 Hz, 6 H), 6.21 ppm (d, J=
7.4 Hz, 6H); IR (KBr): ñ=3419, 3027, 2866, 1667, 1588, 1490, 1449, 1412,
1248, 629 cm�1; MS (pos. FAB, 3-NBA): m/z : 1383 [M�3 Na+4H]+ ,
1405 [M�2 Na+3 H]+ , 1427 [M�Na+2 H]+ , 1449 [M+H]+ ; elemental
analysis calcd (%) for C78H48N6Na4O12Ti2¥3 H2O¥3 DMF: C 60.67, H 4.39,
N 7.32; found: C 60.67, H 4.63, N 7.35.


Complex K4[(3)3Ti2]: Yield: 93% of a red solid; 1H NMR ([D6]DMSO):
d=8.69 (s, 6H), 7.56 (d, J=7.1 Hz, 12H), 7.22 (d, J=7.1 Hz, 12H), 7.08
(d, J=7.0 Hz, 6H), 6.41 (pseudo t, J=7.0 Hz, 6H), 6.23 ppm (d, J=
7.0 Hz, 6 H); IR (KBr): ñ=3438, 3026, 2928, 2865, 1665, 1618, 1588, 1489,
1446, 1248, 1194, 627 cm�1. MS (pos. FAB, 3-NBA): m/z : 1399
[M�3K+4 H]+ , 1437 [M�2K+3H]+, 1475 [M�K+2H]+ , 1513 [M+H]+ ;
elemental analysis calcd (%) for C78H48N6K4O12Ti2¥H2O¥4 DMF: C 59.27,
H 4.31, N 7.68; found: C 59.06, H 4.53, N 7.11.


Complex Li4[(4)3Ti2]: Yield: quantitative of a red solid; 1H NMR
([D6]DMSO): d=8.75 (s, 6H), 7.14 (br, 24H), 7.05 (dd, J=8.0, 1.4 Hz,
6H), 6.35 (t, J=8.0 Hz, 6H), 6.11 (dd, J=8.0, 1.4 Hz, 6 H), 3.86 (s, 3H),
3.84 ppm (s, 3H); IR (KBr): ñ=3408, 1666, 1617, 1591, 1502, 1446, 1386,
1252, 1193, 742, 657 cm�1; MS (pos. FAB, 3-NBA): m/z : 1415
[M�2Li+3H]+ , 1421 [M�Li+2 H]+ ; (neg. FAB, 3-NBA): m/z : 1419
[M�Li]� ; elemental analysis calcd (%) for C81H54N6Li4O12Ti2¥
7H2O¥4 DMF: C 60.53, H 5.24, N 7.59; found: C 60.66, H 5.88, N 7.69.


Complex Na4[(4)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): d=8.77 (s, 6H), 7.16 (d, J=8.8 Hz, 12 H), 7.13 (d, J=
8.8 Hz, 12 H), 7.07 (dd, J=7.7, 1.4 Hz, 6H), 6.37 (t, J=7.7 Hz, 6 H), 6.14
(dd, J=7.7, 1.4 Hz, 6H), 3.87 ppm (s, 6 H); IR (KBr): ñ=1666, 1615,
1590, 1502, 1446, 1385, 1251, 1214, 742, 658 cm�1; elemental analysis
calcd (%) for C81H54N6Na4O12Ti2¥9H2O¥4 DMF: C 57.41, H 5.18, N 7.20;
found: C 57.56, H 4.99, N 7.22.


Complex K4[(4)3Ti2]: Yield: quantitative of a red solid; 1H NMR
([D6]DMSO): d=8.74 (s, 6H), 7.17 (d, J=8.5 Hz, 12 H), 7.13 (d, J=
8.5 Hz, 12 H), 7.09 (dd, J=8.0, 1.4 Hz, 6H), 6.36 (t, J=8.0 Hz, 6 H), 6.13
(dd, J=8.0, 1.4 Hz, 6H), 3.86 ppm (s, 6 H); IR (KBr): ñ=1665, 1616,
1589, 1444, 1386, 1252, 1214, 744, 657 cm�1; MS (pos. FAB, 3-NBA): m/z :
1555 [M+H]+ , 1517 [M�K+2 H]+ ; elemental analysis calcd (%) for
C81H54N6K4O12Ti2¥9 H2O¥4 DMF: C 55.57, H 5.01, N 6.97; found: C 56.00,
H 5.33, N 6.82.


Complex Li4[(5)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): d=8.67 (s, 6H), 7.29 (d, J=8.3 Hz, 12 H), 7.10 (d, J=
8.3 Hz, 12 H), 7.03 (dd, J=7.7, 1.4 Hz, 6H), 6.36 (t, J=7.7 Hz, 6 H), 6.14
(d, J=7.7 Hz, 6 H), 2.80 ppm (s, 12H); IR (KBr): ñ=3429, 1664, 1619,
1592, 1445, 1251, 740 cm�1; MS (pos. FAB, 3-NBA): m/z : 1463
[M�Li+2 H]+ ; (neg. FAB, 3-NBA): m/z : 1455 [M�2Li+H]� , 1461
[M�Li]� ; elemental analysis calcd (%) for C84H60N6Li4O12Ti2¥
5H2O¥5 DMF: C 61.79, H 5.50, N 8.01; found: C 61.70, H 5.48, N 8.39.


Complex Na4[(5)3Ti2]: Yield: quantitative of a red solid; 1H NMR
([D6]DMSO): d=8.80 (s, 6H), 7.32 (d, J=8.3 Hz, 12 H), 7.18 (d, J=
8.3 Hz, 12 H), 7.08 (dd, J=8.0, 1.4 Hz, 6H), 6.38 (t, J=8.0 Hz, 6 H), 6.18
(dd, J=8.0, 1.4 Hz, 6 H), 2.81 ppm (s, 12H); IR (KBr): ñ=1666, 1617,
1592, 1447, 1251, 740 cm�1; MS (pos. FAB, 3-NBA): m/z : 1533 [M+H]+ ,
1511 [M�Na+2 H]+ ; elemental analysis calcd (%) for C84H60N6Na4O12Ti2


¥3H2O¥4 DMF: C 61.35, H 5.04, N 7.45; found: C 61.67, H 5.71, N 7.20.


Complex K4[(5)3Ti2]: Yield: quantitative of a red solid; 1H NMR
([D6]DMSO): d=8.74 (s, 6H), 7.33 (d, J=8.5 Hz, 12 H), 7.19 (d, J=
8.5 Hz, 12 H), 7.07 (dd, J=8.0, 1.4 Hz, 6H), 6.37 (t, J=8.0 Hz, 6 H), 6.17
(dd, J=8.0, 1.4 Hz, 6 H), 2.82 ppm (s, 12H); IR (KBr): ñ=1663, 1618,
1591, 1446, 1249, 740 cm�1; elemental analysis calcd (%) for
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C84H60N6K4O12Ti2¥3 H2O¥2 DMF: C 60.13, H 4.49, N 6.23; found: C 60.32,
H 5.09, N 5.93.


X-ray crystal structure analysis of Na4[(2)3V2]: formula C42H24N6O12V2-
Na4¥5CH3OH¥C4H10O, Mr=1232.84, black crystal 0.20 î 0.10 î 0.05 mm,
a=13.905(1), b=18.387(1), c=21.368(1) ä, b=90.84(1)8,V=


5462.6(6) ä3, 1calcd=1.499 gcm�3, m=4.53 cm�1, empirical absorption cor-
rection (0.915 � T � 0.978), Z=4, monoclinic, space group C2/c (no.
15), l=0.71073 ä, T=198 K, w and f scans, 11317 reflections collected
(�h, �k, �L), [(sinq)/l]=0.66 ä�3, 6506 independent (Rint=0.047) and
4624 observed reflections [I�2s(I)], 365 refined parameters, R=0.074,
wR2=0.185, max. residual electron density 1.51 (�1.26) eä�3 in the
region of the diethyl ether molecule, this was refined with split positions,
bond-length constraints, and common isotropic thermal-displacement pa-
rameters; hydrogen atoms at O41 and O51 from difference map; hydro-
gen atom at O61 could not be localized; others were calculated and all
refined as riding atoms.


X-ray crystal structure analysis of Na4[(3)3Ti2]: formula C78H48N6O12Na4-
Ti2¥13 C3H7NO, Mr=2399.23, red crystal 0.35 î 0.10 î 0.05 mm, a=
22.716(1), b=24.487(1), c=22.868(1) ä, b=104.35(1)8, V=


12323.4(9) ä3, 1calcd=1.293 g cm�3, m=2.21 cm�1, empirical absorption
correction (0.927�T�0.989), Z=4, monoclinic, space group P21/c (no.
14), l=0.71073 ä, T=198 K, w and f scans, 80519 reflections collected
(�h, �k, �L), [(sinq)/l]=0.59 ä�1, 21 684 independent (Rint=0.093)
and 12768 observed reflections [I�2s(I)], 1137 refined parameters, R=


0.138, wR2=0.337, max. residual electron density 2.25 (�1.11) eä�3,
phenyl ring C85±C90 was fixed with restraints and refined with isotropic
thermal parameters; nearly all of the DMF molecules are heavily disor-
dered, therefore they were all refined with isotropic thermal parameters;
hydrogen atoms were calculated and refined as riding atoms.


X-ray crystal structure analysis of Na4[(4)3Ti2]: formula C81H54N6O12Na4-
Ti2¥10 C3H7NO, Mr=2222.02, red crystal 0.25 î 0.20 î 0.05 mm, a=
25.887(1), b=12.584(1), c=34.210(1) ä, b=96.45(1)8, V=


11073.8(10) ä3, 1calc=1.333 g cm�3, m=2.37 cm�1, empirical absorption
correction (0.943�T�0.988), Z=4, monoclinic, space group P21/n (no.
14), l=0.71073 ä, T=198 K, w and f scans, 27046 reflections collected
(�h, �k, �L), [(sinq)/l]=0.54 ä�1, 14 463 independent (Rint=0.068)
and 8074 observed reflections [I�2s(I)], 1228 refined parameters, R=


0.122, wR2=0.332, max. residual electron density 1.94 (�0.82) eä�3, crys-
tals only diffract to a relative low resolution, sodium atom Na6 was re-
fined with split positions to a ratio of 0.56(2):0.44, phenyl ring C86±C91
was fixed with restraints; some of the DMF molecules are heavily disor-
dered, therefore three of them were refined with isotropic thermal pa-
rameters, three other solvent DMF molecules were refined with one
common isotropic thermal parameter per molecule, a non-disordered one
was used as a model; hydrogen atoms were calculated and refined as
riding atoms.


X-ray crystal structure analysis of Na4[(5)3Ti2]: formula C84H60N6O12Na4-
Ti2¥12 C3H7NO¥2/2 C3H7NO¥H2O, Mr=2501.40, orange crystal 0.40 î 0.30 î
0.10 mm, a=24.870(1), b=23.601(1), c=23.564(1) ä, b=104.85(1)8, V=


13369.1(10) ä3, 1calcd=1.243 gcm�3, m=2.07 cm�1, empirical absorption
correction (0.922�T�0.980), Z=4, monoclinic, space group P21/c (no.
14), l=0.71073 ä, T=198 K, w and f scans, 30735 reflections collected
(�h, �k, �L), [(sinq)/l]=0.54 ä�1, 17 329 independent (Rint=0.064)
and 9449 observed reflections [I�2s(I)], 1471 refined parameters, R=


0.102, wR2=0.282, max. residual electron density 1.22 (�0.75) eä�3.
Crystals only diffract to a relative low resolution; some of the DMF mol-
ecules are heavily disordered, therefore one out of the coordination
sphere of the sodium atoms was refined with isotropic thermal parame-
ters, the free solvent DMF molecules were refined with one common iso-
tropic thermal parameter per molecule, a non-disordered one was used
as a model; hydrogen atoms were calculated and refined as riding atoms;
hydrogen atoms at the water could not be located.
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A Comparison of the Reactivity of Ni Atoms Toward CH4, SiH4, and SnH4:
A Combined Matrix Isolation and Quantum-Chemical Study


Hans-Jˆrg Himmel*[a]


Introduction


It has been shown that most transition-metal atoms, whether
neutral or positively or negatively charged, do not undergo
spontaneous (thermal) reaction with CH4. Ni is no excep-
tion, and there is no sign of a spontaneous reaction between
Ni atoms and CH4 under the conditions of matrix isolation.
In contrast to the atoms in their ground electronic state (3F4


with the configuration [Ar]3d84s2), photoactivated Ni atoms
were reported to insert into the C�H bond to give
HNiCH3.


[1] In these studies, the Ni atoms were excited with
UV radiation from a mercury arc lamp (lmax=254 nm),
which can cause excitation of one electron from the 4s into
the 4p orbital (resulting in the y3D0, y3F0, or z3G0 electronic
states), and also excitation of the second electron from the
4s into a 3d orbital (leading to the z3F0


4 or z3D0 electronic
states). Theoretical estimates on the basis of DFT calcula-
tions predict the reaction between Ni and CH4 to give
HNiCH3 to be exothermic by �34.0 kJmol�1. According to
the calculations, the reaction barrier is +40.7 kJmol�1.[2] In
an earlier study using the average coupled pair functional


(ACPF) method, the reaction energy and barrier were calcu-
lated to be about �13.8 and +74.9 kJmol�1, respectively.[3]


Thus, if correlation effects are considered adequately, the re-
action is calculated to be slightly exothermic by both DFT
and ab initio methods [MRCI calculations predict the reac-
tion to be slightly endothermic (17.9 kJmol�1)] .[3] Theoreti-
cal analysis of the origins of the barrier indicates that the
dn+1s state of the metal atom is generally active in breaking
the C�H bond.[3] Another factor is the ability of the metal
to engage in sd hybridization, which depends on the orbital
sizes: this is judged to be the main reason for the generally
slightly smaller barrier for second-row transition metals in
comparison with first-row transition metals.[3] Studies on the
oxidative addition of CH4 to ligand-bearing metal atoms,
such as [Pd(PH3)2] and [Pt(PH3)2] and other phosphane
complexes,[4] show that the ligand can have a significant in-
fluence on barrier height. Nevertheless, naked metal atoms
were used as the first and smallest model systems for analyz-
ing this kind of reaction.


Numerous studies on gaseous anionic or cationic metal
atoms or clusters have also been reported. An example rele-
vant to the present experiments and calculations is the reac-
tion of Ptn


+ clusters (n=1±5) with CH4, which leads sponta-
neously to [PtnCH2]


+ and H2.
[5] Thus, in the gas phase, the


reaction apparently cannot be halted at the step affording
the insertion product HPtnCH3, but leads directly to dehy-
drogenation. One reason for the differences between the re-
sults of gas-phase and matrix-isolation studies arises from
the ability of the matrix to act as a sink for the energy re-
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Abstract: Nickel atoms are shown to
react spontaneously with SiH4 and
SnH4 to give the insertion products
HNiSiH3 and HNiSnH3. With CH4,
however, no spontaneous reaction
occurs, in agreement with earlier re-
ports; HNiCH3 can be formed only on
photolytic activation of the Ni atom.
The reaction products were character-
ized experimentally by IR spectrosco-
py, including the effect of isotopic sub-
stitution (H/D), and by quantum-chem-


ical calculations. They all have Cs sym-
metry with a terminal Ni�H bond and
three terminal E�H bonds (E=Si, Sn).
Strikingly, the H-Ni-E bond angles are
less than 908, and there is a weak inter-
action between the H atom bound to
Ni and the E atom. The structures are


compared with those of other mole-
cules of general formula MSiH4 that
have been characterized recently in our
group (M=Ti, Ni, Ga). While TiSiH4


has three Ti-H-Si bridges, both NiSiH4


and GaSiH4 exhibit only terminal Ni�
H and E�H bonds, but with the differ-
ence that there is no interaction be-
tween the H atom bound to Ga and
the Si atom.


Keywords: insertion ¥ matrix isola-
tion ¥ nickel ¥ reaction mechanisms ¥
vibrational spectroscopy
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leased in the course of an exothermic reaction and to pre-
vent the escape of all but the smallest fragments.


While CH4 addition mechanisms have been studied in
some depth with the help of small model systems, less atten-
tion has been paid to SiH4 addition reactions. Industrially,
C�H activation is certainly a more important process than
Si�H activation. Nevertheless, much can be learnt by com-
paring oxidative addition of CH4 and SiH4. As expected, the
reactivity of metal atoms toward SiH4 is higher than toward
CH4, but there are large differences between the elements,
which are worth studying in more depth. Previous investiga-
tions have provided a comparison of the reactivities of the
main group elements Al and Ga and of the transition-metal
Ti toward CH4,


[6,9] SiH4,
[7±9] and SnH4.


[9,10] These studies
showed that matrix-isolated Al or Ga atoms react spontane-
ously to form a weakly bound complex M¥SiH4 with h2 coor-
dination of SiH4. Photolysis at l=410 or 254 nm is needed
to convert this complex to the insertion product HMSiH3, a
bent radical with Cs symmetry. Interestingly, this product of
oxidative addition can be converted almost reversibly back
to the complex by photolysis at l=580 nm. Ti and Ni atoms
also react spontaneously with SiH4, but to a more marked
degree. With Ti atoms this reaction gives the complex
Ti¥SiH4, cis- and trans-HTi(m-H)2SiH and, as the most stable
product, HTi(m-H)3Si.[9] The first three species can be con-
verted to the last-named by selective photolysis. These re-
sults indicate that the reaction of Ti with SiH4 to give
HTi(m-H)3Si is subject to a small barrier. Another remarka-
ble finding is that Ga2 dimers are much more reactive than
Ga atoms. We have shown previously that Ga2 reacts spon-
taneously with SiH4 to yield HGa(m-SiH3)Ga.[8]


Here the reactivity of Ni atoms toward CH4, SiH4, and
SnH4 is compared by using the matrix-isolation technique.
While the reaction with CH4 was studied previously,[1] to our
knowledge there is no published experimental study on the
reactions with SiH4 or SnH4. The possible insertion product
HNiSiH3 was analyzed theoretically.[11] However, it will be
shown here that the structure reported there is not the
global energy minimum structure, but only a local minimum
on the potential energy surface. This local minimum form
might be better suited for simulating surface effects, as was
the purpose of the earlier study, than the global energy min-
imum form. Finally, an experimental study on the adsorption
of SiH4 on Ni surfaces was reported.[12] Such studies demon-
strate the need for a thorough investigation of the reaction
between Ni atoms and SiH4 on an experimental basis, the
results of which will have wide significance with regard to
both understanding and potential applications.


Experimental Section


Details of the matrix-isolation experiment are given elsewhere.[13] Ni was
evaporated from a resistively heated Ni wire with a diameter of 0.5 mm
(Goodfellow, 99.0%). A power of 45±50 W was used. The Ni content of
the matrix was analyzed by UV/Vis spectroscopy.


SnH4 and SnD4 were synthesized from SnCl4 (Aldrich, purified by distil-
lation) and LiAlH4 or LiAlD4 in diglyme (purified by refluxing for 3 d
over Na and distillation) and purified by fractional condensation in
vacuo. SiH4 was used as delivered (Linde, >99.99%). SiD4 was made


from SiCl4 and LiAlD4 in diglyme and purified by fractional condensa-
tion in vacuo. Ar was used as delivered from Messer (99.998%).


The IR spectra were recorded with a Bruker 113v FTIR spectrometer
equipped with a liquid-N2-cooled MCT detector for measurements in the
spectral range 4000±650 cm�1, a DTGS detector for measurements in the
region 700±200 cm�1, and a liquid-He-cooled Bolometer in the region
700±30 cm�1 (not used in this study). A resolution of 0.2 cm�1 was
chosen.


The UV/Vis spectra were measured with an Xe arc lamp (Oriel), an
Oriel Multispec spectrograph, and a photodiode array detector. The reso-
lution was varied from 0.2 to 0.5 nm.


Photolysis was performed with a medium-pressure Hg lamp (Philips LP
125) operating at 100 W. The radiation was transmitted through a water
filter to protect the matrix from IR light. Interference filters were used
for selective photolysis.


Quantum-chemical calculations were performed with the the TURBO-
MOLE program.[14] The BP and B3LYP functionals were used in combi-
nation with SV(P) and TZVPP basis sets.


Results


Ni+CH4 : The IR spectrum recorded on deposition of Ni
atoms with CH4 in an Ar matrix did not show any absorp-
tions attributable to a product of the reaction between Ni
atoms and CH4. The spectrum contained, besides the strong
bands due to CH4, an absorption at 2089.8 cm�1 and an ex-
tremely weak band at 564.2 cm�1, both of which can be as-
signed to NiNN, formed by reaction between Ni atoms and
traces of N2.


[15] In some experiments, the spectrum also con-
tained an extremely weak band at 1994.4 cm�1 for the mon-
ocarbonyl NiCO.[16] It can be concluded that Ni atoms in
their ground electronic state do not react spontaneously
with CH4, in agreement with a previous study on this
system.[1] On UV photolysis (lmax=254 nm), a weak absorp-
tion grew at 1945.2 cm�1, as was observed previously and as-
signed to the n(Ni�H) stretching mode of the insertion
product HNiCH3. The present results are thus in line with
those obtained previously.[1] In summary, photolysis is
needed to bring about the insertion of the Ni atom into a
C�H bond of CH4. Even with photoactivated Ni atoms,
however, the product yield appears to be low. Prolonged
photolysis caused the absorptions due to HNiCH3 first to in-
crease and then slowly to decrease.


Ni+SiH4 : The IR spectrum recorded immediately on depo-
sition of Ni atoms with SiH4 in an excess of Ar (1% SiH4) is
shown in Figure 1a. Strong and sharp absorptions at 2121.3,
2096.4, and 2024.1 cm�1 are evident. An additional strong
band appears around 945 cm�1, and several maxima at 948.6,
946.3, 944.0, and 941.1 cm�1 (see below). Finally, the spec-
trum contained evidence of weaker bands at 859.4, 505.6,
and 353.8 cm�1. Experiments with different concentrations
of SiH4 and/or Ni atoms in the matrix showed that all seven
bands belong to the same common absorber, which is a
spontaneously formed product of the reaction between Ni
atoms and SiH4. The matrix was then subjected to 30 min of
photolysis with broad-band UV/Vis light (200�l�800 nm).
The IR spectrum recorded after this treatment is shown in
Figure 1b. The bands due to the spontaneously formed
product of the reaction between Ni and SiH4 have decreased
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significantly. However, the spectrum failed to give evidence
for any distinct decomposition product.


Figure 2 shows the corresponding IR spectra taken for an
experiment with 1.5% SiH4 in the matrix. The product
bands in the spectrum recorded on deposition are signifi-


cantly more intense (Figure 2a) than in the experiments
with the lower SiH4 concentration. In particular, the product
bands in the region 600±200 cm�1 are now more clearly visi-
ble. The matrix was subjected to several cycles of selected
photolysis. Photolysis for 15 min at l=700 nm had virtually
no effect on the intensities of the bands. Photolysis at l=


410 nm for 30 min brought about some decrease in the band
intensities. However, photolysis with broad-band visible
light (l>400 nm) had a marked effect. The spectrum ob-
tained after 20 min of such photolysis is shown in Figure 2b.


The significant decrease in the
product bands shows that this
species has an electronic transi-
tion in the visible region. NiNN
and NiCO are much more pho-
tosensitive than the product of
the reaction between Ni and
SiH4. It can be seen from
Figure 2 that the bands due to
these two impurities can be vir-
tually extinguished by short-
term exposure to visible light.
Figure 2c shows the spectrum
measured after 20 min of
broad-band UV/Vis photolysis
(200�l�800 nm). As expect-
ed, the bands again suffered a
loss in intensity. As in previous
experiments, little information
on possible decomposition
products can be gained from


the spectra. There is only a weak band appearing at
433.6 cm�1 on photolysis with visible light and decaying on
photolysis with broad-band UV/Vis light. The high-resolu-
tion IR spectra of the absorption around 945 cm�1 (Figure 3)
clearly shows maxima at 948.6, 946.3, 944.0, and 941.1 cm�1,


the relative intensities of which changed during the photoly-
sis cycles. Although all the components decreased on pho-
tolysis, the feature at 941.1 cm�1 appeared to decay less than
the others. It is not clear whether this multiplet structure
can be explained by the presence of more than one con-
former of the molecule in the matrix host or by the occu-
pancy of more than one type of matrix site.


The experiment was repeated with SiD4 in place of SiH4.
Figure 4a shows the IR spectrum recorded on deposition.
As with the experiments with SiH4, absorptions attributable
to a single product of the reaction between Ni and SiD4


could already be observed at this stage. All the absorptions


Figure 1. IR spectra obtained for the reaction of Ni atoms with SiH4 (1%) in a solid Ar matrix at 12 K. a) On
deposition. b) After 30 min of broad-band UV/Vis photolysis (200�l�800 nm).


Figure 2. IR spectra obtained for the reaction of Ni atoms with SiH4


(1.5%) in a solid Ar matrix at 12 K. a) On deposition. b) After 10 min of
broad-band visible photolysis (400�l�800 nm). c) After 30 min of
broad-band UV/Vis photolysis (200�l�800 nm).


Figure 3. High-resolution IR spectrum showing the absorption around
945 cm�1. a) On deposition. b) After broad-band visible photolysis (400�
l�800 nm). c) After broad-band UV/Vis photolysis (200�l�800 nm).
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were red-shifted with respect to their H counterparts. Thus,
the three intense absorptions at 2121.3, 2096.4, and
2024.1 cm�1 in the experiment with SiH4 now occur at
1541.9, 1525.1, and 1471.7 cm�1, respectively. The respective
n(H)/n(D) ratios are 1.3758:1, 1.3731:1, and 1.3753:1. These
values indicate that the corresponding modes involve mainly
the movement of H or D atoms attached to Si or Ni. Anoth-
er band appeared at 657.3 cm�1, close to the strong d(SiD3)
deformation of SiD4. The H counterpart of this band was
presumably obscured by the corresponding SiH4 absorption.
Finally, a very weak feature at 398.5 cm�1 in the spectra for
experiments with SiD4 might be the D version of the band
at 505.6 cm�1 in the experiments with SiH4. The effects of
photolysis were similar to those observed in the experiments
with SiH4. Thus, 30 min of photolysis decreased the product
bands (see Figure 4b).


UV/Vis spectroscopy was employed to obtain further in-
formation. The UV/Vis spectrum of Ni atoms isolated in an
Ar matrix in the absence of SiH4 is shown in Figure 5a. The
bands are in good agreement with those reported previously
for Ni atoms isolated in an Ar matrix.[17,18] The intense
bands with maxima at 312, 325, and 336 nm may be assigna-


ble to excitations from the 3F4 ground electronic state to the
excited z3G0, z3D0, or z3F0


4 electronic states, respectively. Fig-
ure 5b shows the UV/Vis spectrum of a matrix containing
Ni vapor and SiH4. This displays weaker bands due to
atomic transitions. A broad band or background centered at
roughly 400 nm might be associated with the reaction prod-
uct of Ni and SiH4. This broad band decreased slowly on
photolysis, while the features due to the Ni atoms did not
gain in intensity. It is thus unclear whether photodecomposi-
tion of the product leads back to Ni and SiH4.


Ni+SnH4 : Figure 6a displays the IR spectrum recorded im-
mediately on deposition of Ni vapor together with 0.1%
SnH4 in Ar at 12 K. It contained, in addition to the intense


absorptions due to SnH4, very strong bands at 1840.1,
1809.5, and 1749.8 cm�1, and weaker features at 722.5, 709.7,
and 652.9 cm�1. In addition, two very weak absorptions were
detected at 413.5 and 385.2 cm�1. A weak feature also ap-
peared at 2179.4 cm�1. Experiments with different concen-
trations of SnH4 and/or Ni in the matrix indicated that all
the bands again belong to the same absorber. Thus, Ni also
reacts spontaneously with SnH4 to give a single product.
The bands at 1840.1, 1809.5, and 1749.8 cm�1 appear in a
region characteristic of modes with a high contribution from
Sn�H stretching, whereas the feature at 652.9 cm�1 appears
in a region characteristic of dsym(SnH3) vibrations. The simi-
larity of the IR spectra indicates that the products of the re-
actions of Ni atoms with SiH4 and SnH4 have similar struc-
tures. The matrix was subsequently subjected to 10 min of
broad-band UV/Vis photolysis (200�l�800 nm). This
brought about complete extinction of the bands of the reac-
tion product (Figure 6b). The Ni/SnH4 reaction product is
thus much more photosensitive than the Ni/SiH4 product.
The electronic transition responsible for the decomposition
of the Ni/SnH4 product also seems to lie in the visible
region, as indicated by experiments with different photolysis
conditions.


Figure 4. IR spectra obtained for the reaction of Ni atoms with SiD4 in a
solid Ar matrix at 12 K. a) On deposition. b) After 10 min of broad-band
UV/Vis photolysis (200�l�800 nm).


Figure 5. a) UV/Vis spectrum of Ni atoms isolated in an Ar matrix.
b) UV/Vis spectrum of Ni atoms and 2% SiH4 isolated in an Ar matrix
at 12 K.


Figure 6. IR spectra obtained for the reaction of Ni atoms with SnH4 in a
solid Ar matrix at 12 K. a) On deposition. b) After 10 min of broad-band
UV/Vis photolysis (200�l�800 nm).
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The experiment was repeated with SnD4. As in the experi-
ment with SnH4, intense product bands could be detected
immediately on deposition of Ni vapor together with SnD4


(Figure 7). Eight bands of this product were identified. The
very intense absorptions at 1840.1, 1809.5, and 1749.8 cm�1


in the spectrum with SnH4 were shifted to 1321.4, 1300.7,


and 1257.8 cm�1 with n(H)/n(D)
ratios of 1.3925:1, 1.3912:1, and
1.3912:1, respectively. The large
n(H)/n(D) ratios lend strong
support to the assignment of
the modes to vibrations with a
large contribution from Sn�H
stretching motions.[19] The two
bands of roughly equal intensity
at 722.5 and 709.7 cm�1 ob-
served in the experiments with
SnH4 now appeared at 517.6
and 509.7 cm�1, whereas the
band at 652.9 cm�1 experienced
a red shift to 469.0 cm�1. Final-
ly, two weak absorptions were
detected at 300.3 and
282.9 cm�1, which are probably
the D counterparts of the bands
at 413.5 and 385.2 cm�1 in the
SnH4 experiments.


Discussion


The experiments described above show that Ni atoms react
spontaneously with SiH4 and SnH4, but not with CH4. The
IR spectrum of the product of the reaction between Ni
atoms and SiH4 shows all the hallmarks of a species contain-
ing an SiH3 group. The obvious inference is that this species
is the insertion product HNiSiH3. Likewise, the reaction


with SnH4 appears to lead to the insertion product
HNiSnH3. Quantum-chemical calculations with the BP and
the B3LYP functionals were performed to gain information
on possible structures of these two species, and the results
are summarized in Tables 1 and 2. Both the choice of func-
tional and the size of the basis set influence some of the
structural details, generally to a small extent. Both HNiSiH3


and HNiSnH3 have Cs symmetry (1A’ electronic ground
state) with one terminal Ni�H bond and three terminal
Si�H or Sn�H bonds. The most surprising feature is that the
H-Ni-Si and H-Ni-Sn angles are slightly smaller than 908.
The distance between the H atom attached to the Ni atom
and the Si or Sn atom is shorter than the sum of the van
der Waals radii of H and Si or Sn (ca. 350 and 360 pm, re-
spectively). This points to a weak interaction between the
two atoms in the insertion product. More sophisticated
quantum-chemical calculations are needed to analyze such
an interaction.


In a previous theoretical study on HNiSiH3, the molecule
was predicted to have a linear H-Ni-Si skeleton conforming
to C3v symmetry.[11] Although the level of theory is not
wholly satisfactory for calculating energy differences, our
calculations indicate that the C3v-symmetric form is not the
global energy minimum geometry, but defines only a local
minimum on the potential energy surface. According to our
calculations, the Cs-symmetric form is energetically favored


by 145.8 kJmol�1 at the BP level and by 203.8 kJmol�1 at
the B3LYP level. The Ni�H bond in the C3v-symmetric form
is much longer than that of the Cs-symmetric form (156.6
and 144.1 pm, respectively). The value calculated here for
the C3v-symmetric form is in good agreement with that cal-
culated previously (157.7 pm, CI method). Consequently,
the mode with the highest contribution from the n(Ni�H)
motion is predicted to have a wavenumber of 1704 cm�1 for
the C3v-symmetric molecule, but 2033 cm�1 for the Cs-sym-
metric molecule. The Cs geometry calculated here for
HNiSiH3 is close to that found previously for HNiCH3, for


Figure 7. Difference between the IR spectra obtained before and after
10 min of broad-band UV/Vis photolysis (200�l�800 nm) of an Ar
matrix containing Ni atoms and SnD4.


Table 1. Calculated bond lengths [pm] and angles [8], wavenumbers [cm�1] (intensities [kmmol�1] in parenthe-
ses), and zero-point vibrational energies (ZPVE) [kJmol�1] for HNiSiH3 (Cs symmetry).


BP/SV(P) BP/TZVPP B3LYP/SV(P) B3LYP/TZVPP


Ni�H 144.1 142.5 143.9 142.1
Si�H 151.7, 151.7, 153.0 150.2, 150.2, 151.6 150.4, 150.4, 151.6, 149.0, 149.0, 150.3
Si¥¥¥H 227.3 223.7 243.7 238.3
Ni�Si 210.8 212.8 214.8 215.8
H-Ni-Si 77.1 75.2 83.1 80.6
n1(a’) 2122.7 (114) 2123.1 (96) 2196.9 (108) 2189.7 (93)
n2(a’) 2053.6 (141) 2091.9 (33) 2132.4 (143) 2122.5 (152)
n3(a’) 2032.6 (4) 2048.2 (75) 2050.8 (66) 2095.0 (19)
n4(a’) 881.2 (50) 907.4 (46) 924.3 (58) 947.7 (53)
n5(a’) 875.5 (321) 848.2 (286) 902.7 (362) 886.5 (321)
n6(a’) 497.3 (16) 478.9 (11) 532.3 (47) 566.6 (74)
n7(a’) 398.2 (56) 401.9 (66) 387.5 (36) 454.3 (21)
n8(a’) 381.1 (2) 369.9 (3) 345.3 (17) 350.9 (3)
n9(a’’) 2119.1 (123) 2128.6 (104) 2197.6 (131) 2191.9 (115)
n10(a’’) 864.3 (36) 884.9 (32) 916.1 (49) 935.2 (43)
n11(a’’) 498.1 (4) 497.1 (6) 490.2 (4) 506.0 (6)
n12(a’’) 210.3 (19) 181.9 (21) 218.5 (30) 281.1 (28)
ZPVE 77.4 77.5 79.5 80.9
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which Ni�H and Ni�C bond lengths of 147 and 198 pm and
a H-Ni-C bond angle of 948 were calculated.[3]


Tables 3 and 4 compare the calculated [BP/SV(P)] and ex-
perimental vibrational properties of the H and D versions of
the insertion products. An approximate description of the


molecular motions for some of the modes is also included in
the tables. Clearly, the degree of mode coupling is signifi-
cant. This coupling is strong, for example, for the n(Si�H)
and n(Ni�H) stretching modes in the a’ symmetry block for
HNiSiH3, which are very close in energy. As revealed in
Tables 1 and 2, there are some differences in the vibrational
properties–both wavenumbers and intensities±-between the
results of the different methods of calculation. Nevertheless,
the generally satisfying level of agreement lends persuasive
support to the proposed assignments.


High-level ab initio quantum-chemical calculations are
underway to secure more detailed information on the struc-


tures of the insertion product
and the reaction mechanisms.
The aim of future calculations
is also to compare the mecha-
nisms of the reactions of Ga
and Ni atoms with SiH4. The
experiments showed that while
the barrier is too high for spon-
taneous reaction in the case of
the Ga atom,[8] the barrier must
be near to zero for the Ni atom.
A possible reason for the differ-
ence is that the metal atom has
to change its electronic state in
the course of the reaction. This
requires less energy for Ni than
for Ga. On the other hand, we
have shown that Ga2 is capable
of inserting spontaneously into


an Si�H bond of SiH4,
[8] and that Ga2, but not Ga, reacts


spontaneously with H2.
[20,21] The reason for these differences


in reactivity is that the energy required to excite Ga2 is
much lower than that required to excite a Ga atom.[22]


The reaction of Ni atoms with CH4 is slightly exothermic.
According to a previous DFT estimates, the reaction energy
is �34.0 kJmol�1;[2] according to an ACPF estimate, the
energy is �13.8 kJmol�1.[3] Thus, the reactions of Ni atoms
with SiH4 and SnH4 are also expected to be exothermic. A
detailed analysis of the energies is the topic of ongoing re-
search in our group.


Conclusion


The experiments and calculations described here sought to
compare the reactivity of Ni atoms toward CH4, SiH4, and
SnH4. The reactions were studied by the matrix-isolation


Table 2. Calculated bond lengths [pm] and angles [8], wavenumbers [cm�1] (intensities [kmmol�1] in parenthe-
ses), and zero-point vibrational energies (ZPVE) [kJmol�1] for HNiSnH3 (Cs symmetry).


BP/SV(P) BP/TZVPP[a] B3LYP/SV(P) B3LYP/TZVPP[a]


Ni�H 144.4 142.5 144.3 140.9
Sn�H 175.6, 175.6, 177.1 174.7, 174.7, 176.3 174.2, 174.2, 175.5 173.4, 173.4, 174.7
Sn¥¥¥H 258.5 256.5 273.8 273.0
Ni�Sn 240.1 242.7 243.4 243.0
H-Ni-Sn 80.3 78.8 85.8 86.4
n1(a’) 2008.4 (50) 2072.3 (38) 2040.7 (95) 2168.0 (83)
n2(a’) 1764.6 (191) 1750.8 (172) 1828.6 (176) 1807.4 (187)
n3(a’) 1705.6 (214) 1692.1 (195) 1776.9 (248) 1757.8 (245)
n4(a’) 681.4 (48) 683.1 (49) 715.2 (53) 713.5 (54)
n5(a’) 648.0 (318) 648.9 (292) 679.1 (359) 674.1 (361)
n6(a’) 494.0 (56) 484.1 (64) 498.2 (81) 601.2 (97)
n7(a’) 317.4 (11) 328.7 (12) 329.1 (12) 320.6 (11)
n8(a’) 246.9 (2) 239.4 (3) 229.1 (3) 235.5 (2)
n9(a’’) 1754.9 (253) 1751.6 (247) 1819.8 (269) 1806.9 (284)
n10(a’’) 666.0 (39) 667.0 (43) 706.2 (52) 705.3 (54)
n11(a’’) 344.0 (9) 361.0 (11) 363.3 (23) 350.0 (15)
n12(a’’) 153.2 (22) 155.3 (24) 340.8 (18) 311.6 (30)
ZPVE 64.5 64.8 67.8 68.8


[a] TZVPP basis set for the H atoms and the Ni atom.


Table 3. Comparison of the wavenumbers [cm�1] (intensities [kmmol�1]
in parentheses) observed and calculated [BP/SV(P)] for HNiSiH3 and
DNiSiD3.


HNiSiH3 DNiSiD3 Assignment Approx.
obsd calcd obsd calcd molec. motion


2096.4 2122.7 (114) 1525.1 1526.8 (70) n1(a’) nsym(Si�H)
2024.1 2053.6 (141) 1471.7 1476.2 (70) n2(a’) nsym(Si�H)


[+ n(Ni-H)]
±[a] 2032.6 (4) ±[a] 1455.6 (6) n3(a’) n(Ni�H)


[+nsym(Si�H)]
945 881.2 (50) ±[a] 634.3 (25) n4(a’) d(SiH3)


±[a] 875.5 (321) 657.3 652.6 (179) n5(a’) dsym(SiH3)
505.6 497.3 (16) 398.5 418.8 (4) n6(a’) n(Ni�Si)


[+d(Si-Ni-H)]
353.8 398.2 (56) ±[a] 284.9 (27) n7(a’) d(Si-Ni-H)


±[a] 381.1 (2) ±[a] 324.8 (6) n8(a’)
2121.3 2119.1 (123) 1541.9 1534.9 (65) n9(a’’) nas(Si�H)
859.4 864.3 (36) ±[a] 621.0 (18) n10(a’’)


±[a] 498.1 (4) ±[a] 370.8 (1) n11(a’’)
±[a] 210.3 (19) ±[a] 150.2 (10) n12(a’’)


[a] Too weak to be observed or hidden by silane absorptions.


Table 4. Comparison of the wavenumbers [cm�1] (intensities [kmmol�1]
in parentheses) observed and calculated [BP/SV(P)] for HNiSnH3 and
DNiSnD3.


HNiSnH3 DNiSnD3 Assignment Approx.
obsd calcd obsd calcd molec.


motion


(2179.4) 2008.4 (50) ±[a] 1437.6 (26) n1(a’) n(Ni�H)
1840.1 1764.6 (191) 1321.4 1256.0 (101) n2(a’) nsym(Sn�H)
1749.8 1705.6 (214) 1257.8 1215.1 (108) n3(a’) nsym(Sn�H)
722.5 681.4 (48) 517.6 485.6 (24) n4(a’) d(SnH3)
652.9 648.0 (318) 469.0 464.5 (165) n5(a’) dsym(SnH3)


±[a] 494.0 (56) ±[a] 360.7 (26) n6(a’) n(Ni�Sn)
[+d(Sn-Ni-
H)]


385.2 317.4 (11) 300.3 246.8 (6) n7(a’) d(Sn-Ni-H)
±[a] 246.9 (2) ±[a] 224.0 (3) n8(a’)


1809.5 1754.9 (253) 1300.7 1251.9 (130) n9(a’’) nas(Sn�H)
709.7 666.0 (39) 509.7 474.4 (20) n10(a’’)
413.5 344.0 (9) 282.9 248.9 (4) n11(a’’)


±[a] 153.2 (22) ±[a] 109.5 (12) n12(a’’)


[a] Too weak to be observed or hidden by stannane absorptions.
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technique. Ni vapor was co-condensed together with CH4,
SiH4, or SnH4 in an excess of Ar on a freshly polished
copper block at 12 K, and the resulting Ar matrix was ana-
lyzed. The reaction products were identified experimentally
by IR spectroscopy, including the effect of isotopic substitu-
tion, and by UV/Vis spectroscopy. The experimental results
were supplemented by quantum-chemical calculations. It
was found that Ni reacts spontaneously at 12 K with SiH4


and SnH4 to give the insertion products HNiSiH3 and
HNiSnH3, respectively. With CH4, on the other hand, spon-
taneous reaction does not occur, and the Ni atoms must be
electronically excited to induce insertion into a C�H bond.
The products HNiSiH3 and HNiSnH3 exhibit only terminal
Ni�H, Si�H, and Sn�H bonds. Intriguingly, the H-Ni-Si and
H-Ni-Sn angles are smaller than 908, and the fact that the
H¥¥¥Si and H¥¥¥Sn distances are significantly shorter than the
sums of the respective van der Waals radii indicates some
degree of interaction.


Figure 8 compares the structures of the products of the re-
actions of SiH4 with Ti, Ni, and Ga (M) atoms, which in
each case give a product of formula MSiH4. However, the


structures vary significantly. While TiSiH4 features three Ti-
H-Si bridges,[9] both NiSiH4 and GaSiH4


[8] exhibit only ter-
minal Si�H and M�H bonds. HNiSiH3 has the qualitative
appearance of a transition state on the way to an insertion
that starts with a metal atom which is coordinated side-on
to an Si�H bond. It is possible that the transition state on
the way to HGaSiH3 formation has a comparable structure.
The difference in structures is also caused by differences in


electronegativity. An extreme description of the bonding in
HTi(m-H)3Si is as a HTi+ ion bound to an SiH3


� ion. The
electronegativities of Ni and Si, and also of Ga and Si, are
not very different, and thus a direct covalent bond can be
established. The hard±soft concept is also applicable.
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Figure 8. Structures of MSiH4 molecules (M=Ti, Ni, Ga).
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