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CORRIGENDUM


In the paper by G. Horne and B. V. L. Potter published in Chem. Eur. J. 2001, 7, 80, there is a mistake in the drawing of
some regiochemistry of the structural diagrams in Schemes 1 ± 3. The correct structures are given below.








Introduction


Rarely has a class of transformations so palpably influenced
the field of organic synthesis as catalytic olefin metathesis has
in the past decade.[1] In the context of the development of new
methods in synthesis or as part of a complex-molecule total
synthesis, Ru- and Mo-catalyzed olefin metathesis is now used
routinely to prepare a wide range of compounds, including
small, medium, and large rings.[2] In the first half of the
nineties, an alkene metathesis step was viewed as a daring
application of a relatively unknown technology in a multi-step
sequence. In the past few years, on the other hand, metathesis-
based approaches have been employed with such increasing
frequency that they are now considered relatively routine.


With regard to the synthesis of optically pure materials,
however, olefin metathesis has largely served an auxiliary
role. In cases in which ring-closing metathesis (RCM) is called
for,[2a±c,e,f,h] a diene substrate that is already optically pure is
treated with an achiral metal catalyst to deliver a nonracemic
cyclic unsaturated product. Alternatively, a racemic product
obtained by metathesis may be catalytically resolved.[2b]


Optically enriched cyclic alkenes are similarly employed in


instances where ring-opening metathesis (ROM) is called
for.[2d, g] Although such strategies have led to a number of
notable and impressive accomplishments in asymmetric syn-
thesis, some of the unique attributes of catalytic olefin
metathesis can only be realized if chiral optically pure
catalysts for olefin metathesis are made available. This claim
is tied directly to the fact that one of the most useful
characteristics of metathetic processes is their ability to
promote efficient skeletal rearrangements: simple achiral or
racemic substrates may be transformed into complex non-
racemic organic molecules in a single stroke with an effective
chiral metathesis catalyst. In numerous instances, products
that are rendered readily available by a chiral metathesis
catalyst would only be accessible, and often less selectively, by
a longer route if alternative synthetic methods were to be
used.


Discussion


The catalyst construct : From the outset, we judged that the
makeup of Mo-based complexes, represented by 1,[3] offers the
most attractive opportunity for the design, synthesis, and
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development of effective chiral metathesis catalysts. This
predilection was based on several factors: 1) Mo-based
catalysts such as 1 possess a modular structure[4] involving
imido and alkoxide moieties that do not disassociate from the
metal center in the course of the catalytic cycle. Any structural
alteration of these ligands may thus lead to a notable effect on
the reaction outcome and could be employed to control both
selectivity and reactivity. 2) Alkoxide moieties offer an
excellent opportunity for incorporation of chirality within
the catalyst structure through installment of nonracemic
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tethered chiral bis-hydroxy ligands. 3) Mo-based complexes
provide appreciable levels of activity and may be utilized to
prepare highly substituted alkenes.


With the above considerations in mind, in the past three
years, we have prepared and examined myriad chiral Mo-
based catalysts for both asymmetric RCM (ARCM) and
ROM (AROM) transformations. In this article, we highlight
several efficient and enantioselective reactions that are
catalyzed by these chiral complexes.[5] The structural modu-
larity inherent in the Mo-based systems allows screening of
catalyst pools, so that optimal reactivity and selectivity levels
are identified expeditiously.


Mo-catalyzed kinetic resolution with hexafluoro ± Mo cata-
lysts :[6] The preparation and catalytic activity of chiral
complex 2, based on the original Mo-alkylidene 1, has been
reported by Grubbs and Fujimura.[7] These workers report on
the kinetic resolution of various dienes.[8] As the case
regarding the resolution of 3 indicates, however, levels of
enantiodifferentiation were typically low (krel< 3).
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Chiral biphen ± Mo catalysts : To examine the possibility of a
more efficient catalytic olefin metathesis, we first prepared
chiral Mo-based catalysts, 4 a and 4 b.[9] This approach was not
without precedence: related chiral Mo complexes were


initially synthesized in 1993 and were used to promote
polymer synthesis.[5] We judged that these biphen-based
complexes would be able to initiate olefin metathesis with
high levels of asymmetric induction owing to their rigidity and
steric attributes. Chiral complexes 4 a and 4 b are orange
solids, stable indefinitely when kept under inert atmosphere.


Catalytic kinetic resolution through ARCM : The catalytic
kinetic resolution of various dienes through ARCM can be
carried out in an efficient manner at 22 8C in the presence of
5 mol % of 4 a.[9] As the data in Scheme 1 illustrate, 1,6-dienes
5 ± 7 are resolved with excellent levels of enantiocontrol
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Scheme 1. Mo-catalyzed kinetic resolution of 1,6-dienes through ARCM.


(krel> 20).[10] Chiral complex 4 a readily promotes the reso-
lution of allylic ethers 8 ± 10 as well.[11]


The higher levels of enantioselectivity attained through the
use of 4 a (vs 2) is likely due to a strong preference for ARCM
reactions to proceed through intermediates such as I
(Scheme 1). The intermediacy (higher reactivity) of the anti-
Mo ± alkylidene (alkylidene CÿC anti to Mo�N) is based on
previous mechanistic studies.[12] The stereochemistry of ole-
fin ± transition-metal association is based on the position of
the LUMO of the chiral complex.[13, 12b] The 1,1-disubstituted
olefin interacts with Mo away from the protruding tBu group
of the diolate and iPr groups of the imido ligands (see X-ray of
4 a).


Catalyst modularity and optimization of ARCM efficiency
and selectivity : In spite of the high asymmetric induction
observed in the Mo-catalyzed ARCM of 1,6-dienes, when
complexes 4 a and 4 b are used in reactions involving 1,7-
dienes, inferior asymmetric induction is obtained. For exam-
ple, as illustrated in Scheme 2, dienes 12 and 13 are not
resolved with useful selectivity (krel< 5) when 4 a is employed
as the catalyst. To address this shortcoming, we took
advantage of the modular character of the Mo complexes
and prepared a range of other chiral complexes as potentially
effective catalysts. Accordingly, as depicted in Scheme 2, we
discovered that binol-based catalyst 11 a promotes the RCM
of dienes 12 and 13 with outstanding levels of selectivity
(krel� 24 and >25, respectively).[14] Binol-based complex 11 b,
bearing the (dimethyl)phenylimido ligand (vs [di(isopropyl)]-
phenylimido of 11 a), is not an efficient catalyst for the kinetic
resolution of the dienes 12 and 13. These observations
underline the importance of catalyst modularity and substrate
specficity in asymmetric catalysis.


The data in Scheme 3 illustrate that a wide range of 1,7-
dienes can be resolved with excellent levels of selectivity and







Asymmetric Catalysis 945 ± 950


Chem. Eur. J. 2001, 7, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-0947 $ 17.50+.50/0 947


efficiency. These findings provide further evidence regarding
the importance of the availability of a diverse set of chiral
catalysts: Although binol-based complexes (e.g., 11 a) typi-
cally promote ARCM of 1,7-dienes with higher selectivity
than the biphen-based catalysts (e.g., 4 a), such a general-
ization is not always true. As expected, 11 a catalyzes the
kinetic resolution of 1,7-dienes 14 and 15 with krel> 25. Unlike
biphen complex 4 a, however, the closely related catalyst 4 b
also provides appreciable enantioselection, albeit less effec-
tively than 11 a. With substrates 16 and 17, in which two
terminal alkenes are involved, the situation is completely
reversed: now, it is the biphen-based complex 4 a that is the
only efficient catalyst. Although each catalyst is not optimal in
every instance, efficient kinetic resolution of a wide range of
chiral, oxygenated 1,6- and 1,7-dienes can be achieved by
various chiral Mo complexes.


Catalytic asymmetric synthesis through ARCM : Undoubted-
ly, the arena in which catalytic asymmetric olefin metathesis
can have the largest impact on organic synthesis is the
desymmetrization of readily accessible achiral molecules. Two
examples are illustrated in Scheme 4. Treatment of achiral
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Scheme 4. Mo-catalyzed ARCM of achiral trienes can be effected
efficiently, enantioselectively, and in the absence of solvent.


triene 18 with 5 mol % of 4 a
leads to the formation of (R)-19
in 99 % ee and 93 % yield.[10]


The reaction is complete within
five minutes at 22 8C and, im-
portantly, does not require a
solvent. Another example is
illustrated in Scheme 4 as well;
here, binol complex 11 a is used
to promote the formation of
optically pure (R)-21 from si-
loxy triene 20 in nearly quanti-
tative yield. Once again, no
solvents are needed.[15] Readily
accessible substrates are rapidly
transformed to nonracemic, op-
tically enriched molecules that
are otherwise significantly
more difficult to access without
generating solvent waste.


In connection with reactions
for which a solvent is required,
it must be noted that all trans-
formations promoted by chiral


Mo catalysts may be carried out in toluene (in addition to
benzene) or various alkanes (e.g., n-pentane) with equal
efficiency (see below for specific examples). Moreover,
although 5 mol % catalyst is typically used in our studies,
1 ± 2 mol % loading often delivers equally efficient and
selective transformations.


As the above studies predicate, reaction of 18 is signifi-
cantly less efficient with 11 a (<5 % conversion in 18 h) and
that of 20 proceeds only to 50 % conversion in 24 h in the
presence of 4 a (65 % ee). Remarkably, in the latter trans-
formation, even in a 0.1m solution, the major product is the
ªdimerº formed through homometathesis of the terminal
alkenes. The absence of dimer generation when 11 a is used as
the catalyst, particularly in the absence of any solvent, bears
testimony to the high degree of catalyst ± substrate specificity
in these catalytic CÿC bond-forming reactions.


The catalytic desymmetrization shown in Scheme 5 in-
volves a meso-tetraene substrate: optically pure unsaturated
siloxane 23 is obtained in >99 % ee and 76 % yield.[15] The
unreacted siloxy ether moiety is removed to deliver optically
pure 24. Mo ± alkylidenes derived from both enantiotopic


Me Me
O O


Me2
Si


Me2
Si


Me


Me


O O


Me2
Si


Me2
Si


Me Me


O OH


Me2
Si


5 mol % 11a


C6H6, 60 °C
1h


>99% ee, 76%


70%


3 equiv K2CO3,


MeOH


22 23


24


Scheme 5. Mo-catalyzed desymmetrization of meso-tetraenes proceeds to
afford optically pure heterocycles.
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terminal alkenes in 22 are likely formed. Since the initial
metal ± alkylidene generation is rapidly reversible, however,
the major product arises from the rapid RCM of the
ªmatchedº segment of the tetraene. If any of the ªmismatch-
edº RCM takes place, a subsequent and more facile-matched
RCM leads to the formation of meso-bicyclized product. Such
a byproduct is absent from the unpurified mixture containing
23, indicating the exceptionally high degree of stereodiffer-
entiation induced by the chiral Mo complex in this trans-
formation. As before, catalyst 4 a is not effective in promoting
ARCM of 22.


Additional examples, in which modification of the chiral
alkoxide ligand leads to substantial improvement of selectiv-
ity, are found in connection with the chemistry of chiral
catalyst 25 (Scheme 6). Complex 25[16] shares structural
features with both the biphen- (4) and binol-based (11)
systems and represents an intriguing possibility regarding the


range of starting materials for which it may be a suitable
catalyst. Two examples are depicted in Scheme 6: catalyst 25
delivers compounds of high optical purity where either
biphen- or binol-based complexes are ineffective. It is not in
all instances that 25 operates as well as 4 a and 11 a. As an
example, in the presence of 5 mol% of 25, triene 18
(Scheme 4) is converted to furan 19 in 77 % ee and 73 % yield
(vs 99 % ee and 93 % yield with 4 a).


Incorporation of electron-withdrawing groups within either
the imido or diolate segments of Mo complexes might result in
higher levels of catalytic activity, since the Lewis acidity of the
transition metal center is enhanced. As the representative
examples in Scheme 7 depicts, such structural modifications
can have a profound effect on the levels of enantioselectivity


as well. In the desymmetrization of acetal 27, dichlorophenyl-
imido complex 26 provides substantially higher levels of
asymmetric induction than biphen- or binol-based catalysts
that carry 2,6-dialkylphenylimido moieties (e.g., 11 a).[16]


Acetals of the type represented by 28 in Scheme 7 retain
their stereochemical integrity through various routine oper-
ations, such as silica gel chromatography, and can be readily
functionalized to deliver a range of chiral nonracemic
heterocyclic compounds.[14]


The emerging Mo-catalyzed ARCM technology summar-
ized above has been utilized in a brief and enantioselective
total synthesis of exo-brevicomin (31) by Burke. The key step,
as illustrated in Scheme 8, is the desymmetrization of achiral
triene 29.[17]


Catalytic asymmetric synthesis through tandem AROM/
RCM : The appreciable levels of asymmetric induction


observed in the catalytic
ARCM reactions mentioned
above suggest a high degree of
enantiodifferentiation in the as-
sociation of olefinic substrates
and chiral complexes. Such ster-
eochemical induction may also
be exploited in asymmetric
ring-opening metathesis (AR-
OM). Catalytic ROM transfor-
mations[18]Ðalthough less ex-
ploited than the related RCM
processesÐoffer unique and
powerful methods for the prep-
aration of complex molecules in
a single step.[2d, g] The chiral
Mo ± alkylidenes that are prod-
ucts of AROM reactions can
then be trapped either intra-
molecularly (RCM) or intermo-
lecularly (cross-metathesis,
CM) to afford a range of opti-
cally enriched adducts.


Transformations shown in
Schemes 9 ± 11 constitute the
first examples of catalytic AR-
OM reactions ever reported.


meso-Triene 32 is converted to chiral heterocyclic triene 33
in 92 % ee and 68 % yield in the presence of 5 mol % of 4 a
(Scheme 9).[19] Presumably, stereoselective approach of the
more reactive cyclobutenyl alkene in the manner shown in
Scheme 9 (II) leads to the enantioselective formation of Mo ±
alkylidene III, which in turns reacts with an adjacent terminal
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olefin to deliver 33. Another example in Scheme 9 involves
the net rearrangement of meso-bicycle 34 to bicyclic structure
36 in 92 % ee and 85 % yield. The reaction is promoted by
5 mol % of 4 a and requires the presence of diallyl ether 35.[20]


Mechanistic studies suggest that initial reaction of 35 with 4 a
leads to the formation of the substantially more reactive chiral
Mo�CH2 complex (vs neophylidene 4 a), which then can react
with the sterically hindered norbornyl alkene to initiate the
catalytic cycle.


In contrast to 34 (Scheme 9), diastereomer 37 (Scheme 10),
because of its more exposed and highly reactive strained
olefin, undergoes rapid polymerization in the presence of 4 a.
The less reactive Ru complex 38[21] can, however, be used
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Scheme 10. Grubb�s Ru complex 38 (ROM) is used in conjunction with
chiral catalyst 4a (ARCM) to obtain 40 in the optically pure form.


under an atmosphere of ethylene to effect a tandem ROM/
CM to generate 39. The resulting triene is then induced to
undergo Mo-catalyzed ARCM (5 mol% 4 a) to afford opti-
cally pure 40, the AROM/RCM product that would be
obtained from 37.


Catalytic asymmetric synthesis through tandem AROM/CM :
The chiral Mo ± alkylidene complex derived from AROM of a
cyclic olefin may also participate in an intermolecular cross-
metathesis reaction. As depicted in Scheme 11, treatment of
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meso-41 with a solution of 5 mol % 4 a and two equivalents of
styrene leads to the formation of optically pure 42 in 57 %
isolated yield and >98 % trans olefin selectivity.[22] The Mo-
catalyzed AROM/CM reaction can be carried out in the
presence of vinylsilanes: the derived optically pure 43
(Scheme 11) may subsequently be subjected to Pd-catalyzed
cross-coupling reactions, allowing access to a wider range of
optically pure cyclopentanes.


Conclusion


The above studies clearly indicate that the modular Mo-based
construct initially reported for catalyst 1 can be exploited to
generate a range of highly efficient and selective chiral
catalysts for olefin metathesis. Both ARCM and AROM
reactions can be promoted by these chiral catalysts to obtain
optically enriched or pure products that are typically unavail-
able by other methods or can only be accessed by significantly
longer routes. Substantial variations in reactivity and selec-
tivity, arising from subtle changes in catalyst structures,
support the notion that synthetic generality is more likely if
a range of catalysts are available.


The chiral Mo-based catalysts discussed herein are more
senstive to moisture and air than the related Ru-based
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catalysts.[1] These complexes, however, are the only effective
asymmetric metathesis catalysts reported so far and are
significantly more robust than the original hexafluoro ± Mo
complex 1. Furthermore, chiral Mo-based catalysts 4, 11, 25,
and 26 can be easily handled on a large scale. In the majority
of cases, reactions proceed readily to completion in the
presence of only 1 mol% of catalyst and, in certain cases,
optically pure materials can be accessed within minutes or
hours in the absence of solvents; little or no waste products
need to be dealt with upon obtaining optically pure materials.
It also merits mention that complex 4 a is commercially
available from Strem (both antipodes and racemic). The
above attributes collectively render this new and unique class
of chiral catalysts extremely attractive for future applications
in efficient, catalytic, enantioselective, and environmentally
conscious protocols in organic synthesis.
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Syntheses, Structure, and Reactivity of Chiral Titanium Compounds:
Procatalysts for Olefin Polymerization
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Abstract: Titanium complexes with
chelating alkoxo ligands have been syn-
thesised with the aim to investigate
titanium active centres in catalytic ethyl-
ene polymerisation. The titanium com-
plexes cis-[TiCl2(h2-maltolato)2] (1,
89 %), and cis-[TiCl2(h2-guaiacolato)2]
(2, 80 %) were prepared by direct reac-
tion of TiCl4 with maltol and guaiacol in
toluene. The addition of maltol to
[Ti(OiPr)4] in THF results in the forma-
tion of species [Ti(OiPr)2(maltolato)2]
(3, 82 %). The titanium compound cis-


[Ti(OEt)2(h2-maltolato)2] (4, 74 %) was
obtained by the transesterification reac-
tion of species 3 with CH3CO2Et. When
compound 4 is dissolved in THF a
dinuclear species [Ti2(m-OEt)2(OEt)4-
(h2-maltolato)2] (5, 45 %) is formed.
Reaction of [Ti(OiPr)4] with crude
guaiacol in THF yields a solid, which
after recrystallisation from acetonitrile


gives [Ti4(m-O)4(h2-guaiacolato)8] ´
4 CH3CN (6, 55 %). In contrast, reaction
of TiCl4 with crude guaiacol in tetrahy-
drofuran affords [Ti2(m-O)Cl2(h2-guaia-
colato)4] (7, 82 %). Crystallographic and
electrochemical analyses of these com-
plexes demonstrate that maltolato and
guaiacolato ligands can be used as a
valuable alternative for the cyclopenta-
dienyl ring. These complexes have been
shown to be active catalysts upon com-
bination with the appropriate activator.


Keywords: alkenes ´ alkoxides ´
chirality ´ polymerization ´ titanium


Introduction


Metallocene-catalysed a-olefin polymerisation provides an
excellent example for the understanding of the relationship
between the geometry of the metal active site and its
reactivity in homogeneous catalysis.[1] In order to extend the
homogenous catalytic applications, current studies have been
focused on non-metallocene systems based on dialkoxides[2]


and diamido[3] ligands. For instance sterically hindered
chelating biphenol and binaphthol complexes that possess
C2 symmetry can provide a stereochemically rigid frame-
work for the metal centre.[4] The molecular structures of these
chiral intermediates can provide explanations for their


reactivity and selectivity, but relatively few structures of
chiral non-metallocene titanium catalysts for olefin polymer-
isation are known.[5] As a part of a more general study of
titanium complexes, which relate to the chiral single-site
metal active centre in olefin polymerisation catalysts, we have
reported the synthesis and crystal structure of the cis-
[{C2H4(CO2Et)2}2Cl2Ti][SbCl6]2 salt.[6] In the cis-[{C2H4-
(CO2Et)2}2Cl2Ti]2� ion, the chiral titanium atom is octahe-
drally coordinated by two mutually cis chlorine atoms and
four carbonyl oxygen atoms of two chelating diethyl succinate
molecules. To extend this chemistry we have been attempting
to synthesise new titanium species with maltolato ((O,O)-3-
oxy-2-methyl-pyran-4-onato) and guaiacolato ((O,O')-2-
methoxyphenoxo) ligands.


Here we describe the syntheses leading to compounds 1 ± 7
and report details of their crystal structures, electrochemical
studies and catalytic activity in ethylene and propylene
polymerisation.
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Results and Discussion


Synthesis, properties and structural characterisation : We
found that the direct reaction of TiCl4 with maltol or freshly
distilled guaiacol in a 1:2 molar ratio in toluene gives air-
sensitive, but stable under dinitrogen, orange cis-[TiCl2(h2-
maltolato)2] (1) and brown-orange cis-[TiCl2(h2-guaiacolato)2]
(2) (Scheme 1).


Scheme 1. Synthesis of 1 and 2.


The addition of maltol to [Ti(OiPr)4] in a 2:1 molar ratio in
THF results in the formation of [Ti(OiPr)2(h2-maltolato)2] (3).
Up to now we have not been able to obtain 3 in a crystalline
form. Thus, titanium species cis-[Ti(OEt)2(h2-maltolato)2]
(4) was obtained in the transesterification reaction of 3
with CH3CO2Et (Scheme 2). The transesterification reaction
is one of the most important ways of manipulating the ester
functionality as exemplified by many protocols that have
been developed for carrying out this reaction.[7, 8] Compound
4 (see electrochemical studies) recrystallised from THF
yields mixtures of crystals: cubic-shaped 4 and plate-shaped
5.


Crystals of 1 consist of the cis-[TiCl2(h2-maltolato)2] mol-
ecule and a THF solvate residing on a centre of inversion.
Unfortunately, the THF molecule disorder could not be
resolved and therefore the structure of 1 was not determined


completely. Nonetheless the structure of 1 is clearly visible
and can be discussed. Structures of 1, 2 and 4 are depicted in
Figures 1, 2 and 3, respectively. In these complexes titanium


Figure 1. The drawing of cis-[TiCl2(h2-maltolato)2] (1). Crystal data:
monoclinic, C2/c, a� 13.110(1), b� 11.785(1), c� 13.809(1) �, b� 117.48o,
T� 100 K.


atoms exhibit octahedral coordination and lie on a twofold
axis. The titanium atoms in 1, 2 and 4 are surrounded by four
oxygen atoms of two chelating maltolato and guaiacolato
ligands and by two mutually cis chlorine or OEt groups,
respectively. The TiÿCl and TiÿO bond lengths, in 2 and 4 are
similar to those previously reported for [TiCl4{C2O4-
(CH2CH2Ph)2}] and [TiCl4{C4H7O(CO2Et)}2].[9±11] Compound
5 was shown by X-ray diffraction study to have a dimeric
structure, and an overall view of the molecule is presented in
Figure 4. Due to the presence of bidentate maltolato chelating
agents, two bridging m-OEt and two terminal, mutually cis
OEt groups, the geometry at each Ti atom in 5 is chiral, and
the molecule as a whole possesses C2 symmetry. The terminal
TiÿO(1)ethoxide (1.809(3) �) and TiÿO(3)ethoxide (1.778(3) �) bond
lengths are comparable to TiÿOethoxide bond lengths in 4, but
are shorter than the Ti-m-O(2)ethoxide bond length of 1.969(3) �
in 5.


The reaction course of TiX4 (X�OR, Cl) with guaiacol is
significantly changed by moisture. Treatment of [Ti(OiPr)4]


with crude guaiacol in THF
yields product, which after re-
crystallisation from acetonitrile
can be isolated as crystalline
material, [Ti4(mÿO)4(h2-guaia-
colato)8] ´ 4 CH3CN (6 ;
Scheme 3). The solid-state
structure of 6 shown in Figure 5
consists of [Ti4(m-O)4(h2-guaia-
colato)8] species and four
CH3CN solvent molecules of
crystallisation. The Ti4O4 moi-
ety is significantly distorted
from planarity: the four titani-
um atoms and two oxygen
atoms (O(1) and O(1a)) are
within 0.027(1) � of the plane,
but the remaining oxygenScheme 2. Reaction scheme for the preparation of 3, 4 and 5.
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Figure 2. Molecular structure of cis-[TiCl2(h2-guaiacolato)2] (2). The dis-
placement ellipsoids are drawn at the 50 % probability level. Selected bond
lengths [pm] and angles [deg]: Ti(1)ÿCl(1) 224.56(8), Ti(1)ÿCl(2) 225.03(8),
Ti(1)ÿO(10) 219.30(19), Ti(1)ÿO(11) 186.81(17), Ti(1)ÿO(20) 221.49(18),
Ti(1)ÿO(21) 186.06(17), Ti(2)ÿCl(3) 225.24(8), Ti(2)ÿCl(4) 226.41(8),
Ti(2)ÿO(30) 219.70(18), O(21)-Ti(1)-O(10) 81.80(8), O(11)-Ti(1)-O(10)
75.58(7), O(10)-Ti(1)-O(20) 81.06(7), O(21)-Ti(1)-Cl(1) 104.38(7), O(11)-
Ti(1)-Cl(1) 95.35(6), O(10)-Ti(1)-Cl(1) 169.03(5), O(20)-Ti(1)-Cl(1)
91.70(5), O(21)-Ti(1)-Cl(2) 97.11(6), O(10)-Ti(1)-Cl(2) 90.30(5), Cl(1)-
Ti(1)-Cl(2) 97.79(3).


Figure 3. Molecular structure of cis-[Ti(OEt)2(h2-maltolato)2] (4). The
displacement ellipsoids are drawn at the 50 % probability level. Selected
bond lengths [pm] and angles [deg]: TiÿO(1) 179.64(14), TiÿO(2)
182.20(14), TiÿO(12) 197.90(14), TiÿO(22) 198.51(14), TiÿO(21)
211.30(14), TiÿO(11) 213.86(14), O(1)-Ti-O(2) 100.36(6), O(1)-Ti-O(12)
102.77(6), O(1)-Ti-O(22) 88.90(6), O(1)-Ti-O(21) 164.97(5), O(2)-Ti-O(21)
90.12(6), O(12)-Ti-O(21) 87.73(6), O(22)-Ti-O(21) 77.91(6).


atoms (O(2) and O(2a)) are 0.490(2) � alternately above and
below this plane. In 6, the four titanium atoms have equivalent
geometry. Each is bonded to four oxygen atoms of two
coordinated guaiacolatos and two mutually cis-bridging oxy-


Figure 4. Molecular structure of [Ti2(m-OEt)2(OEt)4(h2-maltolato)2] (5).
The displacement ellipsoids are drawn at the 50 % probability level. The
second position of disordered carbon atoms of OEt groups are omitted for
clarity. Selected bond lengths [pm] and angles [deg]: TiÿO(3) 177.8(3),
TiÿO(1) 180.9(3), TiÿO(2a) 196.9(3), TiÿO(12) 197.3(3), TiÿO(2) 208.0(3),
TiÿO(11) 2.171(3), O(3)-Ti-O(1) 96.71(13), O(3)-Ti-O(2a) 101.91(12),
O(3)-Ti-O(12) 93.30(12), O(2a) -Ti-O(12) 156.65(11), O(1)-Ti-O(2)
165.72(12), O(2a)-Ti-O(2) 72.59(12), O(3)-Ti-O(11) 169.95(12), O(2a)-Ti-
O(11) 87.43(11), O(12)-Ti-O(11) 76.67(10), O(2)-Ti-O(11) 84.60(10), Ti-
O(2)-Ti 107.41(19). Symmetry transformations used to generate equivalent
atoms: (a) ÿx, ÿy � 1, ÿz � 1.


gen atoms. This situation is typical, since in the majority of Ti-
O-Ti units the individual Tiÿm-O bonds are broadly equiv-
alent. Condensed titanoxanes containing Ti4O4 skeleton units
are known, for example, [Ti4(m-O)4Cl8(MeCN)8], and are
formed in situ by controlled hydrolysis of titanium species.[13]


Continuing these studies we found that reaction of TiCl4 with
crude guaiacol in THF gives an air-sensitive reddish-brown
crystalline species [Ti2(m-O)Cl2(h2-guaiacolato)4] (7). The
crystal structure of 7 is shown in Figure 6. Each titanium
atom is six-coordinated by four oxygen atoms of two
guaiacolato ligands, the bridging oxygen atom and terminal
chlorine atom. The geometrical parameters are in accordance
with those found in 3 and 6. The coordinative ether oxygen
atoms of guaiacolato ligands are located trans to the chlorine
atoms in 6 and bridging oxygen atoms in 7.


The Ti-O-Ti bridging oxygen atoms in 6 and 7 result most
likely from hydrolysis by adventitious water in the crude
guaiacol.[13] It is apparent that solvent and ligand deoxygena-
tion to oxo species is facilitated by impurities such as water
Scheme 3.[14, 15]


Controlled hydrolysis of TiÿCl and TiÿOR bonds is a
convenient route to titanoxanes involving either oxo-bridged
linkages (Ti-O-Ti) or terminal-bonded titanyl (Ti�O) moi-
eties.[13]


Electrochemical investigations : The electrochemical behav-
iour of complexes 1, 2 and 4 ± 7 (Table 1) was investigated by
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Scheme 3. Controlled hydrolysis reaction of 2 gave the m-oxo compounds 6
and 7.


cyclic voltammetry (CV) and controlled potential electrolysis
(CPE) in aprotic medium, [NBu4][BF4] 0.2 mol dmÿ3/CH2Cl2


(or THF), at a Pt-disc or -gauze electrode, respectively.
Although a detailed electrochemical study of those complexes
was hampered by their instability in the electrolyte medium,
adsorption at the electrode surface and electrode passivation
along the CPE experiments, it was possible to observe, in their
cyclic voltammograms, both cathodic and anodic waves. The
former waves, which are believed (see below) to involve the
reduction of TiIV, are reversible for the mononuclear malto-
lato complexes 1 and 4, but irreversible for the dinuclear 5.
They occur at a less cathodic potential (Ered


1=2 about ÿ1.00 V (1
or 4) or ÿ1.55 V (5) versus SCE) than that for the guaiacolato
complexes, whose cathodic waves are observed at Ered


p �
ÿ1.94 (6), ÿ2.31 and ÿ2.53 V (7) and are irreversible. For
the guaiacolato complex 2 no genuine cathodic wave was
detected up to the onset of the solvent/electrolyte discharge,


Figure 5. Molecular structure of [Ti4(m-O)4(h2-guaiacolato)8] ´ CH3OH (6).
The displacement ellipsoids are drawn at the 50% probability level.
Acetonitrile molecules are omitted for clarity Selected bond lengths [pm]
and angles [deg]: Ti(1)ÿO(1) 180.14(11), Ti(1)ÿO(2) 181.46(11),
Ti(1)ÿO(10) 190.08(11), Ti(1)ÿO(20) 190.46(11), Ti(1)ÿO(21) 227.28(11),
Ti(1)ÿO(11) 228.91(12), Ti(2)ÿO(1a) 180.49(11), Ti(2)ÿO(2) 181.19(11),
Ti(2)ÿO(30) 190.11(11), Ti(2)ÿO(40) 190.26(11), Ti(2)ÿO(31) 228.63(12),
Ti(2)ÿO(41) 230.94(12), O(1)ÿTi(2a) 180.49(11), O(1)-Ti(1)-O(2)
103.47(5), O(1)-Ti(1)-O(10) 98.06(5), O(2)-Ti(1)-O(10) 101.67(5), O(1)-
Ti(1)-O(20) 101.26(5), O(2)-Ti(1)-O(20) 97.93(5), O(1)-Ti(1)-O(21)
89.48(5), O(2)-Ti(1)-O(21) 166.19(5), O(1)-Ti(1)-O(11) 168.12(5), O(2)-
Ti(1)-O(11) 87.03(5), O(2)-Ti(2)-O(30) 103.38(5), O(2)-Ti(2)-O(40)
97.76(5), O(2)-Ti(2)-O(31) 88.01(5), O(2)-Ti(2)-O(41) 167.96(5), Ti(1)-
O(1)-Ti(2a) 177.40(7), Ti(2)-O(2)-Ti(1) 140.09(7). Symmetry transforma-
tions used to generate equivalent atoms: (a) ÿx � 2, ÿy, ÿz � 1.


whereas its maltolato analogue, 1, is reduced at Ered
1=2�


ÿ0.99 V, that is, at a much less cathodic potential. These obser-
vations suggest that the guaiacolato ligand behaves as a con-
siderably stronger electron donor than the ligating maltolato.


In contrast, the chloride and the ethoxide ligands, in the
corresponding complexes 1 and 4, exhibit an identical
electron-donor ability as indicated by the identical reduction
potentials (Ered


1=2�ÿ0.99 V or ÿ1.00, respectively) or their
reversible cathodic waves. For the mononuclear maltolato
complexes, the above cathodic waves are replaced gradually
by others as a result of the spontaneous conversion of the
starting complexes in other species through with ligand
liberation; this, therefore, precludes accurate measurements,
by CPE, of the numbers of electrons exchanged. Hence, the
mononuclear complex 4, in a mixture with 5 (initial 4 :5 molar
ratio of ca. 3:1), converts into the dinuclear 5 (see Scheme 2),
with liberation of maltol, and this conversion, either in
solution or in the solid state, was monitored electrochemically
as follows. The cyclic voltammogram of a freshly prepared
solution of the mixture exhibits a first reversible cathodic
wave at Ered


1=2�ÿ1.00 V due to the reduction of 4 and a second
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irreversible one at Ered
p �


ÿ1.55 V (with the expected
peak current ratio relative to
the former wave) assigned to
the reduction of the dinuclear
species 5. The former wave is
progressively replaced by the
latter one and as well by anoth-
er one at Ered


p �ÿ2.06 V, due to
the reduction of liberated mal-
tol. The anodic behaviour of the
solution (see below) is also
consistent with the conversion
of 4 to 5 in the electrolyte
solution. Moreover, the occur-
rence of this partial dimerisa-
tion, although slower, in the
solid state, was also indicated
by the corresponding changes
in the cyclic voltammogram of
the above sample of 4 � 5 after
being kept in the solid state
under dinitrogen for about two
months.


The reversible cathodic wave of the chloromaltolato com-
plex 1, in the electrolyte solution at Ered


1=2�ÿ0.99 V is also
replaced by other cathodic waves at Ered


p �ÿ0.76 V (which
becomes the dominant one) and ÿ0.52 V. These values are
within the range observed for the TiIV!TiIII reduction
potential of other polychloro ± TiIV complexes[17] such as
[TiCl6]2ÿ (ÿ0.95 V), [TiCl5(THF)]ÿ (ÿ0.75 V) or [TiCl4(m-
Cl)2Mg(THF)4] (ÿ0.56 V). As measured by CPE, the overall
number of electrons for all the above cathodic waves
exhibited by the electrolyte solution of 1 is one per titanium
atom; this also suggests the involvement of TiIV!TiIII


processes. CPE at the first cathodic wave of the dinuclear
complex 7, as well as at the cathodic wave of the tetranuclear
complex 6, also indicated the exchange of one electron per
TiIV.


The cathodic processes of our complexes are not expected
to occur at the ligands, since free maltol is reduced only at a
much more cathodic potential value (Ered


p �ÿ2.1 V) than
those of the maltolato complexes 1, 4 and 5 and, moreover, no
cathodic wave was found for guaiacol down to the solvent ±
electrolyte discharge potential. This and the above observa-
tions can be accounted for by considering that the cathodic
processes are centred at the metal sites, involving the
reduction of TiIV to TiIII ions.


In contrast, the irreversible anodic waves observed by CV
for our TiIV complexes should be centred at the maltolato or
guaiacolato ligands. In fact, they occur at oxidation potentials
(Eox


p about 1.5 V) that are comparable with those observed for
the free ligands (Eox


p � 1.73 or 1.55 V for maltol or guaiacol
respectively, the latter value being similar to that reported,[18]


1.49 V, for the oxidation of 4-methoxyphenol). Moreover, in
agreement with the presence of various redox-active malto-
lato or guaiacolato ligands in each molecule of the complexes,
the anodic current functions for the latter (ip/(v1/2 c), in which
ip� peak current, v� scan rate, c� concentration of complex)


Figure 6. Molecular structure of [Ti2(m-O)Cl2(h2-guaiacolato)4] (7). The displacement ellipsoids are drawn at the
50% probability level. Selected bond lengths [pm] and angles [deg]: Ti(1)ÿCl(1) 228.40(9), Ti(1)ÿO(1)
181.79(19), Ti(1)ÿO(11) 187.88(18), Ti(1)ÿO(10) 220.40(18), Ti(1)ÿO(21) 187.49(18), Ti(1)ÿO(20) 225.78(19),
Ti(2)ÿCl(2) 226.89(9), Ti(2)ÿO(1) 177.78(18), Ti(2)ÿO(31) 188.34(18), Ti(2)ÿO(30) 220.76(19), Ti(2)ÿO(41)
188.32(18), Ti(2)ÿO(40) 227.89(19), O(1)-Ti(1)-O(21) 95.94(8), O(1)-Ti(1)-O(11) 103.73(8), O(1)-Ti(1)-O(10)
91.90(8), O(10)-Ti(1)-O(20) 79.62(7), O(1)-Ti(1)-Cl(1) 99.48(6), O(10)-Ti(1)-Cl(1) 166.82(5), O(1)-Ti(2)-O(31)
103.86(9), O(1)-Ti(2)-O(30) 89.70(8), O(31)-Ti(2)-Cl(2) 94.61(6), O(30)-Ti(2)-Cl(2) 166.33(6), O(1)-Ti(2)-O(40)
167.43(8), Ti(2)-O(1)-Ti(1) 162.11(12).


Table 1. Electrochemical data[a] for the titanium complexes 1, 2 and 4 ± 6.


Ered
p (Ered


1=2� n Eox
p


1 ÿ 0.76 (ÿ0.99)[b] 1.0[c] 1.50
2 [d] 1.55[e]


4[f] (ÿ1.00)[g] [h] 1.47[i]


5[f] ÿ 1.55
6 ÿ 1.94[j] 3.5 1.54[k]


7 ÿ 2.31[l] 1.8[n] 1.53[e]


ÿ 2.53[m]


maltol[o] ÿ 2.06[p] 1.73[q]


guaiacol[o] 1.55[r]


[a] In[NBu4][BF4] 0.2 mol dmÿ3/CH2Cl2, unless stated otherwise; values of
peak potentials (Ep) for irreversible waves or of half-wave potential (E1/2 in
brackets) for reversible ones are given in volt �0.02 vs. SCE, measured at a
scan rate of 0.20 V sÿ1 ; when one wave predominates over the others, its
redox potential is given in italics; n�number of electrons (as measured by
CPE) per molecule of complex (the values in the column correspond to the
cathodic waves). [b] This wave decreases in intensity with time, being
replaced by that at Ered


p �ÿ0.76 V (which becomes the predominant one)
and by another one, of lower current intensity, at ÿ0.52 V. [c] Overall
number of electrons, for all the cathodic waves. [d] A cathodic wave,
initially not observed, develops at Ered


p �ÿ1.8 V after a few CV scans.
[e] Current function is approximately four times that of the free guaiacol.
[f] In a mixture of 4 and 5, with predominance (ca. 3:1) of the former.
[g] This wave is replaced by others at Ered


p �ÿ1.55 and ÿ2.06 V, the former
being assigned to complex 5 and the latter to free maltol. [h] Not possible to
measure due to decomposition. [i] This wave is replaced by another one at
Eox


p � 1.73 V assigned to free maltol; the overall current function for these
two anodic waves is about twice that of free maltol, and they involve an
overall number of two electrons (measured by anodic CPE in NCMe); after
CPE at any of these anodic waves (n� 0.3 electrons for the first one), a new
cathodic wave is observed at ÿ1.0 V. [j] In THF; a new anodic wave is
detected at Eox


p � 0.02 V upon scan reversal following the CV cathodic
sweep or upon the cathodic CPE. [k] Current-function about eight times
that of free guaiacol. [l,m] In THF; an anodic wave is detected at Eox


p �
ÿ1.96 or ÿ1.22 V, respectively, upon scan reversal. [n] A new anodic wave
is observed at Eox


p �ÿ0.09 V after the cathodic CPE. [o] Included for
comparative purposes. [p] In DMSO. [q] A new cathodic wave is observed
at Ered


p �ÿ1.45 V after the anodic CPE (n� 1 electron). [r] n� 1.2
electrons, as measured by anodic CPE.
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are much higher then those of the corresponding free maltol
or guaiacol. Hence, for example the current functions of the
anodic waves exhibited by solutions of complexes 7 and 6,
with four or eight guaiacolato ligands, respectively, are
roughly four or eight times the current function of guaiacol.


The dimerisation of complex 4 with liberation of maltol (see
below) was also supported by the observed anodic behaviour,
in particular the appearance of an irreversible oxidation wave
at the same potential (Eox


p � 1.73 V) as that measured for free
maltol, with a concomitant decrease of the peak current of the
genuine anodic wave (at Eox


p � 1.47 V) of the complex. The
sum of the current functions of those two anodic waves is
roughly twice the current-function of free maltol, in accord
with the above observations for the guaiacolato complexes.
Moreover, the overall number of electrons exchanged per Ti
atom in those two anodic processes, as measured by CPE at
the peak potential of the second anodic wave, is two, that is,
the expected value for the involvement of the oxidation of two
maltolato and/or maltol species (a single electron is ex-
changed in the anodic CPE of free maltol at its anodic wave).
However, the number of electrons exchanged at the genuine
anodic wave (Eox


p � 1.47 V) of complex 4 (as measured by
CPE at this wave) is only 0.3 electrons per complex molecule;
this indicates that during the time of the electrolysis most of
the complex converted into other species with liberation of
maltol. Such an instability also precluded the measurement of
the number of electrons exchanged in the cathodic process.


Polymerisation studies : The results of an ethylene polymer-
isation test on the six related titanium maltolato and
guaiacolato complexes 1, 2 and 4 ± 7 are shown in Table 2.


The catalyst was prepared by milling a hexane slurry of MgCl2


and one of these compounds. Triethylaluminium and AlEt2Cl
were used as cocatalysts. The highest activities were obtained
with [Ti2(m-O)Cl2(guaiacolato)4] (7) and cis-[TiCl2(maltola-
to)2] (1), corresponding to 580 and 345 kg polyethylene per
gram of Ti per hour ([Ti]0� 0.01 mmol dmÿ3 and [Al]�
5 mmol dmÿ3), respectively. In contrast, 22 and 131 kg poly-
ethylene per gramme of Ti per hour were obtained under the
same conditions when monomeric [TiCl3(THF)3] and dimeric
[Ti2(m-Cl)2Cl4(THF)4] were used as procatalysts, respective-
ly.[19]


Conclusion


A new class of titanium compounds 1 ± 7 has been developed
which, with AlEt3 and AlEt2Cl, are active for the polymer-
isation of ethylene. The class of [L2TiCl2] (L� h2-maltolato or
h2-guaiacolato) systems can be used as a valuable alternative
for the well-documented range of Group 4 metallocenes.[1]


The electrochemical studies (Table 1) indicate that the
maltolato ligand behaves as a weaker electron donor than
guaiacolato (less cathodic reduction potentials for the malto-
lato complexes), forms less stable mononuclear TiIV com-
plexes in the electrolyte solution (e.g., dimerisation occurs
with liberation of maltol), but stabilises the TiIII complexes
derived on reduction better (reversible cathodic waves for the
maltolato complexes, but irreversible for the guaiacolato
ones). However, the ethoxide and the chloride ligands exhibit
identical electron-donor characters in the mononuclear com-
plexes. These results also allow us to get an insight towards the
clarification of some aspects of the titanium-catalysed ethyl-
ene polymerisation. The compounds [Ti2(m-O)Cl2(h2-guaiaco-
lato)4] (7) and cis-[TiCl2(h2-maltolato)2] (1) show a much
higher catalytic activity in ethylene polymerisation with
respect to the other complexes (Table 2), and the different
nature of the maltolato and guaiacolato ligands surprisingly
only results, for these systems, in a weak effect on the catalyst
activity; however, the replacement of maltolato by guaiaco-
lato in the mononuclear complexes leads to quite a significant
reduction in the activity (compare complexes 2 and 1). A
decrease of the catalytic activity also results from replacement
of chloride by ethoxide ligands (compare 1 with 4), in spite of
their identical electron-donor abilities. The lability of the
maltolato and guaiacolato ligands towards liberation from the
titanium centres (as observed in the electrochemical studies)
accounts for their replacement during the catalyst prepara-
tion, and the aluminium cocatalyst conceivably behaves as the
ligand abstracting agent[19] and chloride donor to the active
metal site. How all the compounds are incorporated in the
catalyst can only be answered by further studies.


Experimental Section


Materials and methods : All the syntheses were performed under a dry
dinitrogen atmosphere by using standard Schlenk techniques. Solvents
were dried and then distilled under N2 by following conventional methods.
Maltol, guaiacol, TiCl4, AlMe3, AlEt2Cl were purchased from Aldrich. IR
spectra were measured on a Perkin-Elmer 180 instrument in Nujol mulls.
NMR spectra were performed on a Bruker ESP 300E spectrometer. The
electrochemical experiments were performed on an EG & G PAR 273
potentiostat/galvanostat connected to a PC through a GPIB interface.
Cyclic voltammetry (CV) was undertaken in a two-compartment three-
electrode cell, with a platinum-disc (d� 0.5 mm) working electrode, probed
by a Luggin capillary connected to silver-wire pseudo-reference electrode;
a platinum auxiliary electrode was employed. Controlled potential
electrolysis (CPE) was carried out in a two-compartment three-electrode
H-type cell with platinum-gauze working and counter electrodes in
compartments separated by a glass frit ; a Luggin capillary, probing the
working electrode, was connected to a silver-wire pseudo-reference
electrode. Frequent interruption of the electrolyses was commonly
required for cleaning the working electrode surface, due to its passivation.
The experiments were performed under dinitrogen at room temperature,
the potentials were measured in 0.2 mol dmÿ3 [NBu4][BF4]/CH2Cl2 (THF or


Table 2. Polymerisation[a] of ethylene with a Ti-MgCl2-AlEt3/AlEt2Cl
catalyst.


Productivity[b]


1 345
2 22
4 210
5 177
6 78
7 580


[a] Polymerisation conditions: [Ti]0� 0.01 mmol dmÿ3, Al:Ti� 500:1,
Mg:Ti� 10:1, Pethylene� 0.5 Mpa, in hexane. [b] Mass in kilograms of
polymer formed per gram of titanium atom in 1 h.
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DMSO for maltol) and are quoted relative to the saturated calomel
electrode (SCE) by using as internal reference the [Fe(h5-C5H5)2]0/� couple
(Eox


1=2� 0.525, 0.545 or 0.440 V vs. SCE, respectively). The CPE experiments
were monitored regularly by CV, thus assuring that no significant potential
drift occurred during the electrolyses.


Compound 1: Maltol (2.29 g, 18.22 mmol) was added to a stirred solution of
TiCl4 (1.73 g, 9.11 mmol) in toluene (60 mL) at room temperature. The
reaction mixture turned orange-red. After 24 h, the volume was reduced to
20 mL under vacuum, and hexane (50 mL) was added to give an orange
precipitate, which was filtered off, washed with hexane (3� 5 mL) and
dried under vacuum. The solid was recrystallised from CH2Cl2/THF (3:1) to
yield orange-red crystals. Yield 3.0 g (89 %); 1HNMR (300 MHz, CDCl3):
d� 8.09 (d, 1H; 6-HC5H2O), 6.64 (d, 1 H; 5-HC5H2O), 2.50 (s, 3 H; CH3);
IR (CsI, Nujol): nÄ� 280 (m), 382 (vs), 524 (m), 564 (m), 640 (m), 740 (vs),
834 (s), 934 (s), 1036 (s), 1094 (s), 1094 (s), 1198 (s), 1266 (s), 1540 (vs),
1610 cmÿ1 (s); elemental analysis calcd (%) for C12H10O6Cl2Ti (367.93): C
39.02, H 2.71, Cl 19.24, Ti 13.02; found C 39.84, H 2.24, Cl 18.85, Ti 12.75.


Compound 2 : Freshly distilled guaiacol (2.27g, 18.22 mmol) was added to a
solution of TiCl4 (1.73g, 9.11 mmol) in toluene (60 mL). The brown-orange
mixture was stirred at room temperature. After 24 h, the volume was
reduced to 40 mL, and the redish-brown precipitate was filtered off, washed
with toluene (3� 5 mL) and dried under vacuum. Crystals suitable for the
structure determination were obtained from post-reaction mixture after
one week. Yield 2.62 g (80 %); 1HNMR (300 MHz, CDCl3): d� 7.02 (m,
1H; 4-HAr), 6.89 (m, 2H; 3,6-HAr), 6.71 (m, 1H; 5-HAr), 4.02 (s, 3H;
OCH3); IR (CsI, Nujol): nÄ� 406 (s), 440 (w), 472 (m), 570 (vw), 640 (w), 664
(s), 750 (s), 756 (s), 860 (m), 930 (w), 996 (s), 1018 (m), 112 (m), 1156 (w),
1160 (m), 1208 (m), 1248 (vs), 1252 (s), 1270 (m), 1324 (m), 1584 cmÿ1 (w);
elemental analysis calcd (%) for C14H14O4Cl2Ti (363.97): C 46.03, H 3.83, Cl
19.45, Ti 13.15; found C 45.48, H 4.02, Cl 18.93, Ti 12.87.


Compound 3 : Maltol (0.4 6 g, 3.36 mmol) was added to a solution of
[Ti(OiPr)4] (1.00 g, 3.36 mmol) in THF (45 mL). The light yellow mixture
was stirred at room temperature for 12 h, then the volatiles were removed
in vacuum. The light yellow solid was washed with hexane (40 mL), and
then the white precipitate was filtered off, washed with hexane (3� 5 mL)
and dried under vacuum. Yield 1.15 g (82 %); IR (CsI, Nujol): nÄ� 326 (w),
352 (s), 368 (s), 384 (s), 474 (vs), 544 (m), 620 (s), 726 (m), 786 (w), 842 (s),
928 (w), 980 (s), 1124 (s), 1198 (s), 1240 (s), 1282 (vs), 1326 (m), 1580 (s),
1594 cmÿ1 (vs); elemental analysis calcd (%) for C18H24O8Ti (416.09): C
51.89, H 5.76, Ti 11.53; found C 50.72, H 5.53, Ti 12.08.


Compound 4 : Maltol (0.85 g, 6.72 mmol) was added to a solution of
[Ti(OiPr)4] (1.00 g, 3.36 mmol) in THF (45 mL). The light yellow mixture
was stirred at room temperature for 12 h, then the volatiles were removed
in vacuum. The resulting light yellow solid was recrystallised from ethyl
acetate to yield yellow crystals. Yield 0.83 g (74 %); 1HNMR (300 MHz,
CDCl3): d� 7.74 (d, 1H; 6-HC5H2O), 6.40 (d, 1 H; 5-HC5H2O), 4.45 (q, 2H;
OCH2CH3), 2.19 (s, 3H; CH3), 1.17 (t, 3H; OCH2CH3); IR (CsI, Nujol):
nÄ� 304 (w), 388 (s), 478 (s), 548 (s), 620 (s), 726 (s), 766 (m), 832 (s), 916 (s),
1062 (m), 1104 (s), 1196 (m), 1244 (m), 1278 (vs), 1508 (s), 1576 cmÿ1 (vs);
elemental analysis calcd (%) for C16H20O8Ti (388.06): C 49.25, H 5.23, Ti
12.14; found C 48.93, H 5.98, Ti 12.98.


Compound 5 : Crystalline compound 4 (0.5 g, 1.29 mmol) was dissolved in a
mixture of THF (30 mL) and ethyl acetate (10 mL) and left to crystallise at
room temperature. After 3 days the plate-shaped yellow crystals were
filtered off and washed with hexane (3� 5 mL). Yield 0.18 g (45 %);
1HNMR (300 MHz, CDCl3): d� 7.77 (d, 1 H; 6-HC5H2O), 6.47 (d, 1H;
5-HC5H2O), 4.52 (q, 2H; m-OCH2CH3), 3.70 (q, 4H; OCH2CH3), 2.42 (s,
3H; CH3), 1.25 (m, 9H; OCH2CH3, m-OCH2CH3); IR (CsI, Nujol): nÄ� 284
(w), 356 (w), 410 (m), 466 (s), 544 (s), 628 (m), 726 (s), 802 (s), 854 (s), 926
(m), 1040 (w), 1090 (w), 1128 (w), 1204 (s), 1276 (vs), 1516 (s), 1584 cmÿ1


(vs); elemental analysis calcd (%) for C24H40O12Ti2 (616.15): C 46.75, H
6.49, Ti 15.58; found C 47.23, H 5.98, Ti 15.32.


Compound 6 : Guaiacol (0.9 g, 7.28 mmol) was added to a solution of
[Ti(OiPr)4] (1.00 g, 3.36 mmol) in THF (40 mL). The reaction mixture
turned yellow and was stirred at room temperature. After 12 h, volatiles
were removed in vacuum, and the resulting yellow solid was recrystallised
from acetonitrile to yield yellow crystals. Yield 0.62 g (55 %); 1HNMR
(300 MHz, CD3CN): d� 6.93 (m, 1H; 4-HAr), 6.81 (m, 2 H; 3,6-HAr), 6.46
(m, 1H; 5-HAr), 3.83 (s, 3 H; OCH3); IR (CsI, Nujol): nÄ� 378 (w), 464 (m),
644 (s), 738 (vs), 856 (s), 1010 (s), 1108 (vs), 1260 (vs), 1280 (vs), 1596 (m),


1752 (vw), 1868 (vw), 1912 cmÿ1 (vw); elemental analysis calcd (%) for
C56H56O20Ti4 (1240.13) (the yellow product before recrystallization from
acetonitrile): C 54.24, H 4.52, Ti 15.43; found C 55.13, H 4.76, Ti 16.01.


Compound 7: Crude guaiacol (2.27 g, 18.22 mmol) was added to a solution
of TiCl4 (1.73 g, 9.11 mmol) in THF (60 mL). The brown-orange mixture
was stirred at room temperature. After 24 h, the volume was reduced to
40 mL, and the reddish-brown precipitate was filtered off, washed with
toluene (3� 5 mL) and dried under vacuum. Crystals suitable for the
structure determination were obtained from post-reaction mixture after
one week. Yield 2.54 g (82 %); 1HNMR (300 MHz, C6D6): d� 6.84 (m, 1H;
4-HAr), 6.62 (m, 2H; 3,6-HAr), 6.15 (m, 1 H; 5-HAr), 3.42 (s, 3H; OCH3);
IR (CsI, Nujol): nÄ� 334 (vw), 364 (w), 406 (vs), 442 (s), 472 (vs), 544 (w),
562 (w), 584 (w), 626 (m), 640 (s), 664 (vs), 750 (vs), 760 (vs), 774 (vs), 832
(m), 858 (vs), 920 (w), 996 (vs), 1028 (vs), 1110 (vs), 1154 (m), 1172 (s), 1208
(s), 1248 (vs), 1276 (s), 1324 (s), 1582 (m), 1600 cmÿ1 (w); elemental analysis
calcd (%) for C28H28O9Cl2Ti2 (674.01): C 49.80, H 4.15, Cl 10.5, Ti 14.19;
found C 49.53, H 4.28, Cl 11.2, Ti 13.94.


Polymerisation test : A slurry of MgCl2 (30 mmol) in hexane was milled
under argon in a glass mill (capacity 250 mL, with 20 balls of diameter 5 ±
15 mm) at room temperature for 6 h. Then titanium compound (3 mmol)
and hexane (50 mL) were added, and the mixture was milled for 24 h. The
sample of procatalyst suspension (containing 0.01 % titanium) was
activated with AlEt3/AlEt2Cl (1:1 molar ratio; 20 mmol) for 15 min at
323 K under argon to form a highly active catalyst. The polymerisation of
ethylene was carried out at 323 K in a stainless steel reactor (1 dm3),
equipped with a stirrer, in hexane at 0.6 MPa ethylene pressure. The
polymerisation was quenched with a 5 % solution of HCl in methanol
(150 mL), and the polymer was filtered off, washed with methanol and
dried under vacuum.


Crystallography : Preliminary examination and intensities data collections
were carried out on a KUMA KM4 four-circle diffractometer[21] for 5
(radiation MoKa, l� 0.71073), and KUMA KM4 CCD four-circle diffrac-
tometer[22] with an Oxford Cryosystem-Cryostream cooler for compounds
2, 4, 6 and 7 (radiation MoKa, l� 0.71073). Details of the data collection,
refinement and crystal data are summarised in Table 3. All data were
corrected for Lorentz and polarisation effects. After refinement with
isotropic displacement parameters for all atoms, an absorption correction
based on least-squares fitted against jFc jÿjFo j differences was also
applied[23] to the data of 2, 5 and 7. The structures were solved by direct
methods (SHELXS 97)[24] and refined by full-matrix least-squares on F2


using SHELXL97[25] . Non-hydrogen atoms were refined with anisotropic
thermal parameters. The carbon-bonded hydrogen atoms were included in
the calculated positions and refined by using a riding model with isotropic
displacement parameters equal to 1.2 Ueq of the attached atom. In the
structure of 5, one methyl C atom of ethoxide group (O(1)) was disordered
and was modelled using two sets of sites with 0.58 occupancy. Scattering
factors were taken from the literature.[26] Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-154577 to CCDC-154581. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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Table 3. Crystal data and structure refinement for 2, and 4 ± 7.


2 4 5 6 7


formula 2(C14H14Cl2O4Ti) C16H20O8Ti (C12H20O6Ti)2 C56H66O29Ti4, 4(CH3CN) C28H28Cl2O9Ti2


Mr 730.10 388.22 616.24 1404.82 675.20
crystal system triclinic triclinic monoclinic triclinic monoclinic
space group P1Å P1Å P21/n P1Å P21/c
a [�] 9.446(1) 8.186(1) 9.418(2) 11.0335(8) 13.803(1)
b [�] 12.490(1) 8.347(1) 11.609(2) 12.3068(8) 21.287(2)
c [�] 14.198(1) 12.757(1) 14.544(3) 12.7609(9) 9.970(1)
a [8] 90.31(1) 89.87(3) 72.287(6)
b [8] 102.08(1) 84.86(3) 94.51(3) 88.254(6) 92.06
g [8] 107.46(1) 87.48(3) 81.453(6)
V [�3] 1558.3(2) 867.32(16) 1585.2(5) 1632.1(2) 2927.5(5)
Z 2 2 2 1 4
crystal size [mm] 0.5� 0.4� 0.2 0.4� 0.2� 0.2 0.6� 0.4� 0.3 0.6� 0.5� 0.4 0.6� 0.4� 0.4
1calcd [gcmÿ3] 1.556 1.487 1.291 1.429 1.532
m [mmÿ1] 0.902 0.534 0.557 0.548 0.780
F(000) 744 404 648 728 1384
scan mode w w w-2q w w


T [K] 100.0(5) 100.0(5) K 299(2) 100.0(5) 100.0(5)
max 2q [8] 57.0 57.6 50 57.6 57.4
reflections 10 513 6208 2524 11 623 18345
unique reflections 6758 3908 2409 7371 6706
observed reflections [I> 2 s(I)] 5395 2783 1657 6291 3873
parameters 383 230 184 421 374
R(F) for I> 2s(I)] 0.0440 0.0319 0.0503 0.0344 0.0421
wR2(F2) for all data 0.1314 0.0800 0.1619 0.0930 0.0898
goodness of fit on F2 1.116 1.0 1.078 1.037 0.891
largest diff. peak/ 0.802/ÿ 0.428 0.587/ÿ 0.374 0.548/ÿ 0.309 0.348/ÿ 0.423 0.437/ÿ 0.348
hole [e �3]








An Enzyme-Labile Safety Catch Linker for Synthesis
on a Soluble Polymeric Support


Uwe Grether[a, b] and Herbert Waldmann*[a]


Abstract: The development of new and
broadly applicable linker groups which
are stable under a variety of reaction
conditions and allow release of the
desired products from the solid support
under very mild conditions is of great
interest in organic synthesis and combi-
natorial chemistry. We describe an en-
zyme-labile safety-catch linker which
releases alcohols and amines through
i) enzymatic cleavage of an amino group
and ii) subsequent lactam formation.
The linker group was investigated on
different polymeric supports: TentaGel,
PEGA, CPG-beads and the soluble
polymer POE-6000. From these link-
er ± polymer conjugates 2-methoxy-5-ni-
trobenzyl alcohol was released by peni-
cillin G acylase catalysed cleavage of a


phenylacetamide and attack of the li-
berated benzylamine on the neighbour-
ing ester group in ortho position. The
model study revealed that only in the
case of soluble POE-6000 conjugate
high yields for the cleavage could be
achieved. In the case of the other solid
supports the enzyme does not have
access to the interior of the polymer
matrix. The application of the POE-6000
linker conjugate was investigated for
various esters in Pd0-catalysed Heck-,
Suzuki- and Sonogashira reactions as


well as in a Mitsunobu reaction and
cycloadditions. These studies proved
that the linker is stable under a broad
variety of reaction conditions and that
the enzymatic method allows for release
of the desired product alcohols under
extremely mild conditions at pH 7 and
37 8C. In addition, the enzymatic reac-
tion proceeds with complete chemose-
lectivity, that is other esters or amides
are not attacked by the biocatalyst. In
addition to alcohols amines can also be
cleaved by means of the enzyme-initi-
ated two-step process. In these cases the
higher stability of amides as compared
to esters requires warming to 60 8C to
induce cyclization and release of the
desired product.


Keywords: combinatorial chemistry
´ enzyme catalysis ´ penicillin G
acylase ´ safety-catch linker ´ solid-
phase synthesis


Introduction


Combinatorial chemistry and parallel synthesis of compound
libraries on polymeric supports are efficient methods for the
generation of new substances with a predetermined profile of
properties.[1] Paramount to the success of this approach is the
availability of suitable polymers and widely applicable linker
groups for the attachment of the desired compounds to the
polymeric carrier. Recent research in this field has focussed
on and achieved the successful transfer of a steadily growing
number of reaction types to synthesis on solid supports, and


the demands on the linker groups concerning their stability
under different reaction conditions and selective cleavage
have risen accordingly. Therefore, new and broadly applicable
linkers which are stable under a variety of reaction conditions,
but which at the same time allow release of the synthesized
products under the mildest conditions possible are of great
interest in organic synthesis and combinatorial chemistry.[2]


Enzymatic methods may open up advantageous alternatives
to classical chemical techniques since enzyme-catalysed trans-
formations often proceed under very mild conditions (pH 5 ±
8, 25 ± 37 8C) and very high chemo-, regio- and stereoselec-
tivity.[3] We now report on the development of a new enzyme-
labile safety catch linker for combinatorial chemistry[4] on a
soluble polymeric support, allowing for the release of the
target compounds in high yields and under neutral conditions.


Results and Discussion


In the design of the new linker group a biocatalysed trans-
formation was combined with a subsequent intramolecular
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cyclization reaction according to the principle of ªassisted
removalº[5] of the desired target molecules. To this end the
linker embodies a functional group which is recognized and
attacked by the biocatalysts. The enzyme liberates an
intermediate which cyclizes with release of the target
compounds. Furthermore, the linker carries an additional
functional group for attachment to the polymeric support. The
realization of this principle is shown in Scheme 1. The linker
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Scheme 1. Principle of the enzyme-labile safety catch linker.


group is attached as urethane to an amino-functionalized
carrier (!1). It allows for the attachment of, for example,
alkyl halides, alcohols or amines as carboxylic acid esters and
amides and their subsequent conversion to product libraries.
The enzyme-labile functional group, a phenylacetic acid
amide, is remote from the structures to be generated by
combinatorial synthesis. Thereby possible steric or electronic
interactions of the biocatalyst with the synthesis products
which might lead to a reduction of the substrate tolerance of
the enzyme are minimized. The release of the target
molecules proceeds according to the safety catch principle
in an two-step process. In the first step the amidase penicil-
lin G acylase hydrolyses the phenylacetamide with complete
chemo- and regioselectivity and under exceptionally mild
conditions (pH 7.0, room temperature or 37 8C).[6] Subse-
quently benzylamine 2 thereby generated as activated inter-
mediate cyclizes to polymer-bound lactam 3 and releases the
corresponding target molecule 4.


The linker was synthesized from commercially available
homovanilinic acid methyl ester 5 (Scheme 2). After alkyla-
tion of the phenolic hydroxyl group with THP-protected
bromoethanol in high yield the resulting trisubstituted


aromatic compound 6 was sub-
jected to a completely regiose-
lective electrophilic amidoalky-
lation with N-hydroxymethyl-
phenylacetic acid amide.[7]


Under the acidic reaction con-
ditions the THP ether was si-
multaneously converted into
the corresponding acetate 7
which was then saponified. By
means of this three-step se-
quence linker 8 is accessible in
an overall yield of 67 %.


Paramount to the successful
development of the enzyme-
labile linker system is the
choice of an appropriate solid
support. It has to be compatible
with the conditions required for
the enzymatic transformation and ideally must give the
enzyme access to all functionalized sites. From earlier work
on the use of biocatalysts on solid supports[4b, 6d] we were
aware of the fact that, in general, polar polymeric supports are
preferable (see also [4d]) and that the polymer must swell well
under the reaction conditions to allow entry of the biocatalyst
into the polymer matrix. For these reasons TentaGel[8] and the
PEGA[9] resin were chosen. In addition, controlled pore glass
(CPG) beads were investigated because they had already
proven to be compatible with the use of the enzyme penicillin
acylase,[6d] that is allowing for quantitative removal of phenyl-
acetamido protecting groups from oligonucleotides assem-
bled on CPG beads. In order to quantify the efficiency of the
enzymatic transformations an assay was established that is
based on the enzyme-initiated release of 2-methoxy-5-nitro-
benzyl alcohol from the corresponding polymer-bound esters
and its determination by means of UV spectroscopy. This
system was established in solution by employing a soluble
non-polymer-bound ester analogue as substrate.


The 2-methoxy-5-nitrobenzyl group was coupled to the
linker by nucleophilic esterification of carboxylic acid 9 with
benzyl bromide 10 (Scheme 3). Subsequent conversion of the
primary alcohol present in product 11 with chloroformic acid
p-nitrophenyl ester 12 or phosgene yielded activated reagents
13 and 14. Treatment of amino-functionalized PEGA-resin or
CPG beads with carbonate 13 resulted in quantitative
acylation of the solid support as judged by means of the
ninhydrin test (see Experimental Section).


Alternatively, methyl ester 8 was first converted into the
corresponding activated carbonate 18 which was used to
acylate TentaGel quantitatively (Scheme 4). In this case
successful loading of the resin was also confirmed by
means of gel phase 13C NMR spectroscopy. Saponification
of the methyl ester 19 and subsequent nucleophilic esterifi-
cation yielded polymer-bound nitrobenzyl ester 21. By
analogy soluble ester 23 was synthesized (Scheme 5). Safety
catch protecting group 22 required for this purpose was
synthesized by analogy to the synthesis of linker group 8
from homoveratric acid and N-hydroxymethyl phenylacetic
acid.[10]
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Scheme 2. Synthesis of the
linker group 8. a) THP-
OCH2CH2Br, K2CO3, DMF,
90 8C, 10 h, 94 % (!6);
b) PhCH2C(O)NHCH2OH,
HOAc/H2SO4 20:1, 20 8C, 10 h,
83% (!7); c) NaOMe, MeOH,
0 8C, 1 h, 87 %.
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Scheme 3. Synthesis of polymer-bound linker 2-methoxy-5-nitrophenyl
esters 15 ± 17. a) 10, Cs2CO3, H2O/EtOH then DMF, rt, 82 %; b) 12, DMAP,
CH2Cl2, rt, 61%; c) CPG-NH2 or PEGA-NH2, HOBt, EtN(iPr)2, DMF,
quant.; d) phosgene, CH2Cl2, rt, quant.; e) POE-NH2, DMAP, HOBt,
CH2Cl2, rt, 92 %. HOBt� 1-hydroxybenzotriazole, DMAP� 4-dimethyl-
aminopyridine.


In order to determine whether penicillin G acylase accepts
in principle substrates of type 23 this phenylacetamide was
treated with the enzyme at pH 7 in the presence of 20 vol %
acetone and dimethyl-b-cyclodextrin as solubilizing agents.
After 48 h benzyl alcohol 24 and lactam 25 were obtained in
90 % and 86 % yield, respectively (Scheme 6). In the absence
of the biocatalyst formation of the alcohol could not be
detected, that is non-enzymatic hydrolysis does not occur
under the reaction conditions employed.


Encouraged by this finding the release of alcohol 24 from
resins 15, 16 and 21 was investigated (Scheme 6). In a series of
experiments the pH value (pH 6 ± 8), the reaction temper-
ature (20 ± 37 8C), the reaction time and the cosolvent were
varied. The amount of released product 24 was quantified by
detecting its absorption at 307 nm (the enzyme does not
absorb at this wavelength). For all polymeric supports the
highest yields were obtained in the presence of 10 vol% of
methanol at pH 7 and 37 8C. However, disappointingly only
low yields in the cleavage from the different polymeric
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Scheme 4. Synthesis of TentaGel-bound 2-methoxy-5-nitrophenyl ester 21.
a) 12, DMAP, CH2Cl2, 0 8C, 1 h then 20 8C, 24 h, 48 % (!18); b) TentaGel-
NH2, HOBt, DMF, 20 8C, 10 h, quant. (! 19); c) 0.5m LiOH/CH3OH 1:1,
20 8C, 2 h, quant. (! 20); d) 10, Cs2CO3, DMF, rt, 81%.
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Scheme 5. Synthesis of model ester 23. a) Cs2CO3, DMF, rt, 68%.


NH


CH3O


RO


O
MeO


H
N


O
RO


OO


HO


26: R = POE


NO2


OMe


NO2


OMe


NHCOOCH2CH2


NHCOOCH2CH2


NHCOOCH2CH2


NHCOOCH2CH2


PEGA


+


TentaGel


CPG


POE 6000


23: R = Me


21: R =


15: R =


16: R =


17: R =


24


90%[a]


1%[b]


10%[b]


13%[b]


59%[c]


25: R = CH3


a)


Scheme 6. Enzyme-initiated cleavage of 2-methoxy-5-nitro benzyl alcohol
(24) from different polymeric supports and in solution; a) penicillin G
acylase, conditions; [a] immobilized penicillin G acylase, 20% acetone,
dimethyl-b-cyclodextrin, 37 8C; [b] penicillin G acylase suspension, 10%
methanol, 37 8C; [c] penicillin G acylase suspension, 10 % methanol, 20 8C.
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supports were obtained (Scheme 6). From TentaGel 21 only
1 % of the calculated amount could be cleaved. Obviously, in
this case only the outer surface of the bead is accessible to the
biocatalyst. This is in line with observations made by us earlier
in the development of a fragmenting enzyme-labile linker.[4b]


In this case a small lipase that tolerated high amounts of
cosolvent had to be used to obtain preparatively viable results.
Penicillin acylase, however, has a molecular weight of about
80 kDa and appears to be too large to penetrate efficiently
into the interior of the TentaGel beads. Similar results were
obtained by Lebl et al. and Balasubramanian et al.[11] In the
case of PEGA and CPG beads significantly higher yields were
determined (10 ± 13 %), although the results obtained with
these commercially available insoluble carriers were still not
satisfying. A possible solution to this problem might be to use
longer spacers for the functionalization of the CPG beads, or
to employ PEGA6000[12] instead of PEGA-1500. This resin
incorporates longer polyethyleneglycol building blocks and
has larger cavities; however, it is not yet commercially
available.


Since the major obstacle for the enzymatic reaction
appeared to be the very limited access of the biocatalyst to
the surface of the insoluble solid supports we envisaged that
the use of a soluble polymer should serve to overcome this
problem. Therefore, a soluble polyethyleneglycol functional-
ized at both termini with an amino group and with an average
molecular mass of 6000 Da (POE 6000) was investigated.[13]


POE 6000 is soluble in numerous organic solvents but can be
precipitated, filtered off, and washed after addition of diethyl
ether, thereby facilitating the separation of surplus reagents
and the side products. It allows for NMR spectroscopic
monitoring of the reactions[14] and, due to its pronounced
solubility in water, for biocatalysed transformations it offers
the advantage that the substrates are accessible to the
biocatalyst in homogeneous phase.


The required functionalized POE 6000 was synthesized by
treatment of chloroformic acid ester 14 with the amino-
modified polymer as shown in Scheme 3. The resulting
polymer ± linker conjugate 17 was then subjected to the
enzymatic reaction, and the desired benzyl alcohol 24 was
obtained in 59 % yield after 48 h incubation at pH 7 and 37 8C
(Scheme 6). This result encouraged us to investigate the use of
the enzyme-labile safety catch linker together with POE 6000
as soluble polymeric support for applications in combinatorial
chemistry.


The applicability of the polymer ± linker conjugate was
investigated for a variety of transformations. First, a simplified
and straightforward procedure for the synthesis of the
conjugate was established. To this end, linker building block
8 was treated with phosgene to give the chloroformic acid
ester 27 in quantitative yield. For the subsequent coupling to
the polymer the solvent simply had to be removed, and the
polymer was then acylated in quantitative yield. Finally, the
methyl ester incorporated into the linker was saponified to
give the desired polymer ± linker conjugate 29 (Scheme 7).


In a first series of experiments the suitability of the
polymer ± linker conjugate in Pd0-catalysed transformation
that are widely used in organic synthesis and combinatorial
chemistry was investigated. To this end, first the carboxyl


group of the linker was esterified with m-iodobenzylbromide
30 and the polymer-bound aryl iodide 31 generated was then
further transformed in a Heck[15] reaction to a cinnamic acid
ester, a Suzuki[16] reaction to a biphenyl and a Sonogashira[17]


reaction to give an alkine (Scheme 7). NMR spectroscopic
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Scheme 7. Pd0-catalysed reactions on polymer 31 and enzyme-catalysed
release of the coupling products from the polymeric supports. a) phosgene,
CH2Cl2, rt, quant. (! 27); b) POE-NH2, DMAP, HOBt, CH2Cl2, rt, 93%
(! 28); c) LiOH ´ H2O/THF 2:1, rt, 99%; d) 30, Cs2CO3, DMF, 50 8C, 24 h,
95%; e) [Pd(OAc)2], Bu4NBr, PPh3 DMF/Et3N/H2O 9:1:1, 50 8C, 20 h,
91%; f) [Pd(PPh3)4], K3PO4, DMF, 80 8C, 20 h, 93%; g) [Pd(PPh3)2Cl2],
CuI, dioxane/Et3N 2:1, 20 8C, 24 h, 97%; h) penicillin G acylase, pH 7.0,
10% MeOH, 37 8C.


analysis revealed that these transformations proceeded quan-
titatively. Compounds 32 ± 34 were then incubated with
penicillin G acylase at pH 7 and 37 8C. After 48 h, benzyl
alcohols 35 ± 37 were isolated in high yields and with a purity
of >95 % by simple extraction with diethyl ether.


For polymer-bound alkine 34 it was demonstrated that
incubation with the enzyme for 24 h instead of 48 h already
delivers the desired product in preparatively useful yield of
71 %, that is if necessary, the time for the enzymatic reaction
can be shortened considerably. In all three cases control
experiments without enzyme were carried out which revealed
that in the absence of the biocatalyst the linker group is
completely stable. To verify that the linker group is cleaved by







Safety Catch Linker 959 ± 971


Chem. Eur. J. 2001, 7, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-0963 $ 17.50+.50/0 963


enzyme-initiated lactam formation, polymer-bound lactam 26
(Scheme 6) was isolated in 82 % yield after the cleavage of
alcohol 35 and characterized spectroscopically (see the
Experimental Section).


In another series of experiments Mitsunobu esterification
and Diels ± Alder reactions were investigated (Scheme 8). For
the Mitsunobu reaction, the polymer was esterified quantita-
tively with 1,4-bis(hydroxymethyl)benzene. The obtained
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Scheme 8. Mitsunobu- and Diels ± Alder reaction on polymeric support
and penicillin G acylase mediated cleavage of the target molecules. a) DIC,
DMAP, HOBt, DMF, pyridine, 0 8C, 1 h, then 20 8C, 24 h, 92 %; b) DEAD,
PPh3, THF/CH2Cl2 1:1, ÿ5 8C, 2 h, then 20 8C, 20 h, 86%; c) penicillin G
acylase, pH 7.0, 10 % MeOH, 37 8C, 48 h; d) DIC, DMAP, HOBt, DMF,
pyridine, 0 8C, 1 h, then 20 8C, 24 h, 97 %; e) THF, 60 8C, 15 h, 93%.


polymer-bound benzyl alcohol 38 was then treated with
4-acetamidophenol in the presence of the Mitsunobu reagent
to give phenyl ether 39 in quantitative yield. By subsequent
treatment of polymeric substrate 39 with penicillin G acylase,
aryl benzyl ether 40 could be obtained in 81 % yield. For the
Diels ± Alder reaction, 4-hydroxybutyl acrylate was coupled
to the linker and the polymer-bound acrylic acid ester 41 was
treated with cyclopentadiene. This reaction was carried out at
60 8C at ambient pressure, and at 100 8C in a closed glass vial
to investigate the pressure and temperature stability of the
polymer-bound linker. According to NMR spectroscopic
analysis cycloaddition product 42 was formed with an endo/
exo ratio of 2.5:1[18] and with quantitative conversion.
Subsequent enzymatic release delivered alcohol 43 in high
yield and purity. The examples shown in Scheme 8 prove quite
impressively the chemoselectivity of penicillin G acylase since
the enzyme attacks only the phenylacetamide unit and not the
ester and amide groups which are also present.


In a second type of cycloaddition polymer-bound acrylic
acid ester 41 was subjected to a 1,3-dipolar cycloaddition with
phenylnitrile oxide generated in situ from benzaldehyde
oxime by treatment with sodium hypochlorite. Cyclo-
adduct 44 was formed quantitatively,[19] which demonstrates
that the linker group is stable under oxidative conditions
(Scheme 9). After incubation of 44 with penicillin G acylase
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Scheme 9. 1,3-Dipolar cycloaddition to give the isoxazoline 44. a) 0.7m
NaOCl, THF, 20 8C, 4 h, 94 %.


under the conditions detailed above POE-bound lactam 26
was formed quantitatively, however, only traces of the desired
isoxazoline were isolated. Synthesis of reference compound in
organic solution and subsequent exposure to aqueous meth-
anol showed that the unsaturated heterocycle is not stable
under these conditions. Thus, while the enzyme-labile linker
group is stable to the conditions required for formation and
transformation of nitrile oxides, the cycloadducts have to be
converted into more stable compounds before enzyme-
initiated release from the solid support is attempted.


In a third series of experiments we investigated whether the
enzymatic method also gives access to target molecules that
are coupled to the linker as amides. For orientation studies
4-pentylaniline was coupled to the POE-derived carboxylic
acid 29 and the resulting polymer 45 was incubated with
penicillin G acylase at pH 7 and room temperature. As ex-
pected the phenylacetamide group of the linker was hydrolyzed
rapidly. However, since amides are considerable more stable
than esters the desired cyclization did not occur at room
temperature. Upon warming to 608C lactam formation pro-
ceeded well and 4-pentylaniline 46 was isolated in 68 % yield
(Scheme 10). Similar results were recorded for an aniline
carrying an ester group in the 4-position (see Scheme 10).


With these results in hands 4-iodoaniline 49 was coupled
quantitatively to linker 29 and the polymer fixed aryliodide 50
obtained thereby was subjected to a Suzuki reaction[16] with
4-methoxyphenylboronic acid leading to biphenyl derivative
51 or a Stille reaction[20] to give enol ether 53 (Scheme 11).
Upon treatment with 0.5m hydrochloric acid, enol ether 53
yielded acetophenone 54, thereby proving the acid stability of
the linker. In order to release the coupling products, polymers
51 and 54 were incubated with penicillin G acylase at pH 7.0
and room temperature. As expected under these conditions
the phenylacetamide was hydrolyzed. Upon warming of the
reaction mixture to 60 8C, the expected lactam was formed
and amines 52 and 55 were released from the polymer.
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45: R = C5H11


47: R = COOEt


46: R = C5H11  (68%)


48: R = COOEt (60%)


a)


Scheme 10. Enzyme-catalysed release of model anilines from POE 6000.
a) Penicillin G acylase, pH 7.0, 10% MeOH, 20 8C, 48 h, then 60 8C, 4 h.
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Scheme 11. Pd0-catalysed synthesis and enzyme-initiated cleavage of the
anilines 52 and 55 from POE 6000. a) EDC, HOBt, DMF, ca. 20 8C, 12 h,
97%; b) [Pd(PPh3)4], K3PO4, DMF/H2O 10:1, 80 8C, 20 h, 95%; c) penicil-
lin G acylase, pH 7.0, 10% MeOH, 20 8C, 48 h, then 60 8C, 4 h; d) [Pd2dba3],
AsPh3, dioxane 60 8C, 24 h, 81 %; e) 0.5m HCl/THF 1:1, 20 8C, 4 h, 92%.


Conclusion


We have developed a new enzyme-labile safety catch linker
that allows for the synthesis of different classes of compounds
and the application of various reaction types. The release of


the products proceeds under particularly mild conditions with
pronounced selectivity and delivers the desired products in
high yield and purity. The linker is stable under different
conditions, even at elevated temperature. Beyond the devol-
opment of a new linker system for combinatorial chemistry
our results prove that enzymes, in general, are valuable
reagents for transformations on soluble polymeric supports.


Experimental Section


General : Melting points were determined in open capillaries using a Büchi
535 apparatus and are uncorrected. 1H and 13C NMR spectra were recorded
on Bruker AC 250, AM 400 or DRX 500 spectrometers at room temper-
ature. The 1H and 13C NMR signals of the POE 6000 linker conjugate 29
always appeared around the same chemical shift (�0.2 ppm). Therefore,
these signals were not mentioned in further transformations of the
POE 6000 linker conjugate 29. IR spectra were recorded on a Bruker
IFS 88 spectrometer, UV/Vis spectra on a Perkin ± Elmer Lambda 2 UV/
Vis spectrometer. Mass spectra and high-resolution mass spectra (HRMS)
were measured on a Finnigan MAT MS70 spectrometer. Elemental
analyses were performed on a Heraeus CHN-Rapid apparatus.


Materials : Solvents were dried by standard methods and stored over
molecular sieves. For column chromatography silica gel (40 ± 60 mm, Baker)
was used. Size-exclusion chromatography was done on Sephadex LH 20
(Pharmacia LKB Biotechnology). Commercially available reagents were
used without further purification. All reactions except for those carried out
with water were performed under argon. Penicillin G acylase (EC 3.5.1.11)
was used as a suspension in phosphate buffer (Fluka) and immobilized on
Eupergit C (Boehringer Mannheim). Amino-functionalized TentaGel and
polyoxyethylene POE 6000 were obtained from Rapp Polymere, Tübingen,
Germany, PEGA (crosslinked 2-acrylamidoprop-1-yl[2-aminopropy-1-yl]-
polyethylene glycol) was acquired from Novabiochem and CPG with an
average pore diameter of 500 � from Fluka. Bisamino-functionalized
POE 6000 has an average molecular weight of 6000 g molÿ1. Average
molecular masses from compounds bound to this support are calculated on
the basis of the average molecular weight of POE 6000.


Methyl {3-methoxy-4-[2-(tetrahydro-2H-pyran-2-yloxy)ethoxy]phenyl}-
acetate (6): THP-protected bromoethanol[21] 14.8 g, 71 mol) was added to
a suspension of homovanillic acid methyl ester (5, 10.8 g, 55 mol) and
potassium carbonate (9.8 g, 71 mol) in DMF (120 mL). After stirring for
16 h at 90 8C the solvent was evaporated in vacuo. The residue was
redissolved in ethyl acetate (150 mL) and washed with water (2� 80 mL).
The organic layer was dried over MgSO4, the solvent was evaporated in
vacuo and the residue was purified by chromatography on silica gel (ethyl
acetate/hexane 1:10 to 1:1 v/v) to yield a colourless oil (16.6 g, 51 mol,
94%). Rf� 0.67 (ethyl acetate/hexane 1:1 v/v); 1H NMR (CDCl3,
400 MHz): d� 6.89 (d, 3J(H,H)� 8.1 Hz, 1 H; arom. CH-5), 6.82 ± 6.78
(m, 2 H; arom. CH-2/6), 4.70 (t, 3J(H,H)� 3.6 Hz, 1 H; CH), 4.20 (t,
3J(H,H)� 4.9 Hz, 2H; COCH2), 4.07 ± 4.03 (m, 1 H; CHOCH2ax), 3.90 ±
3.82 (m, 2 H; COCH2CH2), 3.85 (s, 3H; OCH3), 3.69 (s, 3H; COOCH3),
3.55 (s, 2H; CH2C(O)O), 3.53 ± 3.49 (m, 1 H; CHOCH2eq), 1.87 ± 1.50 (m,
6H; CH2CH2CH2); 13C NMR (CDCl3, 100.6 MHz): d� 172.22 (C�O),
149.64 (COCH3), 147.61 (COCH2), 127.03 (CCH2), 121.45 (arom. CH-6),
114.09 (arom. CH-5), 113.11 (arom. CH-2), 98.95 (CH), 68.64 (COCH2),
65.74 (COCH2CH2), 62.09 (CHOCH2), 55.97 (OCH3), 52.01 (COOCH3),
40.73 (CCH2), 30.49 (CHCH2), 25.44 (CHCH2CH2), 19.34
(CHCH2CH2CH2); IR (KBr, drift): nÄ � 1739 (C�O, ester), 1143 (CÿO),
1036 cmÿ1 (CÿO); MS (EI, 70 eV, 50 8C): m/z (%): 324 (65) [M]� , 196 (41),
129 (100); HRMS (70 eV): calcd for C17H24O6: 324.1573, found: 324.1584.]


Methyl (4-[2-(acetyloxy)ethoxy]-5-methoxy-2-{[(phenylacetyl)amino]me-
thyl}phenyl)acetate (7): A precooled solution (0 8C) of acetic acid (100 mL)
and concentrated sulfuric acid (5 mL) was added to a mixture of N-
hydroxymethyl-2-phenylacetamide[22] (8.1 g, 49 mol) and homovanillic acid
derivative 6 (16.6 g, 51 mol). The solution was stirred for 2 h at 0 8C and for
12 h at room temperature. Then the reaction mixture was poured into ice
water (200 mL), neutralized with 1m aqueous NaOH at 0 8C and extracted
with ethyl acetate (5� 250 mL). The combined organic layers were dried
over MgSO4 and after evaporation of the solvent in vacuo the product was







Safety Catch Linker 959 ± 971


Chem. Eur. J. 2001, 7, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-0965 $ 17.50+.50/0 965


purified by chromatography on silica gel (ethyl acetate/hexane 2:1 v/v) to
yield a white solid (17.5 g, 41 mol, 83 %). Rf� 0.51 (ethyl acetate�1%
acetic acid); m.p. 118 ± 119 8C; 1H NMR (CDCl3, 400 MHz): d� 7.34 ± 7.24
(m, 5 H; arom. CH), 6.81 (s, 1 H; arom CH-6), 6.69 (s, 1 H; arom. CH-3),
6.24 (br s, 1 H; NH), 4.40 (t, 3J(H,H)� 4.8 Hz, 2H; COCH2), 4.34 (d,
3J(H,H)� 5.6 Hz, 2H; CH2NH), 4.14 (t, 3J(H,H)� 4.8 Hz, 2 H;
COCH2CH2), 3.83 (s, 3 H; OCH3), 3.64 (s, 3H; COOCH3), 3.59 (s, 2H;
PhCH2), 3.55 (s, 2H; CH2C(O)O), 2.09 (s, 3 H; CH3C(O)); 13C NMR
(CDCl3, 100.6 MHz): d� 172.55 (C�O), 170.97 (C�O), 170.58 (C�O),
149.03 (COCH2), 147.27 (COCH3), 134.99 (CCH2C(O)NH), 129.31 (2C;
arom. CH), 128.83 (2C; arom. CH), 127.13 (2C; arom. CH, CCH2C(O)O),
125.65 (CCH2NH), 115.61 (arom. CH-3), 114.25 (arom. CH-6), 67.15
(COCH2), 62.69 (COCH2CH2), 56.03 (OCH3), 52.28 (COOCH3), 43.81
(PhCH2), 41.14 (CH2C(O)O), 37.89 (CH2NH), 20.91 (CH3C(O)); MS (EI,
70 eV, 145 8C): m/z (%): 429 (15) [M]� , 208 (10), 87 (100); HRMS (70 eV):
calcd for C23H27NO7: 429.1787, found: 429.1775; elemental analysis calcd
(%) for: C 64.31, H 6.35, N 3.26; found: C 64.34, H 6.49, N 3.24.


Methyl (4-(2-hydroxyethoxy)-5-methoxy-2-{[(phenylacetyl)amino]me-
thyl}phenyl)acetate (8): A 30 % sodium methanolate solution in methanol
(10.7 mL, 58.5 mol) was added at 0 8C dropwise to a solution of acetate 7
(2.5 g, 5.9 mol) in methanol (110 mL). After stirring for 1 h at 0 8C, the pH
of the solution was adjusted to pH 6 with hydrochloric acid. Methanol was
removed under reduced pressure and the remaining solution was extracted
with ethyl acetate (5� 100 mL). The combined organic layers were dried
over MgSO4. Evaporation of the solvent in vacuo yielded a white solid,
which was used without further purification (1.97 g, 5.1 mol, 87 %). Rf�
0.21 (ethyl acetate�0.5% acetic acid); m.p. 107 8C; 1H NMR (CD3OD,
400 MHz): d� 7.29 ± 7.19 (m, 5H; arom. CH), 6.81 (s, 1 H; arom. CH-6),
6.76 (s, 1 H; arom. CH-3), 4.29 (s, 2 H; CH2NH), 3.85 ± 3.79 (m, 4H;
CH2CH2OH), 3.78 (s, 3 H; OCH3), 3.64 (s, 2 H; PhCH2), 3.63 (s, 3H;
COOCH3), 3.49 (s, 2H; CH2C(O)O); 13C NMR (CD3OD, 100.6 MHz): d�
173.93 (C�O), 173.60 (C�O), 149.68 (COCH2), 148.75 (COCH3), 136.96
(CCH2C(O)NH), 130.77 (CCH2C(O)O), 130.07 (2C; arom. CH), 129.59
(2C; arom. CH), 127.90 (arom. CH), 126.57 (CCH2NH), 115.75 (arom. CH-
3), 115.15 (arom. CH-6), 71.64 (COCH2), 61.59 (CH2OH), 56.56 (OCH3),
52.54 (COOCH3), 43.93 (PhCH2), 41.57 (CH2C(O)O), 38.29 (CH2NH); IR
(KBr, drift): nÄ � 3524 (OÿH), 3291 (NÿH), 1731 (C�O, ester), 1640 (C�O,
amide I), 1522 (C�O, amide II), 1101 cmÿ1 (CÿO); MS (EI, 70 eV, 160 8C):
m/z (%): 387 (0.2) [M]� , 237 (22), 163 (100); HRMS (70 eV): calcd for
C21H25NO6: 387.1682, found: 387.1700.


Synthesis of CPG- and PEGA-bound 2-methoxy-5-nitrobenzyl esters 15
and 16


2-Methoxy-5-nitrobenzyl (4-(2-hydroxyethoxy)-5-methoxy-2-{[(phenyl-
acetyl)amino]methyl}phenyl)acetate (11): A solution of cesium carbonate
(83 mg, 0.26 mol) in water (10 mL) was added to a solution of acid 9
(191 mg, 0.51 mol) in ethanol (30 mL) and water (5 mL). After evaporation
of the solvent under reduced pressure the residue was dried in vacuo. Then
2-methoxy-5-nitrobenzyl bromide (10, 138 mg, 0.56 mol) was added and
the mixture was dissolved in precooled DMF (0 8C, 25 mL). The solution
was stirred 1 h at 0 8C and for another 12 h at room temperature. After
evaporation of the solvent the residue was dissolved in ethyl acetate
(30 mL) and the solution was extracted with water (20 mL). The organic
layer was dried over MgSO4 and the solvent was removed in vacuo.
Chromatography on silica gel (ethyl acetate/hexane 1:10 to ethyl acetate
v/v) yielded a white solid (226 mg, 0.42 mol, 82%). Rf� 0.27 (ethyl
acetate�0.5% acetic acid); m.p. 108 ± 109 8C; 1H NMR (CDCl3,
400 MHz): d� 8.19 (dd, 3J(H,H)� 9.0 Hz, 4J(H,H)� 2.7 Hz, 1 H; arom.
CH), 8.08 (d, 4J(H,H)� 2.5 Hz, 1 H; arom. CH), 7.30 ± 7.20 (m, 5H; arom.
CH), 6.93 (d, 3J(H,H)� 9.1 Hz, 1H; arom. CH), 6.81 (s, 1H; arom. CH-6),
6.72 (s, 1H; arom. CH-3), 6.43 (t, 3J(H,H)� 4.9 Hz, 1 H; NH), 5.13 (s, 2H;
CH2OC(O)), 4.36 (d, 3J(H,H)� 5.6 Hz, 2H; CH2NH), 4.00 (t, 3J(H,H)�
4.5 Hz, 2H; COCH2), 3.91 (s, 3 H; OCH3), 3.88 (t, 3J(H,H)� 4.5 Hz, 2H;
CH2OH), 3.78 (s, 3H; OCH3), 3.70 (s, 2 H; PhCH2), 3.52 (s, 2H;
CH2C(O)O), 3.20 (br s, 1H; OH); 13C NMR (CDCl3, 100.6 MHz): d�
171.62 (C�O), 170.78 (C�O), 161.80 (CNO2), 148.95 (COCH2), 147.51
(COCH3), 141.14 (COCH3), 135.03 (CCH2C(O)NH), 129.39 (CCH2O),
129.26 (2 C; arom. CH), 128.77 (2C; arom. CH), 127.07 (arom. CH), 125.71
(arom. CH), 125.27 (CCH2C(O)O), 125.17 (CCH2NH), 124.10 (arom. CH),
115.59 (arom. CH), 113.92 (arom. CH-3), 110.09 (arom. CH-6), 70.98
(COCH2), 61.17 (CCH2O), 61.05 (CH2OH), 56.28 (OCH3), 55.90 (OCH3),
43.67 (CH2C(O)O), 41.02 (PhCH2), 38.04 (CH2NH); IR (KBr, drift): nÄ �


3594 (OÿH), 1737 (C�O, ester), 1645 (C�O, amide I), 1522 (C�O, amide II;
N�O), 1344 (N�O), 1028 cmÿ1 (CÿO); MS (EI, 70 eV, 205 8C): m/z (%): 538
(0.02) [M]� , 355 (51), 237 (79), 183 (100); HRMS (70 eV): calcd for
C28H30N2O9: 538.1951, found: 538.1933; elemental analysis calcd (%) for:
C 62.45, H 5.61, N 5.20; found: C 62.36, H 5.69, N 4.98.


2-Methoxy-5-nitrobenzyl (5-methoxy-4-(2-{[(4-nitrophenoxy)carbonyl]-
oxy}ethoxy)-2-{[(phenylacetyl)amino]methyl}phenyl)acetate (13): Pre-
cooled CH2Cl2 (0 8C, 20 mL) was added to a mixture of acetate 11
(518 mg, 0.96 mol), DMAP (123 mg, 1 mol), chloroformic acid-4-nitro-
phenyl ester 12 (203 mg, 1 mol) and 4 � molecular sieves. The reaction
mixture was stirred for 2 h at 0 8C and at room temperature overnight. Then
the molecular sieves were filtered off, the solvent was evaporated in vacuo
and the residue was purified by chromatography on silica gel (ethyl acetate/
hexane 1:1 to 2:1 v/v) to yield a colourless oil (414 mg, 0.59 mol, 61 %). Rf�
0.50 (ethyl acetate/hexane 2:1 v/v); 1H NMR (CDCl3, 250 MHz): d� 8.28
(d, 3J(H,H)� 9.0 Hz, 2 H; arom. CH), 8.23 (dd, 3J(H,H)� 8.9 Hz,
4J(H,H)� 2.8 Hz, 1 H; arom. CH), 8.08 (d, 4J(H,H)� 2.8 Hz, 1H; arom.
CH), 7.51 (d, 3J(H,H)� 9.0 Hz, 2 H; arom. CH), 7.32 ± 7.21 (m, 5H; arom.
CH), 6.95 (d, 3J(H,H)� 8.9 Hz, 1H; arom. CH), 6.87 (s, 1H; arom. CH-6),
6.76 (s, 1 H; arom. CH-3), 6.22 (br s, 1 H; NH), 5.14 (s, 2 H; CCH2O), 4.63 (t,
3J(H,H)� 4.7 Hz, 2H; COCH2), 4.40 (d, 3J(H,H)� 5.6 Hz, 2H; CH2NH),
4.24 (t, 3J(H,H)� 4.7 Hz, 2 H; COCH2CH2), 3.92 (s, 3H; OCH3), 3.83 (s,
3H; OCH3), 3.72 (s, 2 H; PhCH2), 3.54 (s, 2H; CH2C(O)O).


General procedure for the synthesis of polymer-bound 2-methoxy-5-
nitrobenzyl esters : Amino-functionalized polymer (47 mmol) was washed
with DMF (5� 8 mL) to remove water. Then acetate (13, 100 mg,
0.14 mol), HOBt (38 mg, 0.28 mol) and 4 � molecular sieves were added
and the mixture was suspended in ice-cold DMF (10 mL). After 30 min
N,N-diisopropylethylamine (12 mL, 70 mmol) was added and the reaction
mixture was shaken 1 h at 0 8C and 48 h at room temperature afterwards.
The polymer was filtered off and washed with DMF, methanol, ethyl
acetate and CH2Cl2 (3� 8 mL each).


General method to determine the loading of the polymer with 2-methoxy-
5-nitrobenzyl alcohol (24): A defined amount of polymer-bound 2-me-
thoxy-5-nitrobenzyl ester was suspended in 0.5 % NaOH/THF 1:1 (5 mL)
and shaken for 24 h at room temperature. The polymer was filtered off and
washed with water and THF (3� each). The filtrate was adjusted to pH 7
with diluted hydrochloric acid and the solvent evaporated in vacuo. The
residue was redissolved in methanol (10 mL) and the cleaved amount of
2-methoxy-5-nitrobenzyl alcohol (24) was determined through UV spec-
troscopy with a calibration curve (detection at 307 nm).


General procedure to determine the loading of the polymer by qualitative
ninhydrin test :[23] The polymer (20 mg) was suspended in 1 % aqueous
ninhydrin solution and heated for 5 min to 100 8C. If the colour of the
polymer turns blue, the loading was not quantitative. If the polymer keeps
its colour the reaction was quantitative.


CPG-bound 2-methoxy-5-nitrobenzyl ester 15 : According to the general
procedure for the synthesis of polymer-bound 2-methoxy-5-nitrobenzyl
esters amino-functionalized CPG (677 mg, 47 mmol, loading 70 mmol per g),
acetate 13 (100 mg, 0.14 mol), HOBt (38 mg, 0.28 0.28 mol) and N,N-
diisopropylethylamine (12 mL, 70 mmol) were stirred in DMF (10 mL).
After washing the polymer was dried in vacuo. Ninhydrin test: quantitative
reaction.


PEGA-bound 2-methoxy-5-nitrobenzyl ester 16 : According to the general
procedure for the synthesis of polymer-bound 2-methoxy-5-nitrobenzyl
esters amino-functionalized PEGA (878 mg, 47 mmol, loading 0.4 mol per
g), acetate 13 (100 mg, 0.14 mol), HOBt (38 mg, 0.28 mol) and N,N-
diisopropylethylamine (12 mL, 70 mmol) were stirred in DMF (10 mL).
After washing the polymer was dried in vacuo. Ninhydrintest: quantitative
reaction; IR (PEGA, KBr, drift): nÄ � 1719 (C�O, ester, urethane), 1645
(C�O, amide I), 1521 cmÿ1 (C�O, amide II).


Methyl (5-methoxy-4-(2-{[(4-nitrophenoxy)carbonyl]oxy}ethoxy)-2-
{[(phenylacetyl)amino]methyl}phenyl)acetate (18): Precooled CH2Cl2


(0 8C, 15 mL) was added to a mixture of alcohol 8 (400 mg, 1.0 mol),
DMAP (126 mg, 1.0 mol), chloroformic acid-4-nitrophenyl ester (12,
208 mg, 1.0 mol) and 4 � molecular sieves. The reaction mixture was
stirred for 2 h at 0 8C and then at room temperature overnight. The
molecular sieves were filtered off, the solvent was evaporated in vacuo and
the residue was purified by chromatography on silica gel (ethyl acetate/
hexane 1:1 v/v, Rf� 0.14) to yield a colourless oil (276 mg, 0.5 mol, 48%).
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1H NMR (CDCl3, 400 MHz): d� 8.28 (d, 3J(H,H)� 9.2 Hz, 2H; arom.
CH), 7.41 (d, 3J(H,H)� 9.2 Hz, 2 H; arom. CH), 7.34 ± 7.25 (m, 5H; arom.
CH), 6.85 (s, 1H; arom. CH-6), 6.71 (s, 1H; arom. CH-3), 6.27 (br s, 1H;
NH), 4.62 (t, 3J(H,H)� 4.5 Hz, 2H; COCH2), 4.35 (d, 3J(H,H)� 5.6 Hz,
2H; CH2NH), 4.24 (t, 3J(H,H)� 4.7 Hz, 2H; COCH2CH2), 3.85 (s, 3H;
OCH3), 3.65 (s, 3H; COOCH3), 3.60 (s, 2H; PhCH2), 3.55 (s, 2H;
CH2C(O)O); 13C NMR (CDCl3, 100.6 MHz): d� 172.57 (C�O), 170.73
(C�O), 155.47 (COC(O)), 152.43 (C�O carbonate), 149.09 (COCH2),
147.03 (COCH3), 145.42 (CNO2), 134.92 (CCH2C(O)NH), 129.43
(CCH2C(O)O), 129.33 (2 C; arom. CH), 128.85 (2C; arom. CH), 127.16
(arom. CH), 126.00 (CCH2NH), 125.31 (2 C; arom. CH), 121.80 (2 C; arom.
CH), 115.87 (arom. CH-6), 114.33 (arom. CH-3), 67.25 (COCH2), 66.74
(COCH2CH2), 56.05 (OCH3), 52.34 (COOCH3), 43.82 (PhCH2), 41.10
(CH2C(O)O), 37.95 (CH2NH); IR (KBr, drift): nÄ � 3291 (NÿH), 1764
(C�O, carbonate), 1733 (C�O, ester), 1641 (C�O, amide I), 1521 (C�O,
amide II; N�O), 1348 cmÿ1 (N�O); MS (EI, 70 eV, 190 8C): m/z (%): 552
(0.4) [M]� , 210 (40), 139 (63), 91 (100); HRMS (70 eV): calcd for
C28H28N2O10: 552.1744; found: 552.1758.


TentaGel-bound methyl ester 19 : Amino-functionalized TentaGel (500 mg,
0.15 mol, loading 0.29 mmol per g) was washed with CH2Cl2 (3� 30 mL) to
remove water. Then the polymer was swollen in CH2Cl2 (20 mL). After
20 min HOBt (118 mg, 0.15 mol), N,N-diisopropylethylamine (49 mL,
0.29 mol) and carbonate 18 (160 mg, 0.29 mol) were added and the
suspension was shaken for 24 h at room temperature. The polymer was
filtered off and washed with CH2Cl2, ethyl acetate, methanol, DMF,
methanol, ethyl acetate and CH2Cl2 (3� 15 mL each) and dried in vacuo.
Ninhydrin test: quantitative reaction. Gel-phase 13C NMR (CDCl3,
125.7 MHz): d� 172.49 (C�O), 170.79 (C�O), 156.46 (C�O urethane),
148.85 (COCH2), 147.40 (COCH3), 135.31 (CCH2C(O)NH), 129.54
(CCH2C(O)O), 129.37 (2 C; arom. CH), 128.80 (2C; arom. CH), 127.08
(arom. CH), 125.43 (CCH2NH), 115.55 (arom. CH-3), 114.21 (arom. CH-6),
70.6 ± 70.0 (CH2 polymer), 67.81 (COCH2CH2), 63.32 (COCH2), 56.07
(OCH3), 52.27 (COOCH3), 43.71 (PhCH2), 40.99 (CH2C(O)O), 40.87
(NHCH2 polymer), 37.90 (CH2NH); IR (KBr, drift): nÄ � 1719 (C�O, ester,
urethane), 1669 (C�O, amide I), 1521 cmÿ1 (C�O, amide II).


TentaGel-bound carboxylic acid 20 : Polymer-bound methyl ester 19
(100 mg, ca. 30 mmol) was suspended in 0.25m LiOH/ethanol 1:1 (4 mL)
and shaken at room temperature for 4 h. The resin was filtered off and
washed with water/acetic acid 5:1, methanol, ethyl acetate and CH2Cl2 (3�
5 mL each) and dried in vacuo. IR (KBr, drift): nÄ � 1717 (C�O, carboxylic
acid, urethane), 1669 (C�O, amide I), 1521 cmÿ1 (C�O, amide II).


TentaGel-bound 2-methoxy-5-nitrobenzyl ester 21: A mixture of TentaGel-
bound acid 20 (100 mg, 29 mmol), 2-methoxy-5-nitrobenzyl bromide (10,
71 mg, 290 mmol), cesium carbonate (47 mg, 145 mmol) and 4 � molecular
sieves were suspended in DMF (8 mL). The suspension was shaken 1 h at
0 8C and another 44 h at room temperature. Then the polymer was filtered
off and washed with DMF, water, methanol, ethyl acetate and CH2Cl2 (3�
8 mL each) and dried in vacuo. Loading: 81% (see general description to
determine the loading of the polymer with 2-methoxy-5-nitrobenzyl
alcohol); IR (KBr, drift): nÄ � 1720 (C�O, ester, urethane), 1668 (C�O,
amide I), 1519 cmÿ1 (C�O, amide II).


2-Methoxy-5-nitrobenzyl (4,5-dimethoxy-2-{[(phenylacetyl)amino]me-
thyl}phenyl)acetate (23): Cesium carbonate (237 mg, 0.73 mol) was added
to a solution of acetic acid 22 (500 mg, 1.5 mol) in ethanol (60 mL) and
water (20 mL). After evaporation of the solvent under reduced pressure
the residue was dried in vacuo. Then 2-methoxy-5-nitrobenzyl bromide (10,
394 mg, 1.6 mol) and 4 � molecular sieves were added and the mixture was
dissolved in precooled DMF (0 8C, 50 mL). The solution was stirred 2 h at
0 8C and for another 12 h at room temperature. After evaporation of the
solvent the residue was dissolved in ethyl acetate (100 mL) and washed
with water (50 mL). The organic layer was dried over MgSO4 and the
solvent was removed in vacuo. Chromatography on silica gel (ethyl acetate/
hexane 1:1 v/v) yielded a colourless oil (504 mg, 1.0 mmol, 68%). Rf� 0.27
(ethyl acetate/hexane 2:1 v/v�0.5% acetic acid); 1H NMR (CDCl3,
500 MHz): d� 8.23 (dd, 3J(H,H)� 9.0 Hz, 4J(H,H)� 2.8 Hz, 1 H; arom.
CH), 8.12 (d, 4J(H,H)� 2.8 Hz, 1 H; arom. CH), 7.32 ± 7.22 (m, 5H; arom.
CH), 6.94 (d, 3J(H,H)� 9.1 Hz, 1H; arom. CH), 6.78 (s, 1H; arom. CH-6),
6.71 (s, 1H; arom. CH-3), 6.18 (br s, 1H; NH), 5.14 (s, 2 H; OCH2), 4.40 (d,
3J(H,H)� 5.6 Hz, 2 H; CH2NH), 3.92 (s, 3H; OCH3), 3.83 (s, 3 H; OCH3),
3.81 (s, 3H; OCH3), 3.70 (s, 2 H; PhCH2), 3.54 (s, 2 H; CH2C(O)O);
13C NMR (CDCl3, 125.7 MHz): d� 171.76 (C�O), 170.60 (C�O), 161.78


(COCH3), 148.50 (COCH3), 148.42 (COCH3), 141.23 (CNO2), 134.98
(CCH2C(O)NH), 129.32 (2 C; arom. CH), 129.19 (CCH2O), 128.84 (2C;
arom. CH), 127.14 (2C; arom. CH, CCH2NH), 125.75 (arom. CH), 125.29
(CCH2C(O)O), 124.25 (arom. CH), 113.46 (arom. CH), 112.82 (arom. CH-
3), 110.04 (arom. CH-6), 61.24 (OCH2), 56.25 (OCH3), 55.96 (OCH3), 55.93
(OCH3), 43.85 (CH2C(O)O), 41.25 (PhCH2), 38.10 (CH2NH); IR (KBr,
drift): nÄ � 1721 (C�O, ester), 1645 (C�O, amide I), 1522 (C�O, amide II;
N�O), 1346 (N�O), 1100 cmÿ1 (CÿO); UV/Vis (MeOH): lmax (e)� 193
(68 400), 204 (64 300), 287 (10 000), 306 nm (9600 molÿ1 dm3 cmÿ1); MS (EI,
70 eV, 175 8C): m/z (%): 508 (6) [M]� , 399 (36), 224 (31), 207 (100); HRMS
(70 eV): calcd for C27H28N2O8: 508.1846, found: 508.1828; elemental analysis
calcd (%) for: C 63.76, H 5.55, N 5.51; found: C 63.77, H 5.35,
N 5.79.


Enzyme-initiated release of 2-methoxy-5-nitrobenzyl alcohol (24) in the
solution phase : 2-Methoxy-5-nitrobenzyl ester (23, 50 mg, 0.1 mol) and 2,6-
di-O-methyl-b-cyclodextrin (1.96 g, 1.47 mol) were dissolved in acetone
(20 mL). Then sodium phosphate buffer (0.05m, pH 7.0, 80 mL) was added
under ultrasonication and the suspension was incubated with immobilized
penicillin G acylase (100 U) at 37 8C. After 12 h and 24 h the same amount
of penicillin G acylase was added again and after 48 h the biocatalyst was
filtered off and washed with buffer solution (pH 7.0, 5� 5 mL) and acetone
(5� 10 mL). Then the solvent was evaporated in vacuo and benzyltriethyl-
ammonium chloride (448 mg, 1.97 mol) was added. The mixture was
redissolved in water (70 mL) and extracted with ethyl acetate (5� 50 mL).
The combined organic layers were dried over MgSO4 and the solvent was
removed under reduced pressure. The residue was purified by chromatog-
raphy on silica gel (ethyl acetate/hexane 1:4 to ethyl acetate v/v). 24 : White
solid (16 mg, 90 mmol, 90%); Rf� 0.45 (ethyl acetate/hexane 1:2 v/v); m.p.
123 8C, ref.[24]:123 ± 125 8C; 1H NMR (CDCl3, 400 MHz): d� 8.26 (d,
4J(H,H)� 2.8 Hz, 1H; arom. CH-6), 8.19 (dd, 3J(H,H)� 9.0 Hz,
4J(H,H)� 2.8 Hz, 1H; arom. CH-4), 6.93 (d, 3J(H,H)� 9.0 Hz, 1 H; arom.
CH-3), 4.73 (d, 3J(OH,CH2)� 4.1 Hz, 2H; CH2), 3.97 (s, 3H; OCH3), 2.31
(br s, 1 H; OH); UV/Vis (MeOH): lmax (e)� 193 (16 100), 228 (9900),
307 nm (10 200 molÿ1 dm3 cmÿ1); HRMS (70 eV): calcd for C8H9NO4:
183.0531, found: 183.0518; the spectroscopic data are in agreement with
the literature.[24]


6,7-Dimethoxy-1,4-dihydro-2H-isoquinoline-3-one (25):[10] Colourless oil
(18 mg, 84 mmol, 86 %); Rf� 0.09 (ethyl acetate); 1H NMR (CDCl3,
500 MHz): d� 7.60 (br s, 1H; NH), 6.64 (s, 1 H; arom. CH), 6.63 (s, 1H;
arom. CH), 4.46 (d, 3J(H,H)� 1.6 Hz, 2 H; CH2NH), 3.88 (s, 3H; OCH3),
3.87 (s, 3H; OCH3), 3.52 (s, 2H; CH2C(O)); HRMS (70 eV): calcd for
C11H13NO3: 207.0895, found: 207.0883; the spectroscopic data are in
agreement with the literature.[10]


General procedure for the enzyme-initiated cleavage of 2-methoxy-5-
nitrobenzyl alcohol (24) from the solid phase : A defined amount of
polymer-bound 2-methoxy-5-nitrobenzyl ester was suspended in aqueous
sodium phosphate buffer (0.05m, pH 7.0) and cosolvent. After 30 min a
suspension of penicillin G acylase (70 mgmLÿ1, 560 UmLÿ1) in aqueous
potassium phosphate buffer (0.1m, pH 7.5) was added and the reaction
mixture was shaken at room temperature or 37 8C respectively. After an
incubation period ranging from 24 to 168 h the polymer was filtered off and
washed repeatedly with methanol (3� ), water (4� ) and methanol (4� ).
The combined filtrates were evaporated under reduced pressure. Then the
residue was redissolved in methanol (10 mL) and the detached amount of
2-methoxy-5-nitrobenzyl alcohol (24) was determined by UV spectroscopy
(detection at 307 nm). The polymer was subsequently washed with ethyl
acetate (3� ) and CH2Cl2 (3� ), dried in vacuo and investigated by IR
spectroscopy. For detailed reaction conditions and the results of the
enzymatic cleavage of 2-methoxy-5-nitrobenzyl alcohol see Scheme 6.


Synthesis of POE 6000-bound 2-methoxy-5-nitrobenzyl ester 17


2-Methoxy-5-nitrobenzyl (4-{2-[(chlorocarbonyl)oxy]ethoxy}-5-methoxy-
2-{[(phenylacetyl)amino]methyl}phenyl)acetate (14): A 1.93m solution of
phosgene in toluene (1.05 mL, 2 mol) was added at ÿ5 8C to a solution of
acetate 11 (177 mg, 0.33 mol) in CH2Cl2 (25 mL). The reaction mixture was
stirred overnight at room temperature. Evaporation of the solvent in vacuo
yielded a white solid, which was used without further purification (198 mg,
0.33 mol, quant.). Rf� 0.66 (ethyl acetate); 1H NMR (CDCl3, 250 MHz):
d� 8.23 (dd, 3J(H,H)� 8.8 Hz, 4J(H,H)� 2.7 Hz, 1H; arom. CH), 8.08 (d,
4J(H,H)� 2.7 Hz, 1 H; arom. CH), 7.33 ± 7.22 (m, 5H; arom. CH), 6.94 (d,
3J(H,H)� 8.9 Hz, 1H; arom. CH), 6.84 (s, 1 H; arom. CH-6), 6.73 (s, 1H;
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arom. CH-3), 6.17 (br s, 1 H; NH), 5.13 (s, 2H; CCH2O), 4.48 (d, 3J(H,H)�
6.9 Hz, 2 H; CH2NH), 4.04 (t, 3J(H,H)� 5.5 Hz, 2H; COCH2CH2), 3.92 (s,
3H; OCH3), 3.90 (t, 3J(H,H)� 5.5 Hz, 2 H; COCH2CH2), 3.82 (s, 3H;
OCH3), 3.71 (s, 2H; PhCH2), 3.54 (s, 2H; CH2C(O)O); C29H29ClN2O10


(601.0).


POE-bound 2-methoxy-5-nitrobenzyl ester 17: A mixture of acetate (14,
98 mg, 0.16 mol), diamino-functionalized polyoxyethylene POE 6000
(164 mg, 27 mmol), DMAP (37 mg, 0.3 mol) and HOBt (11 mg, 82 mmol)
was dried for 8 h over P2O5 in vacuo. The mixture was dissolved in CH2Cl2


(20 mL), stirred overnight at room temperature and washed with diluted
hydrochloric acid (pH 4, 2� 15 mL). The organic layer was dried over
MgSO4. Evaporation of the solvent yielded a white solid, which was
redissolved in CH2Cl2 (2 mL). The polymer was precipitated through slow
addition of ice-cold diethyl ether, filtered off and washed with ice-cold
diethyl ether and ice-cold ethanol (0 8C). The precipitate was dissolved in
CH2Cl2 (2 mL) and the procedure was repeated to yield a white solid.
Isolated amount of polymer: 177 mg, 25 mmol, 92%. The reaction was
quantitative as determined by the 1H NMR spectrum; Ninhydrin test: also
quantitative: 1H NMR (CDCl3, 250 MHz): d� 8.22 (dd, 3J(H,H)� 9.0 Hz,
4J(H,H)� 2.7 Hz, 1 H; arom. CH), 8.10 (d,4J(H,H)� 2.7 Hz, 1H; arom.
CH), 7.33 ± 7.20 (m, 5H; arom. CH), 6.95 (d, 3J(H,H)� 9.1 Hz, 1H; arom.
CH), 6.87 (s, 1H; arom. CH-6), 6.71 (s, 1H; arom. CH-3), 6.36 (br s, 1H;
NH amide), 5.67 (br s, 1H; NH urethane), 5.12 (s, 2H; CCH2O), 4.38 (d,
3J(H,H)� 5.6 Hz, 2H; CH2NH), 4.15 (t, 3J(H,H)� 4.5 Hz, 2 H;
COCH2CH2), 3.91 (s, 3H; OCH3), 3.90 (t, 3J(H,H)� 4.5 Hz, 2 H;
COCH2CH2), 3.82 (s, 3H; OCH3), 3.78 ± 3.48 (m, CH2C(O)O, PhCH2,
CH2 polymer), 3.38 (t, 3J(H,H)� 4.5 Hz, 2H; NHCH2CH2OCH2 polymer);
average molecular weight: 7129 g molÿ1.


Enzyme-catalysed cleavage of 2-methoxy-5-nitrobenzyl alcohol (24) from
POE 6000 : A suspension of penicillin G acylase (1 mL, 70 mg mLÿ1,
560 UmLÿ1) in 0.1m aqueous potassium phosphate buffer (pH 7.5) was
added to a solution of POE-bound 2-methoxy-5-nitrobenzyl ester 17
(10 mg, 2.8 mmol) in methanol (0.5 mL) and 0.2m aqueous sodium
phosphate buffer (pH 7.0, 4.5 mL). The reaction mixture was shaken at
room temperature. After 12, 24 and 36 h the same amount of enzyme was
added again and after 48 h the solvent was removed in vacuo. The residue
was dissolved in ethyl acetate (2 mL), filtered over silica gel, then the
solvent was removed in vacuo. The amount of detached 2-methoxy-5-
nitrobenzyl alcohol 24 was determined according to the general procedure
for the enzyme-initiated cleavage of 2-methoxy-5-nitrobenzyl alcohol from
the solid phase. Yield: 59%.


Synthesis of the POE-bound carboxylic acid 29


Methyl (4-{2-[(chlorocarbonyl)oxy]ethoxy}-5-methoxy-2-{[(phenylacetyl)-
amino]methyl}phenyl)acetate (27): A 1.93m solution of phosgene in
toluene (4 mL, 7.74 mol) was added at ÿ5 8C to a solution of alcohol 8
(500 mg, 1.29 mol) in CH2Cl2 (30 mL). The reaction mixture was stirred
overnight at room temperature. Evaporation of the solvent in vacuo
yielded a white solid, which was used without further purification (580 mg,
1.29 mol, quant.). Rf� 0.92 (ethyl acetate); 1H NMR (CDCl3, 250 MHz):
d� 7.34 ± 7.24 (m, 5H; arom. CH), 6.79 (s, 1H; arom. CH-6), 6.63 (s, 1H;
arom. CH-3), 6.24 (br s, 1 H; NH), 4.60 (t, 3J(H,H)� 4.5 Hz, 2H;
COCH2CH2), 4.35 (d, 3J(H,H)� 4.3 Hz, 2H; CH2NH), 4.20 (t, 3J(H,H)�
4.6 Hz, 2 H; COCH2), 3.83 (s, 3H; OCH3), 3.64 (s, 3 H; COOCH3), 3.63 (s,
2H; PhCH2), 3.58 (s, 2 H; CH2C(O)O); HRMS (70 eV): calcd for
C22H24ClNO7: 449.1225, found: 449.1241.


POE-bound methyl ester 28 : A mixture of acetate (27, 1.36 g, 3.0 mol),
diamino-functionalized polyoxyethylene POE 6000 (3.0 g, 0.5 mol),
DMAP (674 mg, 5.5 mol) and HOBt (203 mg, 1.5 mol) was dried for 8 h
over P2O5 in vacuo. The mixture was dissolved in CH2Cl2 (50 mL), stirred
overnight at room temperature and washed with diluted hydrochloric acid
(pH 4, 2� 30 mL). The organic layer was dried over MgSO4. Evaporation
of the solvent yielded a white solid, which was redissolved in CH2Cl2


(4 mL). The polymer was precipitated through slow addition of precooled
diethyl ether (0 8C), filtered off and washed with diethyl ether (0 8C) and
ethanol (0 8C). The precipitate was dissolved in CH2Cl2 (4 mL) and the
procedure repeated to yield a white solid. Isolated amount of polymer:
3.19 g, 0.47 mol, 93 %. The reaction was quantitative as determined by the
1H NMR spectrum; Ninhydrin test: also quantitative. 1H NMR (CDCl3,
500 MHz): d� 7.34 ± 7.25 (m, 5H; arom. CH), 6.88 (s, 1 H; arom. CH-6),
6.68 (s, 1H; arom. CH-3), 6.44 (br s, 1H; NH amide), 5.68 (br s, 1 H; NH


urethane), 4.40 (br s, 2H; COCH2), 4.35 (d, 3J(H,H)� 5.7 Hz, 2H;
CH2NH), 4.15 (br s, 2H; COCH2CH2), 3.83 (s, 3 H; OCH3), 3.79 ± 3.51
(m, CH2C(O)O, PhCH2, CH2 polymer), 3.39 (br s, 2 H; NHCH2CH2OCH2


polymer), 2.05 (s, 3 H; COOCH3); 13C NMR (CDCl3, 125.7 MHz): d�
172.52 (C�O), 170.79 (C�O), 156.41 (C�O urethane), 148.85 (COCH2),
147.41 (COCH3), 135.02 (CCH2C(O)NH), 129.30 (2 C; arom. CH), 128.78
(2C; arom. CH), 128.54 (CCH2C(O)O), 127.09 (arom. CH), 125.33
(CCH2NH), 115.60 (arom. CH-3), 114.07 (arom. CH-6), 70.77 ± 70.30
(COCH2CH2, CH2 polymer), 67.79 (COCH2), 55.99 (OCH3), 52.24
(COOCH3), 43.71 (NHCH2 polymer), 42.31 (PhCH2), 41.05 (CH2C(O)O),
37.90 (CH2NH); IR (KBr, drift): nÄ � 1724 (C�O, ester, urethane), 1652
(C�O, amide I), 1522 (C�O, amide II), 1114 cmÿ1 (CÿO); average molec-
ular weight: 6827 g molÿ1.


POE-bound carboxylic acid 29 : A solution of the POE-bound methyl ester
28 (430 mg, 63 mmol) in 0.25m LiOH/THF (2:1, 30 mL) was stirred at room
temperature. After 4 h diluted hydrochloric acid was added to adjust to
pH 4. The solution was extracted with CHCl3 (6� 30 mL) and the
combined organic layers were dried over MgSO4. The solvent was
evaporated in vacuo to yield a colourless solid, which was used without
further purification. Isolated amount of polymer: 424 mg, 62 mmol, 99%.
The reaction was quantitative as determined by the 1H NMR spectrum.
1H NMR (CDCl3, 500 MHz): d� 7.32 ± 7.21 (m, 5H; arom. CH), 6.84 (s,
1H; arom. CH-6), 6.74 (s, 1H; arom. CH-3), 6.51 (br s, 1H; NH amide),
5.72 (br s, 1 H; NH urethane), 4.37 (t, 3J(H,H)� 4.4 Hz, 2 H; COCH2), 4.34
(d, 3J(H,H)� 5.7 Hz, 2 H; CH2NH), 4.21 (t, 3J(H,H)� 4.5 Hz, 2H;
COCH2CH2), 3.81 (s, 3H; OCH3), 3.78 (t, 3J(H,H)� 4.6 Hz, 2 H;
NHCH2CH2 polymer), 3.73 ± 3.49 (m, CH2C(O)O, PhCH2, CH2 polymer),
3.37 (t, 3J(H,H)� 4.8 Hz, 2H; NHCH2CH2OCH2 polymer); 13C NMR
(CDCl3, 125.7 MHz): d� 173.57 (C�O carboxylic acid), 171.35 (C�O
amide), 156.41 (C�O urethane), 148.80 (COCH2), 147.27 (COCH3), 135.03
(CCH2C(O)NH), 129.24 (2C; arom. CH), 128.71 (2C; arom. CH), 128.47
(arom. CH), 127.04 (CCH2COOH), 125.74 (CCH2NH), 115.43 (arom. CH-
3), 114.14 (arom. CH-6), 72.57 (NHCH2CH2 polymer), 72.42 ± 69.92
(COCH2CH2, CH2 polymer), 55.97 (OCH3), 43.29 (PhCH2), 41.14 (NHCH2


polymer), 40.76 (CH2COOH), 37.95 (CH2NH); average molecular weight:
6799 gmolÿ1.


POE-bound aryl iodide 31: A suspension of polymer-bound carboxylic acid
29 (234 mg, 34 mmol), cesium carbonate (58 mg, 178 mmol), 2-iodo benzyl
bromide (30, 104 mg, 349 mmol) and 4 � molecular sieves in DMF (10 mL)
was stirred at 50 8C. After 24 h the molecular sieves were filtered off and
the solvent was evaporated in vacuo. The residue was dissolved in CH2Cl2


(15 mL) and washed with saturated ammonium chloride solution (10 mL).
Then the aqueous layer was extracted with CH2Cl2 (2� 15 mL) and the
combined organic layers were dried over MgSO4. After evaporation of the
solvent the residue was dissolved in CH2Cl2 (2 mL). The polymer was
precipitated through slow addition of ice-cold diethyl ether, filtered off and
washed with diethyl ether (0 8C) and ethanol (0 8C). The precipitate was
dissolved in CH2Cl2 (2 mL) and the procedure was repeated to yield a white
solid. Isolated amount of polymer: 234 mg, 32 mmol, 95%. The reaction was
quantitative as determined by the 1H NMR spectrum. 1H NMR (CDCl3,
500 MHz): d� 7.66 (d, 3J(H,H)� 7.9 Hz, 1H; arom. CH), 7.62 (s, 1 H; arom.
CH), 7.32 ± 7.24 (m, 1 H; arom. CH), 7.09 (t, 3J(H,H)� 7.8 Hz, 1 H; arom.
CH), 4.99 (s, 2H; CH2O); 13C NMR (CDCl3, 125.7 MHz): d� 171.75 (C�O
ester), 137.84 (CCH2O), 137.38 (arom. CH), 136.87 (arom. CH), 128.84
(arom. CH), 125.12 (arom. CH), 94.35 (CI), 65.85 (CH2O); IR (KBr, drift):
nÄ � 1719 (C�O, ester, urethane), 1653 (C�O, amide I), 1106 cmÿ1 (CÿO);
average molecular weight: 7231 g molÿ1.


POE-bound cinnamic acid tert-butyl ester 32 : A solution of polymer-bound
aryl iodide (31, 110 mg, 30 mmol), tetrabutylammonium bromide (10 mg,
30 mmol) and triphenylphosphine (8 mg, 30 mmol) in DMF/H2O/Et3N 9:1:1
(5.5 mL) was degassed for 20 min under ultrasonication. Then acrylic acid
tert-butyl ester (22 mL, 153 mmol) and Pd(OAc)2 (3 mg, 15 mmol) was added
and the solution was stirred at 50 8C. After 24 h the solvent was evaporated
under reduced pressure, the residue was redissolved in CH2Cl2 (10 mL) and
the insoluble components were filtered off. The volume of the solution was
reduced in vacuo, then the polymer was precipitated through slow addition
of precooled diethyl ether (0 8C), filtered off and washed with ice-cold
diethyl ether and ice-cold ethanol. The precipitate was dissolved in CH2Cl2


(2 mL) and the procedure was repeated to yield a white solid. Isolated
amount of polymer: 99 mg, 27 mmol, 91 %. The reaction was quantitative as
determined by the 1H NMR spectrum. 1H NMR (CDCl3, 500 MHz):
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d� 7.56 (d, 3Jtrans� 16.0 Hz, 1 H; CCH�CH), 7.46 (m, 2 H; arom. CH), 7.36
(t, 3J(H,H)� 7.6 Hz, 1 H; arom. CH), 7.32 ± 7.24 (m, 1H; arom. CH), 6.38
(d,3Jtrans� 16.0 Hz, 1 H; CCH�CH), 5.07 (s, 2H; CH2O), 1.54 (s, 9H;
C(CH3)3); 13C NMR (CDCl3, 125.7 MHz): d� 171.85 (C�O ester), 166.03
(CHC(O)O), 142.79 (CCH�CH), 136.27 (CCH2O), 135.10 (CCH), 129.65
(arom. CH), 127.90 (arom. CH), 127.65 (arom. CH), 127.10 (arom. CH),
120.92 (CCH�CH), 80.64 (C(CH3)3), 66.45 (CH2O), 28.19 (3C; C(CH3)3);
IR (KBr, drift): nÄ � 1718 (C�O, ester, urethane), 1669 (C�O, amide I), 1638
(C�C, a,b-unsaturated carbonyl group), 1114 cmÿ1 (CÿO); average mo-
lecular weight: 7233 g molÿ1.


POE-bound (4'-methoxy[1,1'-biphenyl]-3-yl)methanol 33 : A solution of
polymer-bound aryl iodide 31 (200 mg, 56 mmol), 4-methoxyphenylboronic
acid (42 mg, 276 mol) and K3PO4 ´ 3H2O (30 mg, 110 mol) in DMF/H2O 6:1
(14 mL) was degassed for 20 min under ultrasonication. Then [Pd(PPh3)4]
(1 mg, 1 mmol) was added and the reaction mixture was stirred at 80 8C.
After 4 h the solvent was evaporated in vacuo, the residue was dissolved in
CH2Cl2 (20 mL) and washed with water (15 mL). The organic layer was
dried over MgSO4 and the solvent was removed in vacuo. The residue was
redissolved in CH2Cl2 (2 mL), then the polymer was precipitated through
slow addition of precooled diethyl ether (0 8C), filtered off and washed with
ice-cold diethyl ether and ice-cold ethanol. The precipitate was dissolved in
CH2Cl2 (2 mL) and the procedure was repeated to yield a white solid.
Isolated amount of polymer: 187 mg, 52 mmol, 93%. The reaction was
quantitative as determined by the 1H NMR spectrum. 1H NMR (CDCl3,
500 MHz): d� 7.50 (d, 3J(H,H)� 7.8 Hz, 1H; arom. CH), 7.45 (d,
3J(H,H)� 8.7 Hz, 2H; arom. CH), 7.44 (s, 1H; arom. CH), 7.39 (t,
3J(H,H)� 7.6 Hz, 1H; arom. CH), 7.23 ± 7.21 (m, 1 H; arom. CH), 6.97 (d,
3J(H,H)� 8.7 Hz, 2 H; arom. CH), 5.13 (s, 2H; CH2O), 3.85 (s, 3H; OCH3);
13C NMR (CDCl3, 125.7 MHz): d� 171.84 (C�O ester), 156.36 (COCH3),
141.22 (CCH2O), 136.04 (CH2CCHCC), 132.96 (CH2CCHCC), 129.01
(arom. CH), 128.06 (2C; arom. CH), 127.01 (arom. CH), 126.66 (arom.
CH), 126.34 (arom. CH), 114.26 (2C; arom. CH), 63.21 (CH2O), 55.31
(OCH3); average molecular weight: 7191 gmolÿ1.


POE-bound [3-(1-pentynyl)phenyl]methanol 34 : 1-Pentine (41 mL,
423 mmol) was added to a solution of polymer-bound aryl iodide 31
(153 mg, 42 mmol) in dioxane/Et3N 2:1 (12 mL) and the solution was
degassed for 15 min under ultrasonication. Then cuprous iodide (2 mg,
11 mmol) and [Pd(PPh3)2Cl2] (3 mg, 4 mmol) were added and the reaction
mixture was stirred at room temperature. After 24 h, CHCl3 (15 mL) was
added and the solution was washed with saturated aqueous ammonium
chloride (10 mL). Then the aqueous phase was washed with CHCl3 (2�
15 mL) and the combined organic layers were dried over MgSO4. The
solvent was evaporated under reduced pressure and the residue was
dissolved in CH2Cl2 (2 mL) followed by precipitation of the polymer by
slow addition of ice-cold diethyl ether. The solid was filtered off, washed
with diethyl ether (0 8C) and ethanol (0 8C), then the precipitate was
redissolved in CH2Cl2 (2 mL) and the procedure was repeated to yield a
white solid. Isolated amount of polymer: 147 mg, 41 mmol, 97%. The
reaction was quantitative as determined by the 1H NMR spectrum.
1H NMR (CDCl3, 500 MHz): d� 7.35 (t, 4J(H,H)� 1.7 Hz, 1 H; arom. CH),
7.32 ± 7.24 (m, 2 H; arom. CH), 7.18 (d, 3J(H,H)� 7.6 Hz, 1H; arom. CH),
5.02 (s, 2H; CH2O), 2.38 (t, 3J(H,H)� 7.0 Hz, 2 H; CH2CH2CH3), 1.63 (sext,
3J(H,H)� 7.2 Hz, 2H; CH2CH3), 1.05 (t, 3J(H,H)� 7.4 Hz, 3H; CH3);
13C NMR (CDCl3, 125.7 MHz): d� 171.87 (C�O ester), 135.61 (CCH2O),
131.53 (arom. CH), 131.28 (arom. CH), 128.52 (arom. CH), 127.09 (arom.
CH), 124.57 (CCCCH2), 90.95 (CCH2CH2), 80.21 (CCCH2), 63.27 (CH2O),
22.15 (CCH2CH2), 21.37 (CH2CH3), 13.58 (CH3); average molecular
weight: 7111 gmolÿ1.


General procedure for the enzyme-initiated cleavage of alcohols from
POE 6000 : A defined amount of polymer-bound substrate was dissolved in
methanol and 0.2m aqueous sodium phosphate buffer (pH 7.0). Then a
suspension of penicillin G acylase (70 mgmLÿ1, 560 UmLÿ1) in 0.1m
aqueous potassium phosphate buffer (pH 7.5) was added and the reaction
mixture was shaken at 37 8C. The same amount of enzyme was added after
12, 24 and 36 h. After 48 h the reaction mixture was extracted with diethyl
ether (6� 20 mL). The combined organic layers were dried over MgSO4,
then the solvent was removed in vacuo to yield the cleaved alcohol. After
that the aqueous phase was extracted with CH2Cl2 (4� 20 mL), the
combined organic layers were dried over MgSO4 and the solvent was
evaporated under reduced pressure. The polymer obtained thereby was
dried in vacuo.


Enzyme-catalysed release of tert-butyl(2E)-3-[3-(hydroxymethyl)phenyl]-
2-propenoate (35): According to the general procedure for the enzyme-
initiated cleavage of alcohols from POE 6000 cinnamic acid tert-butyl ester
32 (43 mg, 12 mmol) was dissolved in methanol (2 mL) and 0.2m aqueous
sodium phosphate buffer (pH 7.0, 18 mL) and incubated with a suspension
of penicillin G acylase (4 mL, 70 mgmLÿ1, 560 UmLÿ1) in 0.1m aqueous
potassium phosphate buffer (pH 7.5). 35 : Colourless oil (2.1 mg, 9 mmol,
75%); Rf� 0.2 (ethyl acetate/hexane 1:4 v/v); 1H NMR (CDCl3, 500 MHz):
d� 7.55 (d, 3Jtrans� 16.0 Hz, 1H; CCH�CH), 7.49 (s, 1H; arom. CH), 7.41 ±
7.39 (m, 1H; arom. CH), 7.37 ± 7.33 (m, 2 H; arom. CH), 6.36 (d, 3Jtrans�
16.0 Hz, 1H; CCH�CH), 4.69 (s, 2H; CH2), 2.33 (br s, 1H; OH), 1.53 (s,
9H; C(CH3)3); 13C NMR (CDCl3, 125.7 MHz): d� 166.40 (C�O), 143.39
(CCH�CH), 141.61 (CCH2O), 134.87 (CCH), 128.99 (arom. CH), 128.47
(arom. CH), 127.18 (arom. CH), 126.29 (arom. CH), 120.36 (CCH�CH),
80.63 (C(CH3)3), 64.80 (CH2), 28.19 (3C; C(CH3)3); IR (KBr, drift): nÄ �
3434 (OÿH), 1707 (C�O, ester), 1637 (C�C, a,b-unsaturated carbonyl),
1153 cmÿ1 (CÿO); MS (EI, 70 eV, 45 8C): m/z (%): 234 (82) [M]� , 178 (100),
160 (89), 131 (66); HRMS (70 eV): calcd for C14H18O3: 234.1256, found:
234.1241.


Polymer-bound lactam 26 : Isolated amount of polymer: 32 mg, 10 mmol,
82%; 1H NMR (CDCl3, 500 MHz): d� 8.84 (br s, 1H; NH lactam), 6.73 (s,
1H; arom. CH), 6.67 (s, 1H; arom. CH), 5.53 (br s, 1H; NH urethane), 4.55
(br s, 2H; CH2NH), 4.43 (br s, 2 H; COCH2), 4.20 (br s, 2 H; COCH2CH2),
3.86 (s, 3H; OCH3), 3.78 (t, 3J(H,H)� 4.6 Hz, 2H; NHCH2 polymer),
3.74 ± 3.55 (m, CH2C(O)NH, CH2 polymer), 3.50 (t, 3J(H,H)� 5.1 Hz, 2H;
NHCH2CH2O polymer), 3.37 (t, 3J(H,H)� 4.7 Hz, 2 H; NHCH2CH2OCH2


polymer); 13C NMR (CDCl3, 125.7 MHz): d� 173.8 (C�O lactam), 157.7
(C�O urethane), 149.5 (COCH2), 147.5 (COCH3), 127.6 (CCH2C(O)NH),
126.0 (CCH2NH), 112.1 (arom. CH), 111.5 (arom. CH), 73.2 (NHCH2CH2


polymer), 72.8 ± 69.8 (CH2 polymer), 68.2 (NHCH2CH2OCH2 polymer),
66.5 (COCH2CH2), 63.2 (COCH2), 56.4 (OCH3), 45.05 (NHCH2 polymer),
41.8 (CH2NH), 34.1 (CH2C(O)NH); IR (KBr, drift): nÄ � 1720 (C�O,
urethane), 1665 (C�O, lactam), 1116 cmÿ1 (CÿO); average molecular
weight: 6529 gmolÿ1.


Enzyme-catalysed cleavage of (4'-methoxy[1,1'-biphenyl]-3-yl)methanol
(36): According to the general procedure for the enzyme-initiated cleavage
of alcohols from POE 6000, POE-bound biphenyl 33 (27 mg, 7.6 mmol) was
dissolved in methanol (1 mL) and 0.2m aqueous sodium phosphate buffer
(pH 7.0, 9 mL) and incubated with a suspension of penicillin G acylase
(3 mL, 70 mgmLÿ1, 560 UmLÿ1) in 0.1m aqueous potassium phosphate
buffer (pH 7.5). 36 :[25] white solid (1.2 mg, 5.5 mmol, 73%); Rf� 0.47 (ethyl
acetate/hexane 1:2 v/v); m.p. 94 8C, lit.[25]: 95 8C; 1H NMR (CDCl3,
500 MHz): d� 7.53 (s, 1 H; arom. CH), 7.51 (td, 3J(H,H)� 8.7 Hz,
4J(H,H)� 3.0 Hz, 2H; arom. CH), 7.46 (d, 3J(H,H)� 7.8 Hz, 1 H; arom.
CH), 7.38 (t, 3J(H,H)� 7.6 Hz, 1 H; arom. CH), 7.27 (d, 3J(H,H)� 6.5 Hz,
1H; arom. CH), 6.95 (td, 3J(H,H)� 8.7 Hz, 4J(H,H)� 3.0 Hz, 2H; arom.
CH), 4.71 (s, 2H; CH2), 3.83 (s, 3 H; OCH3), 2.03 (br s, 1H; OH); MS (EI,
70 eV, 60 8C): m/z (%): 215 (12) [M�H]� , 214 (100) [M]� , 199 (12); HRMS
(70 eV): calcd for C14H14O2: 214.0994, found: 214.0985. The spectroscopic
data are in agreement with the literature.[25]


Enzyme-catalysed cleavage of [3-(1-pentynyl)phenyl]methanol (37): Ac-
cording to the general procedure for the enzyme-initiated cleavage of
alcohols from POE 6000, POE-bound alkine 34 (19 mg, 5.3 mmol) was
dissolved in methanol (1 mL) and 0.2m aqueous sodium phosphate buffer
(pH 7.0, 9 mL) and incubated with a suspension of penicillin G acylase
(2mL, 70 mgmLÿ1, 560 UmLÿ1) in 0.1m aqueous potassium phosphate
buffer (pH 7.5). 37: Colourless oil (0.9 mg, 5.0 mmol, 94%); Rf� 0.2 (ethyl
acetate/hexane 1:6 v/v); 1H NMR (CDCl3, 400 MHz): d� 7.38 (s, 1H;
arom. CH), 7.33 ± 7.22 (m, 3 H; arom. CH), 4.59 (s, 2H; CH2OH), 2.38 (t,
3J(H,H)� 7.0 Hz, 2 H; CCH2CH2), 2.29 (s, 1 H; OH), 1.62 (sext, 3J(H,H)�
7.4 Hz, 2H; CH2CH3), 1.05 (t, 3J(H,H)� 7.3 Hz, 3 H; CH3); 13C NMR
(CDCl3, 100.6 MHz): d� 140.81 (CCH2OH), 130.75 (arom. CH), 130.05
(arom. CH), 128.45 (arom. CH), 126.10 (arom. CH), 124.28 (CCCCH2),
90.51 (CCH2CH2), 80.56 (CCCCH2), 64.88 (CH2OH), 22.21 (CCH2CH2),
21.39 (CH2CH3), 13.60 (CH3); IR (KBr, drift): nÄ � 3310 (OÿH), 2228
(alkine), 1019 cmÿ1 (CÿO); MS (EI, 70 eV, 60 8C): m/z (%): 174 (24) [M]� ,
114 (29); HRMS (70 eV): calcd for C12H14O: 174.1045, found: 174.1030.


General procedure for the esterification of the POE-bound carboxylic acid
29 : DIC (34 mL, 220 mmol), pyridine (18 mL, 220 mmol) and the respective
alcohol were added at 0 8C to a solution of polymer-bound carboxylic acid
29 (100 mg, 29 mmol), DMAP (1 mg, 8 mmol) and HOBt (1 mg, 7 mmol) in
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DMF (3 mL). After 1 h the ice bath was removed and the reaction mixture
was stirred overnight at room temperature. The solvent was evaporated in
vacuo, the residue redissolved in CH2Cl2 (15 mL) and washed with 0.05m
hydrochloric acid (15 mL). Then the aqueous phase was extracted with
CH2Cl2 (2� 15 mL), the combined organic layers were dried over MgSO4


and the solvent was removed under reduced pressure. The residue was
dissolved in CH2Cl2 (2 mL) followed by precipitation of the polymer by
slow addition of ice-cold diethyl ether. The solid was filtered off, washed
with diethyl ether (0 8C) and ethanol (0 8C), then the precipitate was
redissolved in CH2Cl2 (2 mL) and the procedure was repeated. The
polymer was dried in vacuo.


POE-bound benzyl alcohol 38 : According to the general procedure
polymer-bound carboxylic acid 29 (100 mg, 29 mmol), DMAP (1 mg,
8 mmol), HOBt (1 mg, 7 mmol), DIC (34 mL, 220 mmol), pyridine (18 mL,
220 mmol) and 4-(hydroxymethyl)-benzyl alcohol (81 mg, 588 mmol) were
allowed to react in DMF (3 mL). White solid; isolated amount of polymer:
94 mg, 27 mmol, 92 %. The reaction was quantitative as determined by the
1H NMR spectrum. 1H NMR (CDCl3, 500 MHz): d� 7.34 ± 7.29 (m, 2H;
arom. CH), 7.25 ± 7.23 (m, 2H; arom. CH), 5.06 (s, 2 H; OCH2), 4.66 (s, 2H;
CH2OH); 13C NMR (CDCl3, 125.7 MHz): d� 171.71 (C�O ester), 141.56
(CCH2OH), 134.57 (CCH2O), 128.28 (2C; arom. CH), 126.97 (2C; arom.
CH), 63.84 (OCH2), 63.12 (CH2OH); IR (KBr, drift): nÄ � 3325 (OÿH), 1722
(C�O, ester, urethane), 1666 (C�O, amide I), 1519 (C�O, amide II),
1115 cmÿ1 (CÿO); average molecular weight: 7039 gmolÿ1.


POE-bound benzyl ether 39 : A solution of polymer-bound benzyl alcohol
38 (28 mg, 8 mmol), 4-acetamidophenol (12 mg, 79 mmol) and triphenyl-
phosphine (10 mg, 39 mmol) in THF/CH2Cl2 1:1 (600 mL) was stirred at
ÿ5 8C for 15 min in the presence of 4 � molecular sieves. Then diethyl
azodicarboxylate (6 mL, 39 mmol) was slowly added and the reaction
mixture was stirred 1 h at 0 8C and 12 h at room temperature. The
molecular sieves were filtered off, the solvent was evaporated in vacuo and
the residue was purified by size-exclusion chromatography (chloroform/
methanol 1:1 v/v) on Sephadex LH 20 to yield a colourless solid. Isolated
amount of polymer: 25 mg, 7 mmol, 86 %. The reaction was quantitative as
determined by the 1H NMR spectrum. 1H NMR (CDCl3, 500 MHz): d�
7.62 (br s, 1H; NH), 7.42 (d, 3J(H,H)� 9.0 Hz, 2H; arom. CH), 7.39 (d,
3J(H,H)� 8.0 Hz, 2 H; arom. CH), 7.31 ± 7.23 (m, 2H; arom. CH), 6.88 (d,
3J(H,H)� 9.0 Hz, 2H; arom. CH), 5.07 (s, 2 H; CH2OC(O)), 5.03 (s, 2H;
CH2O), 2.14 (s, 3H; CH3); 13C NMR (CDCl3, 125.7 MHz): d� 171.83 (C�O
ester), 168.35 (C�O anilide), 155.15 (COCH2C), 135.25 (CCH2OC), 135.06
(CCH2OC(O)), 131.73 (CNH), 128.49 (2 C; arom. CH), 127.61 (2 C; arom.
CH), 121.59 (2C; arom. CH), 115.13 (2C; arom. CH), 70.05 (COCH2), 57.31
(CH2OC(O)), 24.28 (CH3); IR (KBr, drift): nÄ � 1722 (C�O, ester,
urethane), 1673 (C�O, amide I, anilide), 1511 (C�O, amide II), 1115 cmÿ1


(CÿO); average molecular weight: 7307 gmolÿ1.


Enzyme-catalysed cleavage of N-(4-{[4-hydroxymethyl)benzyl]oxy}phenyl)-
acetamide (40): According to the general procedure for the enzyme-
initiated cleavage of alcohols from POE 6000, POE-bound benzyl phenyl
ether 39 (20 mg, 6 mmol) was dissolved in methanol (3 mL) and 0.2m
aqueous sodium phosphate buffer (pH 7.0, 26 mL) and incubated with a
suspension of penicillin G acylase (3 mL, 70 mgmLÿ1, 560 UmLÿ1) in 0.1m
aqueous potassium phosphate buffer (pH 7.5). The crude product was
purified by chromatography on silica gel (ethyl acetate/hexane 1:1 to 2:1
v/v) to yield a colourless oil (1.2 mg, 4.4 mmol, 81 %). Rf� 0.15 (ethyl
acetate/hexane 2:1 v/v); 1H NMR (CDCl3, 500 MHz): d� 7.43 ± 7.37 (m,
6H; arom. CH), 7.03 (br s, 1H; NH), 6.92 (d, 3J(H,H)� 8.8 Hz, 2H; arom.
CH), 5.05 (s, 2 H; OCH2), 4.71 (s, 2H; CH2OH), 2.15 (s, 3H; CH3);
13C NMR (CDCl3, 125.7 MHz): d� 168.07 (C�O), 155.60 (COCH2), 140.68
(CCH2OH), 136.45 (CCH2OC), 131.20 (CNH), 127.73 (2 C; arom. CH),
127.25 (2C; arom. CH), 121.84 (2C; arom. CH), 115.27 (2C; arom. CH),
70.06 (OCH2), 65.14 (CH2OH), 24.43 (CH3); IR (KBr, drift): nÄ� 3286 (OÿH),
1735 (C�O, ester), 1659 (C�O, anilide), 1533 (C�O, amide II), 1049 cmÿ1


(CÿO); MS (EI, 70 eV): m/z (%): 272 (4) [M�H]� , 271 (36) [M]� , 121
(100); HRMS (70 eV): calcd for C16H17NO3: 271.1208, found: 271.1203.


POE-bound acrylic acid derivative 41
According to the general procedure polymer-bound carboxylic acid 29
(100 mg, 29 mmol), DMAP (1 mg, 8 mmol), HOBt (1 mg, 7 mmol), DIC
(34 mL, 220 mmol), pyridine (18 mL, 220 mmol) and 4-hydroxybutylacrylate
(30 mL, 220 mmol) were allowed to react in DMF (3 mL) to yield a white
solid. Isolated amount of polymer: 101 mg, 29 mmol, 97%. The reaction was
quantitative as determined 1H NMR spectrum; 1H NMR (CDCl3,


500 MHz): d� 6.39 (d, 3Jtrans� 17.3 Hz, 1 H; CH�CH2a), 6.10 (dd, 3Jtrans�
17.3 Hz, 3Jcis� 10.4 Hz, 1H; CH�CH2), 5.82 (d, 3Jcis� 10.4 Hz, 1H;
CH�CH2b), 4.19 ± 4.12 (m, 2 H; CHC(O)OCH2), 4.08 (t, 3J(H,H)� 6.8 Hz,
2H; CH2C(O)OCH2), 1.72± 1.64 (m, 4H; OCH2CH2CH2); 13C NMR (CDCl3,
125.7 MHz): d� 172.6 (C�O ester), 164.2 (OC(O)CH), 131.3 (CH�CH2),
126.9 (CH�CH2), 64.1 (CH2C(O)OCH2), 63.1 (CHC(O)OCH2), 25.0
(CH2C(O)OCH2CH2), 25.05 (CHC(O)OCH2CH2); IR (KBr, drift): nÄ �
1721 (C�O, ester, urethane), 1666 (C�O, amide I), 1519 (C�O, amide II),
1116 cmÿ1 (CÿO); average molecular weight: 7051 gmolÿ1.


POE-bound Diels ± Alder adduct 42


Method A : A solution of polymer-bound acrylic acid ester 41 (44 mg,
13 mmol) in freshly distilled cyclopentadiene/THF 1:1 (2 mL) was heated to
60 8C. After 24 h the solvent was evaporated in vacuo, the residue was
dissolved in CH2Cl2 (2 mL) followed by precipitation of the polymer by
slow addition of ice-cold diethyl ether. The solid was filtered off, washed
with diethyl ether (0 8C) and ethanol (0 8C) and dissolved in CH2Cl2 (2 mL).
The procedure was repeated to yield a white solid. Isolated amount of
polymer: 42 mg, 12 mmol, 93%, endo/exo 2.5:1. The reaction was quanti-
tative as determined by the 1H NMR spectrum.


Method B : Polymer-bound acrylic acid ester 41 (29 mg, 8 mmol) and a trace
of hydroquinone were dissolved in freshly distilled cyclopentadiene/
toluene 3:2 (2.5 mL) in a glass vial. The vial was evacuated, sealed and
heated for 24 h in a bomb tube. After cooling the vial was opened, CH2Cl2


(1 mL) was added and the polymer was precipitated by slow addition of
precooled diethyl ether (0 8C). The solid was filtered off, washed with ice-
cold diethyl ether and ice-cold ethanol. The residue was redissolved in
CH2Cl2 (2 mL) and the procedure was repeated to yield a white solid.
Isolated amount of polymer: 20 mg, 6 mmol, 70 %, endo/exo 2.5:1. The
reaction was quantitative as determined by the 1H NMR spectrum.
1H NMR (CDCl3, 250 MHz): d� 6.21 ± 6.09 (m, 3H; CHCHCH�CH endo,
CHCHCH�CH exo, CHCHCH�CH endo), 5.92 ± 5.88 (m, 1 H;
CHCHCH�CH exo), 4.14 (br s, 2 H; CHC(O)OCH2), 3.74 ± 3.50 (m, 2H;
CH2C(O)OCH2), 3.18 (br s, 1H; C(O)CHCH endo), 3.01 (br s, 1 H;
C(O)CHCH exo), 2.95 ± 2.86 (m, 2 H; C(O)CHCH2CH endo,
C(O)CHCH2CH exo), 2.25 ± 2.23 (m, 1 H; C(O)CH), 1.96 ± 1.86 (m, 1H;
C(O)CHCH2a), 1.73 ± 1.64 (m, 4 H; C(O)OCH2CH2CH2), 1.61 ± 1.52 (m,
1H; C(O)CHCH2b), 1.46 ± 1.21 (m, 2H; C(O)CHCHCH2); average molec-
ular weight: 7183 g molÿ1.


Enzyme-catalysed cleavage of 4-hydroxybutyl-bicyclo[2.2.1]hept-5-ene-
carboxylate (43): According to the general procedure for the enzyme-
initiated cleavage of alcohols from POE 6000, POE-bound adduct 42
(41 mg, 11 mmol) was dissolved in methanol (3 mL) and 0.2m aqueous
sodium phosphate buffer (pH 7.0, 26 mL) and incubated with a suspension
of penicillin G acylase (5 mL, 70 mgmLÿ1, 560 UmLÿ1) in 0.1m aqueous
potassium phosphate buffer (pH 7.5). The crude product was purified by
chromatography on silica gel (ethyl acetate/hexane 1:3 v/v) to yield a
colourless oil (1.8 mg, 9 mol, 75 %, endo :exo 2.5:1). Rf� 0.17 (ethyl acetate/
hexane 1:4 v/v); 1H NMR (CDCl3, 250 MHz): d� 6.22 ± 6.15 (m, 1H;
CHCHCH�CH endo), 6.15 ± 6.08 (m, 2H; CHCHCH�CH exo,
CHCHCH�CH exo), 5.95 ± 5.90 (m, 1 H; CHCHCH�CH endo), 4.13 (t,
3J(H,H)� 6.5 Hz, 2 H; OCH2 exo), 4.05 (t, 3J(H,H)� 6.5 Hz, 2H; OCH2


endo), 3.69 (br s, 2 H; CH2OH), 3.20 (br s, 1H; C(O)CHCH endo), 3.03 (br s,
1H; C(O)CHCH exo), 2.96 ± 2.88 (m, 1 H; C(O)CHCH2CH), 2.24 ± 2.21
(m, 1H; C(O)CH), 1.97 ± 1.85 (m, 1H; C(O)CHCH2a), 1.79 ± 1.59 (m, 4H;
CH2CH2CH2OH), 1.55 ± 1.32 (m, 4 H; OH, C(O)CHCH2b,
C(O)CHCHCH2); IR (KBr, film): nÄ � 3434 (OÿH), 1729 (C�O, ester),
1570 (C�C), 1176 (CÿO), 1046 cmÿ1 (CÿO); MS (EI, 70 eV, 40 8C): m/z
(%): 210 (0.5) [M]� , 138 (11), 66 (100); HRMS (70 eV): calcd for C12H18O3:
210.1256, found: 210.1248.


POE-bound isoxazoline 44 : syn-Benzaldehyde oxime (8 mL, 71 mmol) was
added to a solution of polymer-bound acrylic acid ester 41 (50 mg, 14 mmol)
in THF (500 mL). Then a 0.7m aqueous solution of sodium hypochlorite
(100 mL, 140 mmol) was added to the reaction mixture. After 4 h at room
temperature the solvent was evaporated in vacuo, the residue was
redissolved in CH2Cl2 (10 mL) and washed with water (10 mL). The
aqueous layer was extracted with CH2Cl2 (3� 10 mL), the combined
organic layers were dried over MgSO4 and the solvent was evaporated
under reduced pressure. The residue was dissolved in CH2Cl2 (1 mL) and
the polymer was precipitated by slow addition of precooled diethyl ether
(0 8C). The solid was filtered off, washed with ice-cold diethyl ether and ice-
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cold ethanol, then the precipitate was redissolved in CH2Cl2 (2 mL) and the
procedure was repeated to yield a white solid. Isolated amount of polymer:
48 mg, 13 mmol, 94%. The reaction was quantitative as determined
1H NMR spectrum. 1H NMR (CDCl3, 500 MHz): d� 7.68 (dd,3J(H,H)�
7.9 Hz, 4J(H,H)� 1.3 Hz, 2 H; arom. CH), 7.44 ± 7.40 (m, 3 H; arom. CH),
5.16 (dd, 3J(OCH,CH2aC�N)� 10.1, 3J(OCH,CH2bC�N)� 7.1 Hz, 1 H;
OCH), 4.20 (t, 3J(H,H)� 2.4 Hz, 2H; CHC(O)OCH2), 4.12 (t, 3J(H,H)�
4.5 Hz, 2H; CH2C(O)OCH2), 3.73 ± 3.54 (m, 2H; CH2C�N), 1.75 ± 1.69
(m, 4 H; OCH2CH2CH2); 13C NMR (CDCl3, 125.7 MHz): d� 172.04 (C�O
ester), 170.14 (OC(O)CH), 156.37 (C�N), 130.56 (arom. CH), 129.41
(CC�N), 128.79 (2C; arom. CH), 126.92 (2C; arom. CH), 78.06 (OCH),
61.70 (CH2C(O)OCH2), 57.30 (CHC(O)OCH2), 38.76 (CH2C�N), 25.15
(CH2C(O)OCH2CH2), 25.06 (CHC(O)OCH2CH2); IR (KBr, drift): nÄ �
1726 (C�O, ester, urethane), 1666 (C�O, amide I), 1519 (C�O, amide II),
1116 cmÿ1 (CÿO); average molecular weight: 7289 gmolÿ1.


General procedure for the synthesis of POE-bound anilides : A mixture of
POE-bound carboxylic acid 29, the respective aniline, EDC and HOBt was
dissolved in DMF. The reaction mixture was stirred 3 h at 0 8C and 9 h at
room temperature. Then the solvent was evaporated in vacuo, the residue
was dissolved in CHCl3 (30 mL) and washed with 0.05n hydrochloric acid
(2� 20 mL). The combined aqueous layers were extracted with CHCl3 (3�
30 mL) and the combined organic layers were dried over MgSO4. Then the
solvent was removed under reduced pressure, the residue was redissolved
in CH2Cl2 (2 mL) and the polymer was precipitated by slow addition of pre-
cooled diethyl ether (08C). The solid was filtered off and washed with ice-cold
diethyl ether and ice-cold ethanol. The precipitate was dissolved in CH2Cl2


(2 mL) and the procedure was repeated. The polymer was dried in vacuo.


POE-bound 4-pentylaniline 45 : According to the general procedure for the
synthesis of POE-bound anilides, POE-bound carboxylic acid 29 (100 mg,
29 mmol), EDC (22 mg, 116 mmol), HOBt (20 mg, 145 mmol) and 4-pentyl-
aniline (46, 42 mL, 240 mmol) were allowed to react in DMF (5 mL). White
solid; Isolated amount of polymer: 91 mg, 26 mmol, 89%. The reaction was
quantitative as determined by the 1H NMR spectrum. 1H NMR (CDCl3,
500 MHz): d� 8.80 (br s, 1 H; NH), 7.47 (d, 3J(H,H)� 8.4 Hz, 2H; arom.
CH), 7.06 (d, 3J(H,H)� 8.4 Hz, 2 H; arom. CH), 2.54 (t, 3J(H,H)� 7.5 Hz,
2H; CCH2), 1.59 ± 1.53 (m, 2H; CCH2CH2), 1.32 ± 1.25 (m, 4 H;
CH2CH2CH3), 0.87 (t, 3J(H,H)� 3.2 Hz, 3 H; CH3); 13C NMR (CDCl3,
125.7 MHz): d� 171.24 (C�O anilide), 136.17 (CNH), 135.00 (CCH2),
128.56 (2 C; arom. CH), 119.54 (2C; arom. CH), 35.27 (CCH2), 31.35
(CH2CH2CH3), 29.63 (CCH2CH2), 22.47 (CH2CH3), 14.02 (CH3); IR (KBr,
drift): nÄ � 1720 (C�O, urethane), 1673 (C�O, amide I, anilide), 1517 (C�O,
amide II), 1115 cmÿ1 (CÿO); average molecular weight: 7089 gmolÿ1.


POE-bound 4-aminobenzoic acid ethyl ester 47: According to the general
procedure for the synthesis of POE-bound anilides POE-bound carboxylic
acid 29 (126 mg, 37 mmol), DIC (17 mL, 111 mmol), HOBt (19 mg,
139 mmol) and 4-aminobenzoic acid ethyl ester (48, 37 mg, 222 mmol) were
allowed to react in DMF (4 mL). White solid; Isolated amount of polymer:
118 mg, 33 mmol, 90%. The reaction was quantitative as determined by the
1H NMR spectrum. 1H NMR (CDCl3, 500 MHz): d� 7.93 (d, 3J(H,H)�
9.0 Hz, 2H; arom. CH), 7.67 (d, 3J(H,H)� 9.0 Hz, 2 H; arom. CH), 7.48
(br s, 1 H; NH), 4.41 ± 4.29 (m, 2H; CH2), 1.40 (t, 3J(H,H)� 7.5 Hz, 3H;
CH3); IR (KBr, drift): nÄ � 1751 (C�O, ester), 1718 (C�O, urethane), 1670
(C�O, amide I, anilide), 1521 (C�O, amide II), 1118 cmÿ1 (CÿO); average
molecular weight: 7093 g molÿ1.


General procedure for the enzyme-initiated cleavage of anilines from
POE 6000 : A definite amount of polymer-bound anilide was dissolved in
methanol and 0.05m aqueous sodium phosphate buffer (pH 7.0). Then a
suspension of penicillin G acylase (72 mgmLÿ1, 1368 U mLÿ1) in 0.1m
aqueous potassium phosphate buffer (pH 7.5) was added and the reaction
mixture was shaken at 37 8C. After 12, 24 and 36 h the same amount of
enzyme was added again and after 48 h the solution was heated to 60 8C for
4 h. The reaction mixture was filtered over celite and the filtrate was
extracted with diethyl ether (4� 30 mL). The combined organic layers were
dried over MgSO4, then the solvent was evaporated in vacuo to yield the
detached aniline. After that the aqueous layer was extracted with CH2Cl2


(3� 30 mL), the combined organic layers were dried over MgSO4 and the
solvent was removed under reduced pressure. The polymer was dried in vacuo.


Enzyme-catalysed release of 4-pentylaniline (46): According to the general
prescription for the enzyme-initiated cleavage of anilines from POE 6000,
POE-bound 4-pentylaniline 45 (44 mg, 13 mmol) was dissolved in methanol


(3 mL) and 0.2m aqueous sodium phosphate buffer (pH 7.0, 26 mL) and
incubated with a suspension of penicillin G acylase (4 mL, 72 mgmLÿ1,
1368 UmLÿ1) in 0.1m aqueous potassium phosphate buffer (pH 7.5). 46 :[26]


Colourless oil (1.5 mg, 9 mmol, 68 %); Rf� 0.38 (ethyl acetate/hexane 1:4
v/v); 1H NMR (CDCl3, 250 MHz): d� 6.97 (d, 3J(H,H)� 9.1 Hz, 2 H; arom.
CH), 6.61 (d, 3J(H,H)� 9.1 Hz, 2 H; arom. CH), 3.47 (br s, 2 H; NH2), 2.50
(t, 3J(H,H)� 7.5 Hz, 2H; CCH2), 1.58 (q, 3J(H,H)� 7.5 Hz, 2 H;
CCH2CH2), 1.38 ± 1.22 (m, 4 H; CH2CH2CH3), 0.90 (t, 3J(H,H)� 7.5 Hz,
3H; CH3). The spectroscopic data are in agreement with the literature.[26]


Polymer-bound lactam 26 : Colourless solid; isolated amount of polymer:
36 mg, 11 mmol, 85 %. The reaction was quantitative as determined by the
1H NMR spectrum.


Enzyme-catalysed release of 4-aminobenzoic acid ethyl ester (48): Accord-
ing to the general procedure for the enzyme-initiated cleavage of anilines
from POE 6000, POE-bound 4-aminobenzoic acid ethyl ester 47 (40 mg,
11 mmol) was dissolved in methanol (3 mL) and 0.2m aqueous sodium
phosphate buffer (pH 7.0, 26 mL) and incubated with a suspension of
penicillin G acylase (4 mL, 72 mg mLÿ1, 1368 UmLÿ1) in 0.1m aqueous
potassium phosphate buffer (pH 7.5). 48 :[27] Colourless oil (1.1 mg, 7 mmol,
60%); Rf� 0.37 (ethyl acetate/hexane 1:4 v/v); 1H NMR (CDCl3,
250 MHz): d� 7.81 (d, 3J(H,H)� 9.1 Hz, 2H; arom. CH), 6.60 (d,
3J(H,H)� 9.1 Hz, 2H; arom. CH), 4.28 (q, 3J(H,H)� 6.4 Hz, 2 H; CH2),
4.01 (br s, 2H; NH2), 1.32 (t, 3J(H,H)� 6.4 Hz, 3 H; CH3); C9H11NO2


(165.2); The spectroscopic data are in agreement with the literature.[27]


POE-bound 4-iodoaniline 50 : According to the general procedure for the
synthesis of POE-bound anilides, POE-bound carboxylic acid 29 (250 mg,
74 mmol), EDC (56 mg, 292 mmol), HOBt (50 mg, 368 mmol) and 4-iodoani-
line (49, 129 mg, 589 mmol) were allowed to react in DMF (5 mL). White
solid; Isolated amount of polymer: 258 mg, 72 mmol, 97%. The reaction
was quantitative as determined by the 1H NMR spectrum. 1H NMR
(CDCl3, 500 MHz): d� 9.25 (br s, 1H; NH), 7.54 (d, 3J(H,H)� 8.6 Hz, 2H;
arom. CH), 7.40 (d, 3J(H,H)� 8.6 Hz, 2H; arom. CH); 13C NMR (CDCl3,


125.7 MHz): d� 171.98 (C�O anilide), 137.55 (2 C; arom. CH), 134.56
(CNH), 121.56 (2 C; arom. CH), 86.78 (CI); IR (KBr, drift): nÄ � 1719 (C�O,
urethane), 1675 (C�O, amide I, anilide), 1521 (C�O, amide II), 1114 cmÿ1


(CÿO); average molecular weight: 7201 gmolÿ1.


POE-bound biphenyl aniline 51: A solution of polymer-bound 4-iodoani-
line 50 (200 mg, 55 mmol), 4-methoxyphenylboronic acid (42 mg, 277 mmol)
and K3PO4 ´ 3 H2O (29 mg, 110 mmol) in DMF/H2O 10:1 (5.5 mL) was
degassed for 20 min under ultrasonication. Then [Pd(PPh3)4] (1.3 mg,
1 mmol) was added and the reaction mixture was stirred at 80 8C. After 20 h
the solvent was evaporated in vacuo, the residue was redissolved in CH2Cl2


(20 mL) and washed with water (15 mL). The aqueous layer was extracted
with CH2Cl2 (2� 20 mL), the combined organic layers were dried over
MgSO4 and the solvent was evaporated in vacuo. The residue was dissolved
in CH2Cl2 (2 mL), the polymer precipitated through slow addition of ice-
cold diethyl ether, filtered off and washed with diethyl ether (0 8C) and
ethanol (0 8C). The precipitate was redissolved in CH2Cl2 (2 mL) and the
procedure was repeated to yield a white solid. Isolated amount of polymer:
186 mg, 52 mmol, 95%. The reaction was quantitative as determined by the
1H NMR spectrum. 1H NMR (CDCl3, 500 MHz): d� 8.99 (br s, 1 H; NH),
7.65 (d, 3J(H,H)� 8.5 Hz, 2H; arom. CH), 7.48 (d, 3J(H,H)� 8.6 Hz, 2H;
arom. CH), 7.45 (d, 3J(H,H)� 8.5 Hz, 2H; arom. CH), 6.95 (d, 3J(H,H)�
8.8 Hz, 2H; arom. CH), 3.85 (s, 3H; OCH3); 13C NMR (CDCl3,


125.7 MHz): d� 171.47 (C�O anilide), 137.43 (COCH3), 136.25
(NHCCHCHCC), 133.24 (NHCCHCHCC), 133.24 (CNH), 127.75 (2C;
arom. CH), 126.87 (2 C; arom. CH), 119.92 (2C; arom. CH), 114.16 (2C;
arom. CH), 55.31 (OCH3); IR (KBr, drift): nÄ � 1718 (C�O, urethane), 1670
(C�O, amide I, anilide), 1521 (C�O, amide II), 1109 cmÿ1 (CÿO); average
molecular weight: 7161 g molÿ1.


Enzyme-catalysed release of 4'-methoxy[1,1'-biphenyl]-4-amine (52): Ac-
cording to the general procedure for the enzyme-initiated cleavage of
anilines from POE 6000, POE-bound biphenyl aniline 51 (38 mg, 10 mmol)
was dissolved in methanol (3 mL) and 0.2m aqueous sodium phosphate
buffer (pH 7.0, 26 mL) and incubated with a suspension of penicillin G
acylase (3 mL, 72 mgmLÿ1, 1368 UmLÿ1) in 0.1m aqueous potassium
phosphate buffer (pH 7.5). 52 :[28] Colourless oil (1.2 mg, 6 mmol, 57%);
Rf� 0.25 (ethyl acetate/hexane 1:4 v/v); 1H NMR (CDCl3, 250 MHz): d�
7.42 (d, 3J(H,H)� 8.2 Hz, 2H; arom. CH), 7.35 (d, 3J(H,H)� 8.2 Hz, 2H;
arom. CH), 6.91 (d, 3J(H,H)� 9.3 Hz, 2H; arom. CH), 6.72 (d, 3J(H,H)�
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9.3 Hz, 2H; arom. CH), 3.73 (s, 3H; OCH3); MS (EI, 70 eV, 50 8C): m/z
(%): 199 (100) [M]� , 184 (59); HRMS (70 eV): calcd for C13H13NO:
199.0997, found: 199.0972. The spectroscopic data are in agreement with
the literature.[28]


POE-bound enol ether 53 : A solution of polymer-bound 4-iodoaniline 50
(200 mg, 55 mmol) and triphenylarsine (3 mg, 10 mmol) in dioxane (4 mL)
was degassed for 20 min under ultrasonication. Then tributyl(1-ethoxyvi-
nyl)stannane (52 mL, 156 mmol) and [Pd2(dba)3] ´ CHCl3 (2.6 mg, 2.6 mmol)
were added and the reaction mixture was stirred 24 h at 60 8C. Then the
solution was decanted to remove a precipitate which formed during the
reaction. The polymer was precipitated through slow addition of ice-cold
diethyl ether, filtered off and washed with diethyl ether (0 8C) and ethanol
(0 8C). The precipitate was redissolved in CH2Cl2 (2 mL) and the procedure
was repeated to yield a white solid. Isolated amount of polymer: 74 mg,
21 mmol, 81%. The reaction was quantitative as determined by the 1H NMR
spectrum. 1H NMR (CDCl3, 500 MHz): d� 9.00 (br s, 1H; NH), 7.56 (d,
3J(H,H)� 8.8 Hz, 1H; arom. CH), 7.52 (d, 3J(H,H)� 8.7 Hz, 1 H; arom.
CH), 7.31 ± 7.23 (m, 2 H; arom. CH), 4.56 (d, 2J(H,H)� 2.3 Hz, 1H;
C�CH2a), 4.14 ± 4.13 (m, 1 H; C�CH2b), 3.90 (q, 3J(H,H)� 7.0 Hz, 2H;
OCH2), 1.41 (t, 3J(H,H)� 6.9 Hz, 3H; CH3); 13C NMR (CDCl3,
125.7 MHz): d� 171.34 (C�O anilide), 159.49 (C�CH2), 135.00 (CNH),
125.76 (2 C; arom. CH), 119.58 (CC�CH2), 119.00 (2C; arom. CH), 81.31
(C�CH2), 63.16 (OCH2), 14.53 (CH3); IR (KBr, drift): nÄ � 1721 (C�O,
urethane), 1667 (C�O, amide I, anilide), 1515 (C�O, amide II), 1116 cmÿ1


(CÿO); average molecular weight: 7089 gmolÿ1.


POE-bound acetophenone 54 : A solution of polymer-bound enol ether 53
(74 mg, 21 mmol) in 0.5m hydrochloric acid/THF 1:1 (10 mL) was stirred for
4 h at room temperature. Then the pH of the reaction mixture was adjusted
to pH 7 with NaHCO3 solution and the solution was extracted with CH2Cl2


(3� 20 mL). The combined organic layers were dried over MgSO4 and the
solvent was evaporated in vacuo to yield a colourless solid. Isolated amount
of polymer: 68 mg, 19 mmol, 92 %. The reaction was quantitative as
determined by the 1H NMR spectrum. 1H NMR (CDCl3, 500 MHz): d�
9.57 (br s, 1 H; NH), 7.86 (d, 3J(H,H)� 8.7 Hz, 2H; arom. CH), 7.70 (d,
3J(H,H)� 8.7 Hz, 2H; arom. CH), 2.56 (s, 3H; CH3); 13C NMR (CDCl3,
125.7 MHz): d� 196.87 (C�O ketone), 171.62 (C�O anilide), 143.20
(CNH), 132.24 (CC(O)), 127.70 (2C; arom. CH), 118.77 (2C; arom. CH),
26.30 (CH3); IR (KBr, drift): nÄ � 1712 (C�O, urethane, ketone), 1670 (C�O,
amide I, anilide), 1519 (C�O, amide II), 1116 cmÿ1 (CÿO); average
molecular weight: 7033 g molÿ1.


Enzyme-catalysed release of 4-aminoacetophenone (55): According to the
general procedure for the enzyme-initiated cleavage of anilines from
POE 6000, POE-bound acetophenone 52 (29 mg, 8 mmol) was dissolved in
methanol (3 mL) and 0.2m aqueous sodium phosphate buffer (pH 7.0, 26 mL)
and incubated with a suspension of penicillin G acylase (3 mL, 72 mgmLÿ1,
1368 UmLÿ1) in 0.1m aqueous potassium phosphate buffer (pH 7.5). The
crude product was purified by chromatography on silica gel (ethyl acetate/
hexane 1:4 v/v) to yield a colourless oil (0.7 mg, 5 mmol, 67%). 55 :[29]


Rf� 0.28 (ethyl acetate/hexane 1:4 v/v); 1H NMR (CDCl3, 250 MHz): d�
7.81 (d, 3J(H,H)� 9.1 Hz, 2H; arom. CH), 6.68 (d, 3J(H,H)� 9.1 Hz, 2H;
arom. CH), 4.13 (br s, 2 H; NH2), 2.51 (s, 3H; CH3); C8H9NO (135.2); The
spectroscopic data are in agreement with the literature.[29]
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Photochemistry of the p-Extended 9,10-Bis(1,3-dithiol-2-ylidene)-
9,10-dihydroanthracene System: Generation and Characterisation of the
Radical Cation, Dication, and Derived Products**


Allison E. Jones,[a] Christian A. Christensen,[a] Dmitrii F. Perepichka,[a]


Andrei S. Batsanov,[a] Andrew Beeby,*[a] Paul J. Low,*[a] Martin R. Bryce,*[a] and
Anthony W. Parker[b]


Abstract: Flash photolysis of bis[4,5-
di(methylsulfanyl)1,3-dithiol-2-ylidene]-
9,10-dihydroanthracene (1) in chloro-
form leads to formation of the transient
radical cation species 1.� which has a
diagnostic broad absorption band at
lmax� 650 nm. This band decays to half
its original intensity over a period of
about 80 ms. Species 1.� has also been
characterised by resonance Raman spec-
troscopy. In degassed solution 1.� dis-


proportionates to give the dication 12�,
whereas in aerated solutions the photo-
degradation product is the 10-[4,5-di-
(methylsulfanyl)1,3-dithiol-2-ylidene]an-
thracene-9(10 H)one (2). The dication
12� has been characterised by a spec-


troelectrochemical study [lmax


(CH2Cl2)� 377, 392, 419, 479 nm] and
by an X-ray crystal structure of the salt
12�(ClO4


ÿ)2, which was obtained by
electrocrystallisation. The planar an-
thracene and 1,3-dithiolium rings in the
dication form a dihedral angle of 77.28 ;
this conformation is strikingly different
from the saddle-shaped structure of
neutral 1 reported previously.


Keywords: dithioles ´ electrochem-
istry ´ photolysis ´ radical ions ´
structure elucidation


Introduction


Tetrathiafulvalene (TTF) is a famous p-electron donor
molecule which undergoes two reversible one-electron waves
to afford the radical cation and dication species,[1] with a gain
in heteroaromaticity upon formation of the 1,3-dithiolium
cation.[2] Considerable attention has been directed to related
bis(1,3-dithiole) systems where p-conjugation is extended
between the dithiole rings by the insertion of vinylogous[3] and
quinonoid[4] spacer units; this leads to reduced intramolecular
Coulombic repulsion in the oxidised states.[5] Derivatives of
the 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene


system are particularly interesting in this context as they
have a single, quasi-reversible, two-electron oxidation wave
that yields a thermodynamically stable dication, for example,
for 1,[6] Eox��0.55 V (in MeCN vs. Ag/AgCl) in the cyclic
voltammogram.[7] The X-ray crystal structure of 1[6] and
several derivatives[8] have shown that a remarkable conforma-
tional change accompanies oxidation to the dication. Whereas
the neutral molecules are saddle-shaped,[6, 8] with the central
ring of the anthracenediylidene moiety in a boat conforma-
tion, the dications have a planar anthracene system with the
1,3-dithiolium cations almost orthogonal to this plane.[7b, 9]


Theoretical calculations support the crystallographic data:
steric hindrance between the sulfur atoms and the peri
hydrogen atoms dictates the conformation of the neutral
species whilst, in the dication, there is aromatisation of both
the dithiolium rings and the anthracene core.[10] Calculations
also suggest that the radical cation largely retains the saddle
conformation of the neutral species, thereby restricting any
potential gain in aromaticity at this redox stage; this is in
accord with the electrochemical data.[10] The strong electron-
donor ability of the title ring system has led to its use as a
component of intermolecular[7b, 9] and intramolecular[11]


charge-transfer systems.
The aim of the present work was to explore the photolytic


generation of the elusive p-radical cation species 1.� . Herein
we report the characterisation of 1.� by UV/Vis and Raman
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spectroscopy, and we identify its decomposition products,
namely, the dication 12� and the ketone 2. The spectroelec-
trochemistry of 1 and the X-ray crystal structure of the
electrocrystallised salt 12�(ClO4


ÿ)2 obtained during the course
of this study are also discussed. While our work was in
progress, Guldi et al. reported that 1.� can be generated by
pulse radiolysis of 1 in oxygenated CH2Cl2 solution. Species
1.� , generated in this way, was characterised by an absorption
at lmax� 675 nm[11d, 12] and was stable over several hundred ms
with no significant decay on the pulse radiolytic timescale
(i.e., 1 ms).[12]


Results and Discussion


Spectroelectrochemistry of compound 1: In order to obtain a
reference spectrum of the dication 12�, a UV/Vis spectroelec-
trochemical study was undertaken. Previous electrochemical
studies[7] have demonstrated that derivatives of 1 undergo a
two-electron oxidation to yield the corresponding dication
12�. Electrolysis of 1 in dichloromethane was performed in an
optically transparent thin-layer electrode (OTTLE) cell.
Complete electrolysis of the sample within the thin-layer
region was achieved, as indicated by the vanishingly small
currents which flowed through the cell and the observation
of identical absorption profiles at applied potentials of 0.65,
0.75 and 0.85 V. Reduction in situ, which led to the recovery
of the initial spectrum, confirmed the full reversibility of
the redox system under these conditions. The compiled
spectra (Figure 1) also contain clean isosbestic points
marking the conversion of the neutral to the dicationic
species.


The spectrum of the neutral species 1 consists of two strong
bands at lmax� 366 and 435 nm. During electrolysis these
collapse giving way to bands ascribed to the species 12� at
lmax� 377, 392 and 419 nm, and a broad band which tails into
the visible portion of the spectrum with lmax� 479 nm.


Figure 1. Spectroelectrochemistry of compound 1 in dichloromethane.
(For conditions see the Experimental Section).


Neither neutral 1 nor the electrolytically generated dication
gives rise to any significant absorption between 650 ± 1000 nm.
The spectrum of 12� obtained by this in situ electrochemical
method was identical to that obtained by the dissolution in
acetonitrile of an authentic sample of 12�(ClO4


ÿ)2 (obtained
by electrocrystallisation, see below).


Steady state photolysis of compound 1: Irradiation of 1 in
aerated chloroform by using the output of a Xe lamp (lex�
320 ± 600 nm) brought about a marked change in the UV/Vis
absorption spectrum of the solution, as illustrated in Figure 2.


Figure 2. UV/Vis spectrum of 1 in aerated chloroform, irradiated by the
filtered output of a Xe lamp (320 ± 650 nm).


The photoproduct from this reaction was isolated and its UV/
Vis and fluorescence spectra are shown in Figure 3. This
product is unambiguously identified as the ketone 2 on the
basis that its melting point, TLC behaviour, mass spectrum
and 1H NMR and UV/Vis spectra were identical with an
authentic sample synthesised from anthrone.[6] Significantly,
the UV/Vis spectrum of 2 is markedly different from that of
the dication 12�. Irradiation of 1 in degassed chloroform
resulted in a change in the UV/Vis spectrum, consistent with
the formation of the dication 12� (Figure 4). There was no
evidence for the formation of ketone 2 under these conditions.
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Figure 3. UV/Vis absorption (left) and corrected fluorescence emission
spectrum (right) of 2 in chloroform solution. An excitation wavelength of
460 nm was used for recording the emission spectrum.


Figure 4. UV/Vis spectrum of 1 in degassed chloroform, irradiated by the
filtered output of a Xe lamp (320 ± 600 nm).


In an attempt to elucidate the mechanism of the formation
of 2, we investigated the role of singlet oxygen. Time-resolved
near-IR luminescence experiments[13] showed no evidence for
the production of singlet oxygen, fD< 0.001, by 1, 2 or
12�(ClO4


ÿ)2 in acetonitrile. However, we did observe that in
toluene solution, 1 rapidly quenches the singlet oxygen
produced by an added photosensitiser (zinc tetraphenylpor-
phyrin) and rapidly degrades to form 2 with a rate constant of
2.9� 0.1� 107 molÿ1 dm3 sÿ1.


Time-resolved studies : Flash photolysis of 1 in degassed
chloroform revealed a transient species with an absorption
band at lmax� 650 nm upon excitation at 355, 308 or 266 nm
(Figure 5). This spectrum is consistent with that obtained by
Guldi et al. for 1.� generated by pulse radiolysis of 1 in
oxygenated dichloromethane.[12] This transient absorption
decays as a nonexponential function (Figure 6); the signal-
to-noise ratio obtained during the course of the experiments
did not allow us to differentiate between a double exponential
and a second-order decay. Under the conditions used, the
transient absorption decayed to half its initial intensity over a
period of about 80 ms and the decay was not significantly
affected by aeration of the solution. This indicates that the
transient species is unlikely to be an excited (triplet)
electronic state of the parent 1. The same species was also


Figure 5. Transient absorption spectrum obtained upon 266 nm irradiation
of 1 in degassed chloroform.


Figure 6. Transient absorption band at 630 nm produced upon irradiation
of a degassed solution of 1 in chloroform. The decay is nonexponential and
has a trend line added as a guide: lprobe� 630 nm.


observed in dichloromethane, but could not be observed when
propionitrile or tetrahydrofuran was used as solvent. Based on
our observations, we propose that the transient absorption
arises from the radical cation 1.� , formed by a monophotonic
photoionisation of the neutral 1. The halogenated solvents
play an important role by acting as a sink for the ejected
photoelectrons according to the mechanism in Equation (1):


CHnCl4ÿn � eÿ!CHnCl3ÿn
. � Clÿ (1)


In aerated solutions, the halomethyl radicals may further
oxidise to form CHnCl3ÿnO2


. . However, the suggestion that
this peroxyhalomethyl radical can oxidise 1 to 1.� , as
suggested by Guldi et al,[12] is in doubt, since we observe no
evidence for the enhancement of the transient bands in
aerated solutions. We suggest that ketone 2 is most likely
formed by reaction of 12� with either a peroxyhalomethyl
radical or molecular oxygen. Attempts to determine the
quantum yield of radical ion formation were prevented due to
the photodecomposition of the samples during the course of
the measurements.


Raman spectroscopy: The Raman spectrum of compound 1
(Figure 7) is dominated by three intense bands at 1500, 1525
and 1575 cmÿ1; this profile has similarities to the nonresonant
Raman spectrum of anthracene.[14] These bands were assigned
to phenyl C�C stretching modes. Photolytic formation of the
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Figure 7. Ground state Raman spectrum of 1 recorded at 630 nm, and time
resolved resonance Raman spectrum of 1.� recorded by using 266 nm pump
and 630 nm probe: time delays are indicated. The spectra of 1.� are
corrected by subtracting ground state and solvent bands (probe only).


radical cation 1.� , changes the spectral profile and yields a
much richer array of bands. The highest resonant Raman band
is observed at 1560 cmÿ1. This wave number value is less than
for a typical aromatic C�C stretch and reflects a lowering of
the aromatic C�C bond order following the loss of an electron
from a bonding MO. Key points of interest are whether the
anthracene moiety of 1.� retains the folded conformation of
the neutral species[6] or is planar, and whether there is a
ªpseudo-quinoidº type structure, with the carbonÿcarbon
bonds exocyclic to C9 and C10 displaying partial double bond
character. In a recent investigation of the radical cation of an
ethylene-bridged thiophene-based oligomer, an intense band
was observed at 1411 cm ÿ1; in the neutral oligomer this is
observed at about 1430 cmÿ1. These values (in the range 1340
to 1430 cmÿ1) are typical for C�C modes in thio ring (e.g.
thiophene) systems and it is likely that the broad feature at
1390 in 1.� resembles such a stretch.[15] In resonance Raman
spectra, however, specific enhancement (Franck ± Condon,
A-term resonance enhancement) occurs for modes associated
with the particular chromophore responsible for the elec-
tronic absorption at the laser wavelength chosen. The richness
of the spectrum, as well as the intensity of the bands, probably
indicates a very delocalised chromophore system that sup-
ports a ªquinoidº-type framework. We note that theoretical
calculations by Ortí et al. also suggest that the radical cation
largely retains the saddle conformation of the neutral
species.[10] Future investigations will be directed towards
establishing this.


Attempts to probe the formation of 12� by using a pump/
probe combination of 266/514 nm, respectively, failed to yield
Raman spectra, due to fluorescence from the samples.
However, it was found that the intensity of the fluorescence
signal increased with the delay time between the pump and
probe pulses. Furthermore, the spectral profile of this
fluorescence (lmax� 680 nm) was clearly characteristic of the
dication 12�, as shown by comparison with an in situ electro-
chemically generated sample. The fluorescence from ketone 2
is much more intense and emits at a shorter wavelength
(lmax� 630 nm). This observation is consistent with the dispro-
portionation of the radical cation according to Equation (2):


1.� � 1.�! 1 � 12� (2)


Thus, the nonfluorescent radical cation, which is formed
immediately upon irradiation by the 266 nm pump pulse,
forms the fluorescent dication 12� in degassed solution, this
process occurring over a period of tens of microseconds. In
contrast, in aerated solution, ketone 2 is the major product,
with only traces of 12� detected.


X-ray crystal structure of 12�(ClO4
ÿ)2 : To establish the


structure of the electrochemically generated product beyond
doubt, X-ray structural analysis was performed on crystals
that grew on the anode during the electrolysis of 1 in
dichloromethane in the presence of tetrabutylammonium
perchlorate. The X-ray data confirmed that 1 is oxidised to the
dication under these conditions. In the crystal structure of
12�(ClO4


ÿ)2, the anion occupies a general position, while the
dication has crystallographic Ci symmetry (Figure 8). The


Figure 8. Molecular structure of 12�(ClO4
ÿ)2 showing 50 % thermal


ellipsoids. Primed atoms are generated by the inversion centre.


anthracene moiety is planar and has essentially the geometry
of the anthracene molecule,[16] that is, it is fully aromatic. The
1,3-dithiolium rings are also planar and display stronger p-
conjugation than in the neutral molecule 1. The CÿS bonds in
the dication (ªinnerº S1ÿC8 1.695(2) and S2ÿC8 1.672(2) �;
ªouterº S1ÿC9 1.734(2) and S2ÿC10 1.708(2) �) are con-
tracted compared with neutral 1[6] with averages 1.767(4) and
1.759(5) � for the ªinnerº and ªouterº CÿS bonds, respec-
tively, while the C9ÿC10 bond is lengthened from 1.334(7) �
in 1 to 1.375(3) � in 12�(ClO4


ÿ)2. The anthracene and
dithiolium systems form a dihedral angle of 77.28 and are
linked through an essentially single bond: C7ÿC8 1.490(3) �.
The methylsulfanyl substituents have different conforma-
tions: the S3ÿC11 bond is coplanar with the dithiolium ring,
while the S4ÿC12 bond makes an angle of 808 with this plane.
The in-plane group is conjugated with the ring, as shown by
the difference in the bond lengths C9ÿS3 1.732(2) and C10ÿS4
1.760(2) �. The crystal packing of 12�(ClO4


ÿ)2 is shown in
Figure 9. Interactions of the S1 atom with two perchlorate
anions can explain the weakening of the S1ÿC bonds in the
dithiolium ring compared with the S2ÿC bonds. There are no
S ´´ ´ S contacts significantly shorter than twice the van der
Waals radius of S (3.68 �).[17]


Conclusion


The work described above has provided conclusive evidence
for the existence of the elusive, transient radical cation 1.�


formed by photoionisation of the neutral system 1 in
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chlorinated hydrocarbon solutions. This radical cation has
been characterised by transient absorption and resonance
Raman spectroscopy. In degassed solution, this species
appears to disproportionate to give the dication 12�, which
has been characterised by spectroelectrochemical techniques;
its X-ray crystal structure has also been determined. Photol-
ysis of aerated solutions of 1 also lead to formation of the
radical cation, but the photodegradation product observed in
these solutions is ketone 2. The mechanism of the formation
of 2 remains uncertain. Only traces of the dication 12� are
detected in aerated solutions.


Experimental Section


General details : Spectroelectrochemical data were recorded for compound
1 (0.35 mm) in CH2Cl2 with NBu4PF6 (0.1m) as supporting electrolyte, a Pt
gauze working electrode and Pt wire counter and reference electrodes, on a
Varian Cary 5 spectrophotometer between 300 ± 1000 nm at ambient
temperature. Spectra were corrected for background absorption arising
from the cell, the electrolyte and the working electrode. The OTTLE cell
used a Pt gauze working electrode, Pt wire counter electrode and pseudo
reference electrodes. The solutions were analysed in situ. The working
electrode was held at a potential at which no electrochemical work was
being done in the cell and the spectrum of neutral 1 was recorded. The
potential was then increased in 50 ± 100 mV increments and held until
equilibrium had been obtained, as evidenced by a sharp drop in cell
current. The cell was based upon that described elsewhere,[18] and was
driven by a home-built potentiostat. For time-resolved resonance Raman
spectroscopy the pump laser pulse (266 nm, 5 ns pulse width) was produced
from the quadrupled output of a Spectra-Physics GCR-11. The probe pulse
was generated from a Lumonics Pulsemaster PM-800 excimer (XeCl,
308 nm, 15 ns pulse width) pumping a Lambda-Physik FL3002 dye laser by
using Rhodamine 101 dye to produce 630 nm light. Synchronisation of the
two lasers was better than �5 ns. Pulse energies at the sample were about
0.5 to 1 mJ per pulse for both lasers which ran at 10 Hz. Raman spectra
were obtained by using a 908 collection geometry with the liquid sample
passed through a capillary (2 mm internal diameter) held perpendicular to
the spectrograph collection optics and entrance slit. For in situ electro-
chemical generation, a Pt gauze working electrode and Pt wire counter- and
pseudo-reference electrodes were inserted at each end of the capillary. The
spectrograph was an Acton Research Corporation Spectra-Pro 500. Ray-
leigh scattered light was prevented from entering the spectrograph by using
a holographic notch filter (Kaiser). Light was detected by a thinned, back-
illuminated liquid nitrogen charge-coupled device camera (Princeton
Instruments LN/CCD-1024 TKB) which was controlled by a PC and the


manufacturer�s supplied software. Typical accumulation times were 200 s.
Raman spectra were accurate to 5 cmÿ1 and were calibrated by using
literature values for toluene.[14]


Preparation of 12�(ClO4
ÿ)2 : Dry tetrabutylammonium perchlorate (50 mg)


was added to each chamber of a glass electrocrystallisation cell, in which
the two chambers were separated by a glass frit, and the cell was flushed
with argon. A solution of compound 1[6] (5 mg) in dry degassed dichloro-
methane (7 mL) was placed in the anodic chamber. Dry degassed
dichloromethane (7 mL) was placed in the cathodic chamber. The platinum
electrodes were mounted, sealing the solutions from the atmosphere. A
potential of 1.0 V was applied, which provided an initial current of 2.0 mA.
The cell was stored in the dark for 2 days at 20 8C, during which time the
current dropped to 0.5 mA and red blade-shaped crystals of 12�(ClO4


ÿ)2 up
to 5 mm in length grew on the anode. The crystals were harvested and
washed with dry dichloromethane. 1H NMR ((CD3)2SO): d� 8.12 (m, 4H),
7.81 (m, 4 H), 3.00 (s, 12H).


Photolysis of 1. A solution of 1 in degassed chloroform sparged with
nitrogen was irradiated for 1 h by the output of a Xe lamp, which had been
filtered through aqueous copper sulfate solution (lex� 320 ± 600 nm). The
solution was then stored at 0 8C for 7 days. Red needles of the salt
12�(X2ÿ/n)n (probably X�Cl) were collected by filtration and washed with
chloroform. The UV/Vis and 1H NMR spectra of this product were
identical with those of electrocrystallised 12�(ClO4


ÿ)2.
A solution of 1, irradiated in aerated chloroform under the same conditions
as those described above, was evaporated in vacuo and chromatographed
on a silica gel column by eluting with chloroform. The first yellow fraction
consisted of unreacted compound 1; this was followed by a red fraction
which yielded compound 2 on evaporation. The TLC, m.p., MS, UV/Vis
and 1H NMR spectra were identical with those of authentic 2.[6]


X-ray crystallography : The X-ray diffraction experiment was carried out on
a SMART 3-circle diffractometer with a 1 K CCD area detector by using
graphite-monochromated MoKa


radiation (lÅ� 0.71073 �) and a Cryo-
stream (Oxford Cryosystems) open-flow N2 gas cryostat. The full sphere of
the reciprocal space was covered by a combination of five sets of w scans;
each set at different f and/or 2q angles. Reflection intensities were
integrated by using the SAINT program[19] and corrected for absorption by
a semi-empirical method (comparison of Laue equivalents), with the
SADABS program.[20] The structures were solved by direct methods and
refined by full-matrix least squares against F 2 of all data by using
SHELXTL software.[21]


Crystal data : C24H20S8
2�(ClO4


ÿ)2, MR� 763.78, T� 103 K, monoclinic,
space group P21/c (No. 14), a� 16.206(1), b� 7.798(1), c� 12.819(1) �,
b� 112.09(1)8, U� 1501.1(2) �3, Z� 2, m� 0.82 mmÿ1, 15578 reflections
(2q� 558) of which 3450 unique, Rint� 0.039, 196 refined parameters, R�
0.031 [2888 data with F 2�s(F 2)], wR(F 2)� 0.076. Crystallographic data
(excluding structure factors) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
148475. Copies of the data can be obtained free of charge on application to


Figure 9. Crystal packing of 12�(ClO4
ÿ)2. Shortest intermolecular contacts (in �): S ´´ ´ O i� 3.335(2), ii� 3.205(2), iii� 3.277(2), iv� 3.157(2); S ´´ ´ S


v� 3.655(1); S ´´ ´ C vi� 3.450(2).
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Dendritic Biomimicry: Microenvironmental Hydrogen-Bonding Effects on
Tryptophan Fluorescence


SteÂphanie Koenig, Lars Müller, and David K. Smith*[a]


Abstract: Two series of dendritically
modified tryptophan derivatives have
been synthesised and their emission
spectra measured in a range of different
solvents. This paper presents the syn-
theses of these novel dendritic structures
and discusses their emission spectra in
terms of both solvent and dendritic
effects. In the first series of dendrimers,
the NH group of the indole ring is
available for hydrogen bonding, whilst
in the second series, the indole NH
group has been converted to NMe.
Direct comparison of the emission
wavelengths of analogous NH and
NMe derivatives indicates the impor-
tance of the Kamlet ± Taft solvent b


parameter, which reflects the ability of
the solvent to accept a hydrogen bond
from the NH group, an effect not
possible for the NMe series of dendrim-
ers. For the NH dendrimers, the attach-
ment of a dendritic shell to the trypto-
phan subunit leads to a red shift in
emission wavelength. This dendritic ef-
fect only operates in non-hydrogen-
bonding solvents. For the NMe dendri-
mers, however, the attachment of a
dendritic shell has no effect on the


emission spectra of the indole ring. This
proves the importance of hydrogen
bonding between the branched shell
and the indole NH group in causing
the dendritic effect. This is the first time
a dendritic effect has been unambigu-
ously assigned to individual hydrogen-
bonding interactions and indicates that
such intramolecular interactions are im-
portant in dendrimers, just as they are in
proteins. Furthermore, this paper sheds
light on the use of tryptophan residues
as a probe of the microenvironment
within proteinsÐin particular, it stresses
the importance of hydrogen bonds
formed by the indole NH group.


Keywords: dendrimers ´ fluores-
cence spectroscopy ´ hydrogen
bonds ´ solvent effects ´ tryptophan


Introduction


Tryptophan is undoubtedly the most important source of
emission in proteins and, as such, it is commonly used by
biological chemists because it offers an intrinsic fluorescent
probe of protein conformation and dynamics. Indeed, the
wavelength of tryptophan emission is highly sensitive to
microenvironmental conditions, and has consequently been
extensively used as a probe of the local environment within a
protein.[1] It is most commonly recognised that the polarity of
this local environment plays the major role in governing the
tryptophan emission wavelength.[2] Given the extensive bio-
logical interest in the optical properties of tryptophan, and the
degree of debate surrounding its emission behaviour,[3] it was
of great interest to us to create a new synthetic environment
for tryptophan and investigate these microenvironmental
effects on its optical properties.


It has recently been proposed that branched macromole-
cules (dendrimers)[4] possess a unique microenvironment
within their structures which can mimic some aspects of the


active site of enzymes.[5] For example, in 1993, FreÂchet and co-
workers published a key paper in which they illustrated that
the polarity of aromatic-ether dendritic branching could
modulate the absorption wavelength of a covalently attached
solvatochromic probe (a p-nitroaniline derivative) through
the generation of a dendritic microenvironment.[6] In partic-
ular, they demonstrated the dependence of this dendritic
effect on the Kamlet ± Taft solvent polarity parameter, p*,
which can be used to correlate the behaviour of p-nitroaniline
derivatives in different solvents. Biologically important frag-
ments have also been encapsulated within dendritic shells. For
example, Diederich and co-workers reported that the redox
potentials of zinc(ii) or iron(iii) porphyrins were modified by
the presence of amide-ether dendritic branching,[7] whilst
interestingly, FreÂchet and co-workers reported that aromatic-
ether branches had no dendritic effect on potential.[8] It
therefore seems clear that the precise nature of the dendritic
branching plays an important role in property modificationÐ
an observation which has been further verified by the
dendritic encapsulation of ferrocene.[9] There have been a
considerable number of other investigations of ªdendritic
effectsº in which a functional core is encapsulated within the
branching.[10±13] In such studies, it is of key importance to
unambiguously prove the mechanism through which the


[a] Dr. D. K. Smith, S. Koenig, L. Müller
Department of Chemistry, University of York
Heslington, York, YO10 5DD (UK)
E-mail : dks3@york.ac.uk
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dendritic effect operatesÐa goal which cannot always be
achieved.


We therefore initiated a research program targeting the
dendritic encapsulation of tryptophan. In this way we could
shed new light both on the use of tryptophan as a probe of
biological microenvironments and on the ability of a dendritic
shell to generate a unique microenvironment within its
superstructure. We recently communicated the effect of
dendritic encapsulation on tryptophan.[14] It was observed
that only in non-hydrogen-bonding solvents did the amide-
ether dendritic shell alter the emission wavelength of the
indole ring. It was proposed that a hydrogen bonding
interaction between the dendritic branch and the indole NH
group was responsible for this dendritic effect. Such hydrogen
bonds to indoles have been previously reported to modulate
emission spectra.[15]


In this full paper we significantly expand the scope of these
dendritic biological model systems through an investigation of
encapsulated tryptophan derivatives in which the indole NH
group has been converted to NMe. This new set of results has
allowed us to unambiguously determine the role of hydrogen
bonding in the dendritic effect and sheds additional light on
the importance of hydrogen bonds in tuning tryptophan
emission in the biological environment.


Results and Discussion


Synthesis and characterisation : Target molecules G0(NH),
G1(NH) and G2(NH) were synthesised by a convergent
coupling strategy as shown in Scheme 1, in which commer-
cially available N-tert-butoxycarbonyl-protected l-tryptophan
(1) was coupled with tBuNH2 (2) or preformed dendritic
branches of first (3) or second (4) generation respectively. The


dendritic branches were synthesised according to the method-
ology previously reported by Newkome and co-workers and
subsequently modified by Diederich et al.[16] Coupling of the
branching to the tryptophan subunit was achieved by using
1,3-dicyclohexylcarbodiimide/1-hydroxybenzotriazole (DCC/
HOBt) in CH2Cl2 with Et3N as base. For the synthesis, an
excess of Boc-protected tryptophan was employed in order to
ensure complete reaction of the dendritic branches, enabling
easy purification of the desired products by gel permeation
chromatography (GPC) (Biobeads SX-1, CH2Cl2).


For the synthesis of G0(NMe), G1(NMe) and G2(NMe) it
was first necessary to protect commercially available 1-meth-
yl-l-tryptophan (5) with Boc. This was achieved by using a
modification of the published methodology of Levy et al.: by
protecting with Boc2O in DMF and purifying the product (6)
by precipitation from EtOAc/hexane (58 % yield)
(Scheme 1).[17] As before, the coupling of compound 6 with
dendritic branches was achieved by using DCC/HOBt with
Et3N as base, although with dry THF as solvent (Scheme 1).
These reactions provided products in moderate yield (30 ±
50 %) after purification by SiO2 column chromatography
(G0(NMe), G1(NMe)) or GPC (G2(NMe)). It was necessary
to add several portions of the coupling reagents during the
reaction in order to maximise the yield.


All products were fully characterised by 1H and 13C NMR,
IR and mass spectrometry (electrospray, high resolution FAB/
CI), TLC and/or analytical GPC. Interestingly, compound 6
exhibited broadened splitting in the NMR spectrum at
ambient temperature. It is well known that Boc carbamates
can exist in two different conformationsÐsyn and anti, with
the anti conformer being more stable by about 1 kcal molÿ1.[18]


It has, however, been reported that the presence of carboxylic
acid groups (as in compound 6) can favour the normally
unobserved syn conformer as a consequence of hydrogen
bond interactions with the C�O and NH groups of the


Scheme 1. Synthesis of two series of dendritically modified tryptophan derivatives: Gn(NH) and Gn(NMe). a) Boc2O, Et3N, DMF, 58%; b) (R�H)
tBuNH2, DCC, HOBt, Et3N, CH2Cl2, 80 %; (R�Me) tBuNH2, DCC, HOBt, Et3N, THF, 33 %; c) (R�H) First generation dendritic branch 3, DCC, HOBt,
Et3N, CH2Cl2, 54%; (R�Me) First generation dendritic branch 3, DCC, HOBt, Et3N, THF, 46%; d) (R�H) Second generation dendritic branch 4, DCC,
HOBt, Et3N, CH2Cl2, 53 %; (R�Me) Second generation dendritic branch 4, DCC, HOBt, Et3N, THF, 32%.
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carbamate.[19] This stabilisation of the syn conformer and
conformational freezing was shown to be operating for
compound 6 through temperature dependent 1H NMR spec-
trometry in CDCl3. At 253 K, sharp split peaks were
observed: for example two CH3 peaks at d� 1.09 and 1.57
(respective relative intensities 40:60 syn/anti). At 300 K these
peaks were broadened and shifted towards one another,
whilst at 323 K, a single time-averaged peak at d� 1.40 was
observed.


The NMR spectra of G2(NH) and G2(NMe) were also
unclear in CDCl3 solution, possibly as a consequence of
conformational effects due to the steric hindrance provided by
the branching, or extensive hydrogen bonding. G2(NH) gave
a sharp spectrum in deuterated acetone, while the spectrum of
G2(NMe) was improved in deuterated methanol (although
still showed some broadening).


Emission Spectroscopy


General introduction : The emission of the novel dendritic
tryptophan derivatives was measured after excitation at
290 nm, in a range of different solvents (Tables 1 and 2).


The emission spectra of the Gn(NH) series of dendrimers
were measured at a concentration of 1� 10ÿ4m, while those of
the Gn(NMe) series of dendrimers had to be measured at a
lower concentration (5� 10ÿ6m) as a consequence of their
generally higher emission intensities (see comment about
quenching below). Control experiments were performed to
ensure that changing the concentration in this way between
the two series did not significantly alter the fluorescence data
(see below).


Comparison of G0(NH) and G0(NMe): Before considering
the dendritic tryptophan derivatives, the data for G0(NH) and
G0(NMe) was fully analysed in order to obtain as much
information as possible about the emission of simple non-
dendritic tryptophan in a variety of solvent environments.
Whereas FreÂchet and co-workers correlated the emission of
their solvatochromic probe with p*,[6] we found no simple
relationship between lmax and p* alone, neither for G0(NH)
nor G0(NMe). Indeed, for G0(NH), instead of a straight line
correlation (Figure 1), three groups of points were clearly


Figure 1. Attempted correlation of the emission wavelengths of G0(NH)
with the Kamlet ± Taft polarity parameter, p*. Points: 1: cyclohexane, 2:
benzene, 3: CH2Cl2, 4: EtOAc, 5: THF, 6: CH3CN, 7: iPrOH, 8: MeOH.


visible: the one corresponding to primarily non-hydrogen
bonding solvents (cyclohexane, benzene, CH2Cl2: points 1, 2
and 3) is the least red shifted, that corresponding to hydrogen
bond acceptors (EtOAc, THF, MeCN: points 4, 5 and 6) is
more red shifted and finally, that corresponding to hydrogen
bond donor and acceptor solvents (iPrOH, MeOH: points 7
and 8) is most strongly red-shifted. This result indicates that,
in addition to p*, the a and b parameters of the solvent also
play an important role in controlling the emission wave-
length.[20] These parameters correspond to the ability of the
solvent to donate and accept hydrogen bonds, respectively
(Table 3). This behaviour, with emission dependent on p*, a


and b, would be theoretically expected for an indole ring as
explained below:[21]


a) It is well known that the excited and ground states of
indoles have different dipole moments[22]Ðhence there is
some dependence of the energy gap between them (i.e.,
emission wavelength) on p*.


Table 1. Emissive wavelengths for G0(NH), G1(NH) and G2(NH) meas-
ured in a range of solvents. All wavelengths are �0.5 nm. [Tryptophan
derivative]� 1� 10ÿ4m unless stated otherwise.


Solvents G0(NH) G1(NH) G2(NH) Dendritic
lmax [nm] lmax [nm] lmax [nm] effect [nm][a]


non-hydrogen bonding
cyclohexane 321.5 326.5[b] 332[c] 10.5
benzene 330 331 333.5 3.5
dichloromethane 332.5 333.5 335.5 3.0
hydrogen-bond acceptors
ethyl acetate 332 332.5 333.5 1.5
tetrahydrofuran 332.5 333 333 0.5
acetonitrile 337.5 337 338 0.5
hydrogen-bond donors and acceptors
iso-propanol 340.5 340 339 ÿ 1.5
methanol 343.5 343 342.25 ÿ 1.25


[a] lmax(G2(NH))ÿ lmax(G0(NH)). [b] [Tryptophan derivative]� 5�
10ÿ5m. [c] [Tryptophan derivative]� 2� 10ÿ5m


Table 2. Emissive wavelengths for G0(NMe), G1(NMe) and G2(NMe)
measured in a range of solvents. All wavelengths are�0.5 nm. [Tryptophan
derivative]� 5� 10ÿ6m unless stated otherwise.


Solvents G0(NMe) G1(NMe) G2(NMe) Dendritic
lmax [nm] lmax [nm] lmax [nm] effect [nm][a]


non-hydrogen bonding
cyclohexane 326 327 324[b] ÿ 2.0
benzene 336.5 335 335.5 ÿ 1.0
dichloromethane 339 339 338 ÿ 1.0
dichloromethane[c] 340 340 339 ÿ 1.0
hydrogen-bond acceptors
ethyl acetate 336.5 335.75 337.5 1.0
tetrahydrofuran 335.25 335 336 0.75
acetonitrile 343.25 342.5 343 ÿ 0.25
hydrogen-bond donors and acceptors
iso-propanol 340.75 340 339.25 ÿ 1.5
methanol 344.5 343.75 343.5 ÿ 1.0


[a] lmax(G2(NMe))ÿ lmax(G0(NMe)). [b] [Tryptophan derivative]� 2�
10ÿ6m. [c] [Tryptophan derivative]� 1� 10ÿ4m.
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b) If the solvent is a proton acceptor, it can bind to the NH
group of the indole ring through the formation of a
hydrogen bond.[23, 24] This interaction is dependent on the b


value of the solvent.
c) If the solvent is a proton donor, it can interact with the p-


cloud of the aromatic ring. This interaction has been found
to be surprisingly strong[21] and is dependent on the a value
of the solvent.[25]


For the emission of methylated G0(NMe), however (Fig-
ure 2), it can be observed that the hydrogen bond acceptor
solvents (EtOAc, THFÐpoints 4 and 5, respectively) appear


Figure 2. Attempted correlation of the emission wavelengths of G0(NMe)
with the Kamlet ± Taft polarity parameter p*. Points: 1: cyclohexane, 2:
benzene, 3: CH2Cl2, 4: EtOAc, 5: THF, 6: CH3CN, 7 iPrOH, 8: MeOH.


to come into correlation with the non-hydrogen bonding
solvents (points 1, 2 and 3). This is interesting because it
indicates that the variation in b value is no longer important.
This can be rationalised thus: the NH group has been blocked
by NMe and is therefore not available for forming hydrogen
bond interactions with the solvent. This is a significant result
because it illustrates that blocking the 1-position of trypto-
phan does indeed have a significant effect on the emissive
behaviour of the moleculeÐan observation contradictory to
some previous reports,[3a, b] but in good agreement with
others.[15] From the red shift of iPrOH and MeOH we can


deduce that the effect of the a value is still important. It is
noted that the point for CH3CN (point 6) appears somewhat
anomalous, but this solvent has a nonzero a value. In addition,
it has been postulated that CH3CN can become involved in an
electron transfer reaction with the excited state of indoles.[26]


In a recent study of the fluorescent behaviour of b-
naphthol, Solntsev et al. compared the emissive properties
of the title compound and its methylated analogue in order to
determine the importance of specific hydrogen bonding
effects.[27] They observed that the difference between the
emissive wavelengths of ÿOMe and ÿOH compounds was
dependent only on the solvent b parameter, as p* and a


effects were equivalent for both molecules. We therefore
attempted to correlate the difference between the emissive
wavelengths of G0(NH) and G0(NMe) with b (Figure 3).
Although a perfect correlation was not obtained, the general


Figure 3. Attempted correlation plot between lmax(G0(NMe))ÿ
lmax(G0(NH)) and the Kamlet ± Taft solvent parameter b, which reflects
the ability of the solvent to accept a hydrogen bond. Points: 1: cyclohexane,
2: benzene, 3: CH2Cl2, 4: EtOAc, 5: THF, 6: CH3CN, 7: iPrOH, 8: MeOH.


trend indicated that the difference in behaviour between the
two tryptophan derivatives does primarily depend on b (and
presumably also to a lesser extent on a and p*Ðhence
nonlinearity). As a consequence, this result further proves
that the hydrogen bond between the indole NH group and the
hydrogen bond acceptor solvent has a very significant
influence on the emissive behaviour of tryptophan.


Fluorescence of the branched tryptophansÐThe dendritic
effect : With the knowledge gained above, it was possible to
analyse the emission wavelength data for the branched
tryptophan derivatives and come to meaningful conclusions
about the origin of any dendritic effects.


Considering first the Gn(NH) series of dendrimers: in
certain solvents, lmax was shifted strongly to the red on going
from G0(NH) to G2(NH) (Table 1). This is a clear dendritic
effect. It is noteworthy that the shift in wavelength is most
marked in non-hydrogen bonding solvents, which have low b


values (cyclohexane, benzene, CH2Cl2). Furthermore, if the
p* parameter is also low, this dendritic effect is larger
(cyclohexane). In solvents capable of accepting hydrogen bonds,


Table 3. Kamlet ± Taft parameters for the solvents used.[20] p* is the solvent
polarity parameter, b the ability of the solvent to accept a hydrogen bond, a


the ability of the solvent to donate a hydrogen bond. The data in brackets
are relatively less certain.


solvents p* b a


cyclohexane 0 0 0
benzene 0.59 0.10 0
dichloromethane 0.82 0 (0.30)
ethyl acetate 0.55 0.45 0
tetrahydrofuran 0.58 0.55 0
acetonitrile 0.75 0.31 0.19
iso-propanol 0.48 (0.95) 0.76
methanol 0.60 (0.62) 0.93
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however, there is only a small red-shift dendritic effect, whilst
for hydrogen-bond-acceptor and -donor solvents a small blue-
shift dendritic effect was observed. The strong dendritic effect
in solvents with low b values can be explained as a
consequence of the ability of the NH group of the indole
ring to become involved in hydrogen-bond interactions with
H-bond acceptor groups in the dendritic shell, such as C�O
(Scheme 2). As long as the b value of the solvent is low,


Scheme 2. Schematic representation of the intramolecular hydrogen
bonding microenvironment provided by the dendritic shell for G2(NH)
but not for G2(NMe).


competition from the solvent is negligible and the branches
bind to the tryptophan core through hydrogen bonding.
Further evidence for the importance of this dendritic hydro-
gen-bonding microenvironment[28] was provided by 1H NMR
spectroscopy. A shift of the resonance for the NH proton of
the indole ring was observed in CDCl3: from d� 8.10 for
G0(NH) to d� 8.60 for G1(NH) to d� 9.45 for G2(NH).


The emission spectra obtained for the Gn(NMe) series of
dendrimers confirm the assignment of the dendritic effect to
microenvironmental hydrogen bonding provided by the
dendritic branches. For this methylated series of dendrimers,
the branches have no dendritic effect on lmax (Table 2). In no
solvent was a marked dendritic effect observed, not even for
solvents with low b and p* values. In other words, the NMe


tryptophan showed the same behaviour irrespective of
whether it was encapsulated within a dendritic shell or not.
This is due to the methyl group which prevents hydrogen
bonding from occurring between the branched shell and the
indole ring (Scheme 2). This effectively proves that the
dendritic effect observed for the Gn(NH) dendrimers is
mediated through hydrogen bonding between the branching
and the NH group on the tryptophan core. It is interesting to
note that for dendrimers, as for proteins, individual hydrogen
bond interactions can therefore play crucial roles in deter-
mining behaviour and function.


In order to ensure that the lack of dendritic effect for the
methylated dendrimers was not simply a consequence of
performing the fluorescence spectroscopy at a lower concen-
tration, the emission of the Gn(NMe) dendrimers in CH2Cl2


was also monitored at 1� 10ÿ4m (the same concentration as
the Gn(NH) dendrimers). This increase in concentration
caused a small (1 nm) but consistent red shift in the emission
wavelength for all three molecules (Table 2). Notably, the
overall dendritic effect for the Gn(NMe) dendrimers re-
mained around 1 nm (compared with 3 nm for the Gn(NH)
dendrimers).


Quenching : During the investigations, some interesting
quenching effects were observed. Firstly, as mentioned above,
the Gn(NH) dendrimers emit with much lower intensity than
the Gn(NMe) dendrimers. Consequently the NH group may
play an important role in the quenching mechanismÐindeed
for hydrogen-bonding solvents this can be easily understood
by considering that these solvents can interact with the indole
ring through the NH group. Such a quenching effect mediated
by hydrogen-bond interactions has been previously reported
for indoles.[29] Secondly, for all tryptophan derivatives in
CH2Cl2, we observed a low intensity of emission which
decreased on repeated scanning. It is probable that an excited-
state reaction between indole and solvent occurs.


Conclusion


This paper proves unambiguously that, for NH tryptophan
derivatives, hydrogen bonds involving the indole NH group
play a key role in controlling its emission properties. The
importance of the Kamlet ± Taft solvent parameters, p*, a and
b in governing tryptophan emission have been clearly
illustrated. It has been shown that a dendritic shell attached
to a tryptophan derivative modulates its emission wavelength
(dendritic effect) through the formation of a hydrogen-
bonding microenvironment at the indole NH group. On
blocking this NH group, the possibility of hydrogen-bond
formation is removed and the dendritic effect is switched off.
It is interesting to speculate that by using this approach in the
future, specific supramolecular interactions will be manipu-
lated with increasing control inside the dendritic superstruc-
ture, and that the possibilities for the application of den-
drimers as protein or enzyme mimics will increase dramati-
cally.
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Experimental Section


THF was dried over Na, CH2Cl2 was dried over CaH2, and both were
freshly distilled before use. Other solvents and reagents were used as
supplied. Compounds 1, 2 and 5 were obtained from standard commercial
sources. Compounds 3 and 4 were synthesised by using literature
methods.[16] All reactions in an inert atmosphere were performed under
dried nitrogen gas. Silica column chromatography was carried out by using
silica gel provided by Fluorochem Ltd. (35 ± 70 mm). Thin layer chroma-
tography was performed on commercially available Merck aluminium
backed silica plates. Preparative gel permeation chromatography was
carried out with a 2 m glass column packed with Biobeads SX-1 supplied by
Biorad. Proton and carbon NMR spectra were recorded on a BrukerAMX-
500 (1H 500 MHz, 13C 125 MHz). Samples were recorded as solutions in
deuterated chloroform, acetone or methanol, and chemical shifts (d) are
quoted in parts per million, referenced to residual solvent. Coupling
constant values (J) are given in Hz. DEPT experiments were used to assist
in the assignment of 13C NMR spectra. Melting points were measured on
an Electrothermal IA 9100 digital melting point apparatus and are
uncorrected. Mass spectra were recorded on a Fisons Instruments VG
Analytical Autospec as electrospray spectra. Chemical ionisation and
high resolution spectra were measured on a Micromass Autospec
spectrometer. Infra-red spectra were recorded with an ATI Mattson
Genesis Series FTIR spectrometer. Emission spectroscopy was performed
by using a Shimadzu RF-1501 Spectrofluorophotometer following excita-
tion at 290 nm.


N-a-(tert-Butoxycarbonyl)-1-methyl-l-tryptophan-tert-butylamide
(G0(NH)): A solution of HOBt (0.210 g, 5.0 mmol) and DCC (0.316 g,
15.3 mmol) in CH2Cl2 (5 mL) was added dropwise to a solution of N-a-
(tert-butoxycarbonyl)-l-tryptophan (0.700 g, 23.0 mmol), tert-butylamine
(0.110 g, 15.3 mmol) and Et3N (0.256 g, 25.3 mmol) in CH2Cl2 (5 mL) at
0 8C under an inert atmosphere. The mixture was stirred for 72 hours at RT.
The solution was filtered, washed with NaHCO3 (satd. aq., 15 mL) and
water (15 mL) and dried (MgSO4). The solution was then concentrated
with a rotary evaporator to afford the crude product (0.570 g) as a yellowish
oil. Purification by column chromatography (SiO2, CH2Cl2/EtOAc 90:10)
gave a white solid. Yield: 0.442 g, 12.3 mmol, 80 % with respect to tert-
butylamine); m.p. 79.5 ± 81.0 8C; Rf� 0.47 (CH2Cl2/EtOAc 90:10); 1H NMR
(500 MHz, CDCl3): d� 8.10 (br s, 1H; indole NH), 7.63 (d, 3J(H,H)�
7.8 Hz, 1 H; ArH), 7.30 (d, 3J(H,H)� 8.1 Hz, 1 H; ArH), 7.13 (dt,
3J(H,H)� 1.0, 7.6 Hz, 1H; ArH), 7.07 (dt, 3J(H,H)� 1.0, 7.5 Hz, 1H;
ArH) 6.98 (d, 3J(H,H)� 2.0 Hz, 1 H; ArH), 5.25 (br s, 1H; NH), 5.15 (br s,
1H; NH), 4.26 (br app s, 1H; CHNH), 3.22 (m, 1H; CH2CHNH), 3.01 (m,
1H; CH2CHNH), 1.37 (s, 9 H; (CH3)3CO), 1.05 (s, 9H; (CH3)3CN);
13C NMR (125 MHz, CDCl3): d� 170.5 (C�O), 155.6 (C�O), 136.3, 127.5,
123.2, 122.4, 119.9, 119.1, 111.2 (all Ar), 79.91 ((CH3)3CO), 55.49 (CHCO)
51.09 ((CH3)3CN) 28.86 (CH2CHCO) 28.51 (CH3) 28.41 (CH3); IR (CHCl3)
nÄ � 3480m, 3424m, 3026m, 3018s, 2981m, 2934w, 1704s, 1676s, 1490s, 1457m,
1394w, 1368s, 1229s, 1167s, 1092w, 1056w, 1013w, 864w cmÿ1; MS (electro-
spray): m/z : 383 (22) [M�Na�H]� , 382 (100) [M�Na]� ; HRMS (CI)
(C20H29N3O3�H) [M�H]�: calculated 360.2287, found 360.2281.


Compound G1(NH): The method was similar to that described for
G0(NH), only compound 3 was used rather than tert-butylamine. The
product was purified by gel permeation chromatography to give a
colourless viscous oil. Yield: 54% with respect to branch 3 ; 1H NMR
(500 MHz, CDCl3): d� 8.60 (br s, 1 H; indole NH) 7.67 (d, 3J(H,H)� 7.5 Hz,
1H; ArH), 7.32 (d, 3J(H,H)� 8.0 Hz, 1 H; ArH), 7.13 (t, 3J(H,H)� 7.5 Hz,
1H; ArH), 7.09 (m, 2 H; ArH), 5.90 (br s, 1H; NH), 5.29 (br s, 1H; NH),
4.37 (br app s, 1 H; CHNH), 3.65 (s, 9H; CO2CH3), 3.60 ± 3.40 (m, 12H;
CH2O), 3.23 (m, 1H; CH2CHNH), 3.08 (m, 1 H; CH2CHNH), 2.42 (t,
3J(H,H)� 6.0 Hz, 6 H; CH2CO2Me), 1.39 (s, 9H, (CH3)3CO); 13C NMR
(125 MHz, CDCl3): d� 172.0 (COOMe), 171.3 (C�O), 155.2 (C�O), 136.1,
127.6, 123.6, 121.8, 119.3, 119.0, 111.0, 110.6 (all Ar), 79.47 ((CH3)3CO),
68.92 (CH2O), 66.61 (CH2O), 59.55 (NHC(CH2)3), 55.46 (CHCO) 51.61
(CO2(CH3)3) 34.68 (CH2CO2Me), 28.67 (CH2CHCO) 28.24 (CH3CO); IR
(neat) nÄ � 3363br s, 2954m, 2929s, 2880m, 1739s, 1682s, 1488m, 1458m,
1438s, 1368m, 1253m, 1199s, 1176s, 1112s, 1074m, 1024m, 850w, 743m, 702w
cmÿ1; MS (electrospray): m/z : 689 (34) [M�Na�H]� , 688 (100, [M�Na]�),
588 (25); HRMS (CI) (C32H47N3O12�H) [M�H]�: calculated 666.3238,
found 666.3237.


Compound G2(NH): The method was similar to that for G0(NH), only
using branch 4 rather than tert-butylamine. Purification by gel permeation
chromatography generated a colourless viscous oil. Yield 53% with respect
to branch 4 ; 1H NMR (500 MHz, (CD3)2CO): d� 10.10 (s, 1H; indole NH),
7.70 (d, 3J(H,H)� 8.0 Hz, 1H; ArH), 7.39 (d, 3J(H,H)� 8.0 Hz, 1H; ArH),
7.27 (d, 3J(H,H)� 2.0 Hz, 1H; ArH), 7.09 (dt, 3J(H,H)� 1.0, 7.5 Hz, 1H;
ArH), 7.03 (dt, 3J(H,H)� 1.0, 7.25 Hz, 1H; ArH), 6.74 (s, 1H; NH), 6.61 (s,
3H; NH), 5.92 (d, 1 H; NH), 4.45 (m, 1H; CHNH), 3.70 ± 3.60 (m, 75H;
CH2O, CH3O), 3.30 ± 3.10 (m, 2H, CH2CHNH), 2.54 (t, 18 H, J� 6.5 Hz,
CH2CO2Me), 2.37 (t, 3J(H,H)� 6.25 Hz, 6H; CH2CONH), 1.40 (s, 9H;
(CH3)3CO); 13C NMR (125 MHz, (CD3)2CO): d� 171.7 (CO2Me), 171.5
(1CONH), 170.9 (3CONH), 155.2 (C�O), 136.7, 128.1, 124.2, 121.2, 118.9,
118.6, 111.3, 110.6 (all Ar), 78.39 ((CH3)3CO), 68.94 (9CH2O), 68.81
(3CH2O), 67.53 (3CH2O), 66.82 (9CH2O), 59.99 (NHC(CH2)3), 55.38
(CHCO) 50.94 (CO2CH3) 36.90 (CH2CONH), 34.52 (CH2CO2Me), 29.5 ±
28.5 (CH2CHCO under solvent peak), 27.84 (CH3CO); IR (neat) nÄ �
3374brs, 2950s, 2925s, 2880s, 1732s, 1668s, 1538m, 1436m, 1368m, 1250m,
1200s, 1177s, 1110s, 1075m, 1025m, 849w, 747w cmÿ1; MS (electrospray):
m/z : 1730 (100) [M�Na]� , 1731 (87) [M�Na�H]� , 1732 (33)
[M{13C1}�Na�H]� .


N-a-(tert-Butoxycarbonyl)-1-methyl-l-tryptophan (6): Adapted from ref-
erence.[17] 1-Methyl-l-tryptophan (3.00 g, 13.75 mmol) was dissolved in dry
DMF (45 mL). Then Et3N (5.8 mL, 41.25 mmol) and di-tert-butyldicarbon-
ate (3.31 g, 15.18 mmol) were added. The white suspension turned clear
orange in less than 1 h when stirred under N2 at RT. The reaction was
followed by TLC (CH2Cl2/MeOH 90:10). After 46 h the mixture was
concentrated to dryness. The orange-brown residue was dissolved in
EtOAc (100 mL) and extracted with sat. aq. NaHCO3 (3� 50 mL). The
combined aqueous layers were acidified to pH 3 (pH paper) by dropwise
addition of 6m HCl (ca. 35 mL), then the product was immediately
extracted with EtOAc (3� 50 mL). The organic phase was dried (MgSO4),
filtered under gravity and evaporated (rotary evaporation and vacuum
line) to recover the crude product as a yellow solid (3.54 g). Purification by
precipitation from EtOAc/hexane gave the pure product as a white solid.
Yield: 2.53g, 7.96 mmol, 58%; m.p. 145 ± 147 8C; Rf� 0.42 (CH2Cl2/MeOH
90:10); 1H NMR (500 MHz, CDCl3, 300 K): d� 7.75 (d, 3J(H,H)� 8.0 Hz,
1H; ArH), 7.45 (d, 3J(H,H)� 8.0 Hz, 1 H; ArH), 7.38 (t, 3J(H,H)� 7.5 Hz,
1H; ArH), 7.27 (t, 3J(H,H)� 7.5 Hz, 1 H, ArH) 7.07 (s, 1H; ArH), 5.85 (br s,
NH other conformer), 5.19 (d, 3J(H,H)� 5 Hz, 1 H; NH), 4.81 (s, 1H;
CHCO2H), 4.60 (br s, CHCO2H other conformer), 3.89 (m, 3H; NCH3),
3.50 (m, 1 H; CH2CHNH), 3.26 (br s, CH2CHNH other conformer), 1.59 (s,
7H; (CH3)3CO), 1.43 (m, 2H; (CH3)3CO other conformer); 1H NMR
(500 MHz, CDCl3, 323 K): d� 7.57 (d, 3J(H,H)� 8.0 Hz, 1H; ArH), 7.26 (d,
3J(H,H)� 8.0 Hz, 1 H; ArH), 7.20 (t, 3J(H,H)� 7.0 Hz, 1 H; ArH), 7.09 (t,
3J(H,H)� 7.0 Hz, 1 H; ArH), 6.89 (s, 1 H; ArH), 5.04 (s, 1 H; NH), 4.60 (s,
1H; CHNH), 3.71 (s, 3 H; NCH3), 3.30 (dd, 3J(H,H)� 15.0, 5.5 Hz, 1H;
CH2CHNH), 3.20 (br dd, 1 H; CH2CHNH), 1.40 (s, 9H; (CH3)3CO);
1H NMR (500 MHz, CDCl3, 253 K): d� 7.78, 7.75 (2d, 3J(H,H)� 7.5 Hz,
1H; ArH), 7.47, 7.46 (2d, 1 H, 3J(H,H)� 7.5 Hz, 1H; ArH), 7.40 (m, 1H;
ArH), 7.28 (m, 1H; ArH) 7.08, 7.06 (2s, 1 H; ArH), 5.60 ± 5.30 (br s, 0.4H;
NH first conformer), 5.20 (d, 3J(H,H)� 7.5 Hz, 0.6 H; NH second con-
former), 4.85 ± 4.64 (m, 1 H; CHNH), 3.91, 3.89 (2s, 3H; NCH3), 3.65 ± 3.10
(m, 2 H; CH2CHNH), 1.57, 1.09 (2s, 9H; (CH3)3CO); 13C NMR (125 MHz,
CDCl3): d� 176.9 (CO2H), 155.4 (NHCO), 136.8, 128.5, 127.6, 121.7, 119.1,
118.8, 109.2, 108.3 (all Ar), 80.11 ((CH3)3CO), 54.34 (CHCO), 32.62
(NCH3), 28.27 (C(CH3)3), 27.83 (CH2CHCO); IR (KBr) nÄ � 3326m (NH),
3050w, 2921m, 2544w, 1737s, 1658s, 1550w, 1479m, 1438w, 1403s, 1365m,
1324m, 1249m, 1224m, 1159m, 1134m, 1116w, 1049m, 1026w, 964w, 850w,
776w, 742s cmÿ1; MS (CI): m/z : 319 (46) [M�H]� , 263 (100) [Mÿ
C(CH3)3]� , 219 (26) [MÿCO2C(CH3)3]� , 144 (37) [indole CH2]� ; HRMS
(FAB) (C17H23N2O4�H) [M�H]�: calculated 319.1658, found 319.1663.


N-a-(tert-Butoxycarbonyl)-1-methyl-l-tryptophan-tert-butylamide
(G0(NMe)): This compound was prepared by using a similar method to
G0(NH), only with THF as solvent and compound 6 as carboxylic acid.
Work-up: after 24 hours the mixture was filtered under gravity and the
solvent was removed by rotary evaporation. The yellow oily residue was
dissolved in CH2Cl2 (15 mL), washed with sat. aq. NaHCO3 (2� 15 mL)
and H2O (2� 15 mL). The organic phase was dried (MgSO4), filtered under
gravity and evaporated to give the crude product as a yellow oil.
Purification by column chromatography (SiO2, CH2Cl2/EtOAc 90:10) gave
the pure product as a white solid. Yield: 33%; m.p. 121 ± 123 8C; Rf� 0.48
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(CH2Cl2/EtOAc 90:10); 1H NMR (500 MHz, CDCl3): d� 7.61 (d,
3J(H,H)� 8.0 Hz, 1 H; ArH), 7.22 (d, 3J(H,H)� 8.0 Hz, 1H; ArH), 7.16
(t, 3J(H,H)� 7.5 Hz, 1 H; ArH), 7.05 (t, 3J(H,H)� 7.5 Hz, 1 H; ArH), 6.83
(s, 1H; ArH), 5.31 (s, 1 H; NH), 5.16 (s, 1 H; NH), 4.23 (s, 1 H; CHNH), 3.67
(s, 3 H; NCH3), 3.10 (m, 1H; CH2CHNH), 1.37 (s, 9 H; (CH3)3CO), 1.06 (s,
9H; (CH3)3CNH); 13C NMR (125 MHz, CDCl3): d� 170.6 (C�O), 155.6
(C�O), 137.1, 128.0, 127.9, 121.9, 119.3, 119.2, 109.6, 109.3 (all Ar), 79.88
((CH3)3CO), 55.53 (CHCO), 51.10 ((CH3)3CN), 32.67 (NCH3), 28.66
(CH2CHCO), 28.48 (C(CH3)3), 28.37 (C(CH3)3); IR (KBr) nÄ � 3341m,
3055w, 2973m, 2930m, 1658s, 1543s, 1475m, 1454m, 1391m, 1365m, 1323w,
1303w, 1270m, 1250m, 1224w, 1175m, 1056w, 1013w, 863w, 738m cmÿ1. MS
(CI): m/z : 374 (100) [M�H]� , 318 (65) [M�HÿC(CH3)3]� , 274 (100)
[M�HÿCONHC(CH3)3]� , 171 (41), 144 (31) [indole CH2]� ; HRMS
(FAB) (C21H32N3O3�H) [M�H]�: calculated 374.2444, found 374.2446.


Compound G1(NMe): Method as for G1(NH), only with dry THF as
solvent and 6 as carboxylic acid. Work-up: when reaction was complete
(44 h), the mixture was filtered under gravity and the solvent was
evaporated. CH2Cl2 (15 mL) was added to the yellow oil residue, which
was then washed with sat. aq. NaHCO3 (2� 15 mL) and H2O (2� 15 mL).
The organic layer was dried over MgSO4, filtered under gravity and
evaporated (rotary evaporation and vacuum line) to give the crude product
as a viscous yellow oil. Purification by column chromatography (SiO2,
CH2Cl2/MeOH 90:10) gave the pure product as a viscous yellow oil. Yield:
46%; Rf� 0.80 (CH2Cl2/MeOH 90:10); 1H NMR (500 MHz, CDCl3): d�
7.62 (d, 3J(H,H)� 7.5 Hz, 1H; ArH), 7.19 (d, 3J(H,H)� 8.0 Hz, 1H; ArH),
7.12 (t, 3J(H,H)� 7.8 Hz, 1H; ArH), 7.03 (t, 3J(H,H)� 7.8 Hz, 2H; ArH),
6.90 (s, 1H; ArH), 5.95 (s, 1H; NH), 5.22 (s, 1 H; NH), 4.31 (m, 1H;
CHNH), 3.60 ± 3.40 (m, 24H; CH2O, CO2CH3, NCH3), 3.10 (m, 2H;
CH2CHNH), 2.39 (t, 3J(H,H)� 6.5 Hz, 6H; CH2CO2Me), 1.30 (s, 9H;
(CH3)3CO); 13C NMR (125 MHz, CDCl3): d� 172.0 (CO2Me), 171.5
(C�O), 155.4 (C�O), 137.0, 128.3, 128.1, 121.7, 119.3, 119.1, 109.6, 109.1,
(all Ar), 79.56 ((CH3)3CO), 69.10 (CH2O), 66.72 (CH2O), 59.66
(NHC(CH2)3), 55.53 (CHCO) 51.68 (CO2CH3) 34.70 (CH2CO2Me), 32.67
(NCH3), 28.73 (CH2CHCO) 28.34 (CH3CO); IR (neat) nÄ � 3369m, 2953m,
2880m, 1738s, 1679s, 1620m, 1515s, 1485s, 1439s, 1367s, 1328m, 1252s, 1198s,
1176s, 1113m, 1074m, 1024m, 892w, 849m, 782w, 743m cmÿ1; MS (electro-
spray): m/z : 702 (100) [M�Na]� , 703 (31); HRMS (FAB): (C33H49N3O12�
Na) [M�Na]�: calculated 702.3214, found 702.3215.


Compound G2(NMe): The synthesis was as for G2(NH), only with dry
THF as solvent and 6 as carboxylic acid. The reaction was followed by GPC
and pushed to completion by adding several portions of Boc-protected
methyltryptophan and coupling agents (HOBt and DCC) dissolved in THF.
After 4 days the precipitate contained in the mixture was removed by
filtration under gravity. The solvent was rotary evaporated; the pale yellow
residue was dissolved in CH2Cl2 (15 mL) and washed with sat. aq. NaHCO3


(2� 15 mL) and H2O (2� 15 mL). The organic phase was dried (MgSO4),
filtered under gravity and rotary evaporated to give the crude product as a
viscous pale yellow oil. The product was purified by GPC to afford a viscous
pale yellow oil. Yield: 32%; Rf� 0.70 (CH2Cl2/MeOH 90:10); 1H NMR
(500 MHz, CD3OD) peaks in 1H NMR spectrum were broadenedÐ
presumably due to conformational effects: d� 7.50 (br d, 3J(H,H)� 8.0 Hz,
1H; ArH), 7.18 (br d, 3J(H,H)� 8.0 Hz, 1 H; ArH), 7.03 (m, 1 H; ArH),
6.93 ± 6.88 (m, 2 H; ArH), 4.50 ± 4.40 (br m, 1H; CHNH), 3.80 ± 3.60 (m,
75H; CO2CH3, CH2O, NCH3), 3.25 ± 3.10 (m, 2 H; CH2CHNH), 2.38 (t,
3J(H,H)� 7.0 Hz, 18H; CH2CO2Me), 2.36 (t, 3J(H,H)� 7.0 Hz, 6 H;
CH2CONH), 1.42 (s, 9 H; (CH3)3CO); 13C NMR (125 MHz, CD3OD):
d� 174.1 (CONH� 1), 173.9 (CO2Me), 173.6 (CONH� 3), 157.3 (C�O),
138.5, 129.5, 129.2, 122.5, 120.0, 119.9, 110.8, 110.2 (all Ar), 80.54
((CH3)3CO), 70.14 (CH2O� 3), 69.98 (CH2O� 9), 68.80 (CH2O� 3),
67.98 (CH2O� 9), 61.39 (NHC(CH2)3), 57.06 (CHCO), 52.20 (CO2CH3),
38.04 (CH2CONH), 35.66 (CH2COOMe), 32.89 (NCH3), 28.76 (CH3CO),
26.04 (CH2CHCO); IR (neat) nÄ � 3327brs, 2952s, 2928s, 2875s, 1737s, 1674s,
1625m, 1560m, 1438m, 1366m, 1270m, 1198s, 1176s, 1111s, 1074m,
1025w cmÿ1; MS (electrospray): m/z : 1744 (100) [M�Na]� , 1745 (87)
[M�Na�H]� , 1746 (33), [M{13C1}�Na�H]� .
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Synthesis and Structural Characterization of Novel Silenes Stabilized by
Intramolecular Coordination of a Dialkylamino Group**


Martin Mickoleit,[a] Rhett Kempe,[b] and Hartmut Oehme*[a]


Abstract: Two intramolecularly donor-
stabilized silenes, 1-(8-dimethylamino-1-
naphthyl)-1,2,2-tris(trimethylsilyl)silene
(6 a) and 1-(2-dimethylaminomethyl-
phenyl)-1,2,2-tris(trimethylsilyl)silene
(6 b), were synthesized according to a
novel one-step process by the reaction of
(dichloromethyl)tris(trimethylsilyl)si-
lane (1) with a twofold molar excess of
8-dimethylamino-1-naphthyllithium or
2-(dimethylaminomethyl)phenyllithi-
um, respectively. Compounds 6 a and 6 b
are thermally stable compounds. X-ray
structural analyses of both silenes re-
vealed strong donor ± acceptor interac-


tions between the dialkylamino groups
and the electrophilic silene silicon atoms
(SiÿN distances: 6 a : 1.751(3) �; 6 b :
1.749(3) �) that lead to pyramidaliza-
tion at the silicon centers. In contrast,
the configuration at the silene carbon
atoms was found to be planar. The Si�C
distances (6 a : 1.751(3) �; 6 b :
1.749(3) �) fit with literature data of
comparable compounds. Addition of


water or methanol to the Si�C bonds
of 6 a,b afforded the silanols 7 a,b and
the methoxysilanes 8 a,b, respectively.
The compound 1-(8-dimethylamino-
methyl-1-naphthyl)-1,2,2-tris(trimethyl-
silyl)silene (6 c), generated following the
same procedure by the reaction of 1 with
8-(dimethylaminomethyl)-1-naphthyl-
lithium (molar ratio 1:2) proved to be
unstable at room temperature and un-
derwent rapid insertion of the Si�C
group into a methylene CÿH bond of
the dimethylaminomethylnaphthyl li-
gand to afford the 1-silaacenaphthene 9.


Keywords: donor ± acceptor systems
´ main group elements ´ silenes ´
silicon ´ structure elucidation


Introduction


Silenes are extremely labile compounds, which, in absence of
trapping agents, usually undergo rapid dimerizations or
oligomerizations. By means of bulky substituents attached
to the Si�C group, a kinetic stabilization of the systems can be
achieved, and in recent years some highly congested silenes
were isolated and, in part, structurally characterized.[1] As
early as 1986, Wiberg et al. found that silenes are effectively
stabilized by bases, such as amines, THF, or fluoride ions,[2a, b]


and he succeeded in the isolation of an amine adduct of a
silene, which is unstable in absence of the donor molecule.[2c]


This concept of stabilization by base coordination to the
electrophilic silicon atom is not confined to silenes, but is
applicable to, for example, Si�N systems to silanimines.[3] An
intensification of the effect is expected, when substituents


with additional donor groups are introduced to the Si�C unit,
which permits an intramolecular interaction with the electro-
philic silicon center. In the case of silanethiones and of
silylium salts, intramolecular base coordination proved to
cause a tremendous increase in the stability of these
unsaturated silicon compounds and allowed the isolation of
some derivatives with insignificant steric congestion.[4] Intra-
molecularly donor-stabilized silenes were unknown till now,
possibly because of the lack of suitable synthetic methods. A
stable dibenzosilafulvene with an 8-dimethylaminomethyl-1-
naphthyl group at the silicon atom, which could possibly be
regarded as a silene with intramolecular amine coordination,
was isolated by Chernyshev and co-workers;[5] however,
there is no X-ray crystal structure analysis of the compound.
From theoretical calculations, performed in the group of
Gusel�nikov, a definite stabilization of the Si�C bond of
silenes by intramolecular N! Si coordination was conclud-
ed.[6]


Recently we obtained 1-(8-dimethylamino-1-naphthyl)-
1,2,2-tris(trimethylsilyl)silene (6a) by the reaction of (dichloro-
methyl)tris(trimethylsilyl)silane (1) with 8-dimethylamino-1-
naphthyllithium (molar ratio 1:2), and we succeeded in
performing its X-ray structural analysis, which clearly char-
acterized the compound as an intramolecularly donor-stabi-
lized silene.[7] Meanwhile, the synthetic route applied for the
preparation of 6 a proved to be a general method for the
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synthesis of donor-stabilized as well as of kinetically stabilized
silenes,[8] and in the present paper we describe the generation
of three novel silenes with strong intramolecular N! Si
donor ± acceptor interactions; two of the silenes are indef-
initely stable at room temperature, but the third one under-
goes a rapid rearrangement by insertion of the Si�C group
into a CÿH bond to form a 1-silaacenaphthene.


Results and Discussion


The synthesis of the intramolecularly donor-stabilized silenes
6 a and 6 b : The method, successfully applied to the synthesis
of novel silenes and to be described in this paper, consists of
the treatment of (dichloromethyl)tris(trimethylsilyl)silane (1)
with suitably functionalized organolithium compounds. Com-
pound 1 is easily obtained by the reaction of tris(trimethylsi-
lyl)silane with chloroform in the presence of potassium tert-
butoxide. Treatment of 1 with organolithium compounds
leads to the deprotonation of the dichloromethyl group, and
this initiates a remarkable sequence of elimination, isomer-
ization, and addition steps; the structures of the resultant final
products depend on the groups R introduced by the organo-
lithium derivatives used.[8, 9]


Our proposal for the mechanism of the whole reaction
(molar ratio 1:RLi is 1:2) is outlined in Scheme 1. Loss of
lithium chloride from the carbenoid 2 and subsequent silyl-
carbene ± silene rearrangement[9] of 3 afford the transient
silene 4, which in the presence of an excess of the organo-
lithium compound is immediately trapped to give the new
carbenoids 5. Repeated elimination of LiCl from 5 and
renewed 1,2-SiÿC-trimethylsilyl migration afford the Si�C
systems 6.


Scheme 1. Proposed mechanism of the general reaction of (dichlorometh-
yl)tris(trimethylsilyl)silane (1) with organolithium reagents RLi.


In the case of the reaction of 1 with simple organolithium
derivatives RLi (R�Me, nBu, Ph, and Mes; molar ratio 1:3),
the sterically more or less unprotected silenes R(Me3Si)-
Si�C(SiMe3)2 (6) rapidly add a further equivalent of RLi to
produce the organolithium intermediates R2(Me3Si)SiÿCLi-
(SiMe3)2, which after hydrolytic workup afford the silanes
R2(Me3Si)SiÿCH(SiMe3)2.[9] The same end products are
obtained, when the ratio of the reactants is reduced, for
example, to 1:2. We assume the deprotonation of 1 to be a
slow process compared with the subsequent steps; thus, the
intermediate silenes always meet an effective excess of RLi
and undergo the reactions described. But when, for the
reaction with 1, highly congested organolithium compounds
RLi, such as 2,4,6-triisopropylphenyllithium or 2-tert-butyl-
4,5,6-trimethylphenyllithium, were used, further addition of
RLi to the silene double bond of 6 was prevented, and
kinetically stabilized silenes could be synthesized and char-
acterized.[8]


The efficiency of the method with respect to the synthesis of
Si�C systems is best demonstrated by the reaction of 1 with
dimethylamino-functionalized aryllithium derivatives. For
that purpose, we have chosen and describe here the treatment
of 1 with 8-dimethylamino-1-naphthyllithium, with 2-(dimeth-
ylaminomethyl)phenyllithium, and with 8-(dimethylamino-
methyl)-1-naphthyllithium, respectively; the reaction leads to
two novel intramolecularly donor-stabilized silenes and an
unexpected silene resultant product.


In a preliminary communication we already described the
synthesis and structure of 1-(8-dimethylamino-1-naphthyl)-
1,2,2,-tris(trimethylsilyl)silene (6 a) (Scheme 2), which is


Scheme 2. Synthesis of the intramolecularly donor-stabilized silenes 6a
and 6b by the reaction of 1 with 8-dimethylamino-1-naphthyllithium or
2-(dimethylaminomethyl)phenyllithium, respectively.


formed in a very straightforward one-pot reaction of 1 with
two molar equivalents of 8-dimethylamino-1-naphthyllithi-
um; the reaction follows the general route shown in
Scheme 1.[7] The isolation of the silene is complicated by the
presence of one equivalent of 1-dimethylaminonaphthalene in
the product mixture. But, fortunately, 6 a proved to be
sufficiently thermally stable, so that the amine could be
removed by distillation in vacuo. After recrystallization from
n-pentane, 6 a was obtained as a yellow solid (yield 80 %),
which was indefinitely stable at room temperature, and also
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heating for a short time to 140 8C left the compound
unchanged. On exposure to air, 6 a gradually decomposes.
Obviously, stabilization of the silene system by intramolecular
N!Si coordination prevents the attack of excess organo-
lithium reagent to the Si�C group, excludes dimerization
reactions, and allows the isolation of 6 a.


With the use of the same synthetic pathway, 1-[2-(dimethyl-
aminomethyl)phenyl]-1,2,2-tris(trimethylsilyl)silene (6 b) was
prepared by treatment of 1 with two equivalents of 2-(dime-
thylaminomethyl)phenyllithium in ether/THF (Scheme 2).
After the reaction had ceased, the solvents and benzyldime-
thylamine were distilled off at moderate temperature (30 ±
40 8C/0.01 mbar), and the silene was isolated by recrystalliza-
tion from pentane (yield 74 %). Compound 6 b is a white solid.
In the absence of air, it was found to be thermally stable up to
at least 130 8C.


Unfortunately, attempts to extend the studies to the
synthesis of further donor-stabilized silenes with a modified
substitution pattern, failed. With the aim of introducing a
further carbon substituent to the silene silicon atom, we
investigated the behavior of the (dichloromethyl)oligosilanes
R(Me3Si)2SiÿCHCl2 (R�Me, Ph) towards 8-dimethylamino-
1-naphthyllithium or 2-(dimethylaminomethyl)phenyllithi-
um, respectively. The two dichloromethylsilanes are known
to react with simple organolithium compounds, such as
methyllithium or phenyllithium; the reaction follows the
pattern discussed above (Scheme 1).[8] But as a result of their
interaction with the dimethylamino-functionalized aryllithi-
um compounds, we obtained complex mixtures of products. A
silene or any resultant silene product could not be isolated.


The structures of 6 a and 6 b : The structural elucidation of the
two synthesized silenes was performed by NMR and MS
studies as well as by X-ray structural analyses (see Exper-
imental Section). The 29Si and 13C chemical shifts of the silicon
and carbon atoms of the Si�C groups of 6 a,b are given in
Table 1. For comparison, the data reported by Wiberg and co-
workers for the acyclic silene amine adducts Me3N ´ Me2-
Si�C(SiMe3)2


[2b] and Me2EtN ´ Me2Si�C(SiMe2Ph)2
[2c] were


additionally included. The 29Si chemical shifts of all com-


pounds mentioned are in good agreement, and the data
obtained appear to be typical for silenes stabilized by amine
coordination. The 13C chemical shifts of 6 a and 6 b are close to
each other, but differ significantly from those reported for the
acyclic derivatives.


The results of the X-ray structural analyses of 6 a and 6 b
confirmed the expected picture of intramolecularly amine-
stabilized silenes with four-coordinate silicon centers. Strong
interactions of the dimethylamino groups with the silene
silicon atoms under formation of five-membered cyclic
systems are obviously the reason for the high stability
of the two compounds. Expectedly, the N! Si coordina-
tions lead to a pyramidalization at the central silicon atoms.
This can be clearly seen for 6 b in Figure 1; for 6 a the


Figure 1. Molecular structure of 6b in the crystal (ORTEP, 30% proba-
bility, H atoms omitted for clarity); selected bond lengths [�] and angles
[8]: Si1ÿC1 1.749(3), C1ÿSi3 1.833(3), C1ÿSi4 1.823(3), Si1ÿC2 1.891(3),
Si1ÿSi2 2.3809(12), Si1ÿN1 2.004(2); Si1ÿC1ÿSi3 120.3(2), Si1ÿC1ÿSi4
121.3(2), Si3ÿC1ÿSi4 117.7(2), C1ÿSi1ÿC2 121.30(13), C1ÿSi1ÿSi2
121.69(10), C2ÿSi1ÿSi2 100.62(10), C1ÿSi1ÿN1 113.30(12), C2ÿSi1ÿN1
85.97(12), 107.82(8).


situation is quite comparable.[7] The N1ÿSi1 distances as well
as the sums of angles at the central silicon atoms of 6 a and 6 b
are given in Table 2, which also includes the bond parameters
of the ethyldimethylamine adduct of Me2Si�C(SiMe2Ph)2.[2c]


In 6 a and 6 b as well as in Wiberg�s acyclic amine ± silene
adduct, the configuration at the silene carbon atoms is almost
planar. The Si�C distances in all three compounds are
comparable and generally slightly longer than that of the
uncomplexed similarly substituted stable silene Me2Si�C(Si-
Me3)(SiMetBu2).[10] This is consistent with the observation,
made by Wiberg et al. , that coordination of donor molecules
to the silene silicon atom generally leads to an elongation of
the Si�C bond.[2] The Si�C distances for the uncomplexed


Table 1. d29Si and d13C NMR chemical shifts of the Si�C atoms in 6 a, 6b,
and two acyclic amine silene adducts.


29Si 13C Literature


6a 39.4 22.4 ref. [7]
6b 33.4 18.8
Me3N ´ Me2Si�C(SiMe3)2 36.9 56.5 ref. [2b]
Me2EtN ´ Me2Si�C(SiMe2Ph)2 35.4 100.1
ref. [2c]


Table 2. Selected structural data of the silenes 6a, 6b, and the acyclic compound Me2EtN ´ Me2Si�C(SiMe2Ph)2.[2c]


Si�C distance [�] Si1ÿN1 distance [�] sum of angles Si1 [8] sum of angles C1 [8]


6a 1.751(3) 2.069(2) 345.5 358.9
6b 1.749(3) 2.004(2) 343.6 359.3
Me2EtN ´ Me2Si�C(SiMe2Ph)2 1.761(4) 1.988(4) 341.8 359.2
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kinetically stabilized silenes (Me3Si)2Si�C(OSiMe3)Ad
(1.746 �, Ad� 1-adamantyl)[11] and (Me3Si)2Si�CAd'
(1.741 �, Ad'� 2-adamantylidene)[12] are longer and almost
alike those of 6 a and 6 b, but these elongations were found to
be due to electronic effects of the substituents.[12, 13] Thus, the
structural data found agree with our notion about the ylide-
like nature of the two donor-stabilized silenes 6 a and 6 b.


For chemical characterization, 6 a and 6 b were treated with
water and methanol, respectively. In a manner typical for
reactive silenes,[1] water was added to the polar Si�C double
bond of 6 a or 6 b to afford the silanols 7 a and 7 b. Similarly, 6 a
and 6 b were converted by addition of methanol to give the
methoxysilanes 8 a and 8 b (Scheme 3).


Scheme 3. Conversion of the silenes 6 a,b with water into the silanols 7a,b
and with methanol into the methoxysilanes 8a,b.


We are continuing the studies on the chemical reactivity of
the intramolecularly donor-stabilized silenes 6 a and 6 b,
which, as preliminary results show, are characterized by
pronounced ylid-like behavior. This will be communicated
elsewhere.


The reaction of (dichloromethyl)tris(trimethylsilyl)silane (1)
with 8-(dimethylaminomethyl)-1-naphthyllithium : Under the
same conditions applied for the synthesis of 6 a and 6 b, the
dichloromethylsilane 1 was treated with 8-(dimethylamino-
methyl)-1-naphthyllithium (1:2). But, to our surprise, the
white crystalline product obtained did not prove to be a silene
but the 1-silaacenaphthene 9 (Scheme 4). Its structure was
proved on the basis of NMR and MS data (see Experimental
Section). Unfortunately, the crystal quality was insufficient
for an X-ray crystal structure analysis. NOE experiments that
showed strong correlations between the C1 proton and the
NCH3 and CSiCH3 protons but no correlation between NCH3


and SiSiCH3 revealed the E configuration of the compound
isolated.


Scheme 4. Reaction of 1 with 8-dimethylaminomethyl-1-naphthyllithium;
this affords finally the 1-silaacenaphthene 9.


The formation of 9 is understood as proceeding through the
same steps depicted in Schemes 1 and 2 for the synthesis of 6 a
and 6 b, respectively, but, evidently, the silene 6 c is unstable
and undergoes rapid insertion of the Si�C unit into a
methylene CÿH bond. Compound 9 is best isolated by
Kugelrohr distillation at approximately 200 8C/0.06 mbar,
and we assumed the formation of 9 to be due to the extreme
workup conditions. But repeated reactions of 1 with 8-dimeth-
ylaminomethyl-1-naphthyllithium at ÿ78 8C and careful
workup at room temperature (removal of the solvent in vacuo
and addition of n-heptane) similarly afforded 9 as the only
identified product. Also attempts of quenching 6 c by addition
of water to the cold solution of the products, following the
procedure successfully applied to the synthesis of 7 a,b, gave
no silanol 7 c, but a complex mixture of products, from which
no definite compound could be isolated. The experiments
indicate that 6 c is unstable, even at room temperature.


Actually, rearrangements of silenes by intramolecular
insertion reactions of the Si�C groups into CÿH bonds have
occasionally been observed,[14] but in contrast to the thermal
stability of 6 b, the behavior of 6 c is rather surprising. The
rapid isomerization of 6 c into 9 indicates the still high
reactivity of the Si�C unit in donor-stabilized silenes of type 6,
in particular with respect to intramolecular conversions. We
assume, the remarkable differences in the stability of the two
silenes to be due to the favorable ring size of the insertion
product formed by isomerization of 6 c and, on the other hand,
the disadvantageous four-membered ring system, which
would be the result of the rearrangement of 6 b.


Experimental Section


All reactions which involve organometallic reagents were carried out under
purified argon. NMR experiments: Bruker AC 250 or BrukerARX 300,
temperature 30 8C and tetramethylsilane as internal standard. IR experi-
ments: Nicolet 205 FT-IR. MS experiments: IntectraAMD 402 (EI with
70 eV or chemical ionization with isobutane). (Dichloromethyl)tris(trimeth-
ylsilyl)silane[9] and 2-(dimethylaminomethyl)phenyllithium[15] were pre-
pared as described in the literature. Compound 8-(dimethylaminomethyl)-
1-naphthyllithium was made following the procedure given by Corriu
et al. ,[16] but was isolated as a brown amorphous powder. The data
concerning the syntheses of 6 a, 7a, and 8 a and the X-ray structural analysis
of 6a were communicated previously.[7] All yields given refer to amounts
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obtained after chromatographic separation and purification or recrystal-
lization. The results of the elemental analyses of the compounds prepared
were unsatisfactory (SiC formation). Therefore, high-resolution mass
spectra were performed.


1-(2-Dimethylaminomethylphenyl)-1,2,2-tris(trimethylsilyl)silene (6 b): At
ÿ78 8C, 1 (2.27 g, 6.85 mmol) was added gradually to a suspension of
2-(dimethylaminomethyl)phenyllithium (2.46 g, 17.4 mmol) in ether/THF
(20 mL/5 mL). After warming up to room temperature, stirring was
continued for 48 h, afterwards lithium chloride was separated, the solution
evaporated, and the benzyldimethylamine distilled off in vacuo (30 ± 40 8C/
0.01 mbar). Recrystallization of the residue from pentane afforded white
crystals (2.0 g, 74 %). M.p. 118 ± 120 8C. 1H NMR ([D6]benzene): d� 0.10,
0.27, and 0.54 (3s, 3� 9H; SiCH3), 1.83 and 2.06 (2s, 2� 3H; NCH3), 2.89
and 3.31 (2d, 2J� 14.5 Hz, 2� 1 H; NCH2), 6.62 ± 6.66 (m, 1H; arylÿH),
7.03 ± 7.07 (m, 2H; arylÿH), 7.63 ± 7.67 (m, 1H; arylÿH); 13C NMR
([D6]benzene): d� 1.7, 7.7, and 8.1 (SiCH3), 18.8 (Si�C), 45.2 and 45.9
(NCH3), 64.7 (NCH2), 123.7, 127.7, 129.0 and 135.1 (arom. CH), 139.3 and
141.8 (quart. arom. C); 29Si NMR ([D6]benzene): d�ÿ20.1 (SiSiMe3),
ÿ8.9 and ÿ8.3 (CSiMe3), 33.4 (Si�C); UV/Vis (n-heptane): lmax (e)�
248 nm (1540); MS (CI): m/z (%): 393 (100) [M]� , 378 (45) [MÿCH3]� ,
320 (70) [Mÿ SiMe3]� ; elemental analysis calcd (%) for C19H39NSi4


(393.87): C 57.94, H 9.98, N 3.56; found C 56.26, H 9.93, N 3.40; HRMS
calcd for C18H36NSi4 ([MÿCH3]�): 378.192; found 378.189.


Silanol (7b): Water was added to the solution in ether/THF of the reaction
mixture obtained from 1 (2.60 g, 7.9 mmol) and 2-(dimethylaminomethyl)-
phenyllithium (2.33 g, 16.5 mmol) following the procedure given for the
synthesis of 6 b, and the organic phase was separated, dried, and
evaporated. Kugelrohr distillation at 125 ± 128 8C/5� 10ÿ2 mbar gave a
colorless oil (yield: 2.1 g, 64%). 1H NMR ([D6]benzene): d� 0.00 (s, 1H;
Si3CH), 0.20, 0.29, and 0.36 (3s, 3� 9 H; SiCH3), 1.84 (s, 6H; NCH3), 3.12
and 3.58 (2d, 2J� 11.7 Hz, 2� 1 H; NCH2), 6.84 ± 6.89 (m, 1 H; arylÿH),
7.04 ± 7.13 (m, 2H; arylÿH), 7.55 ± 7.57 (m, 1H; arylÿH), 8.37 (br s, 1H;
OH); 13C NMR ([D6]benzene): d� 0.1 (CH), 4.1 (SiSiCH3), 7.9 (CSiCH3),
44.1 (NCH3), 65.9 (NCH2), 126.6, 128.6, 132.0 and 136.8 (arom. CH), 142.6
and 144.0 (quart. arom. C); 29Si NMR ([D6]benzene): d�ÿ21.5 (SiSiMe3),
ÿ0.7 and 0.0 (CSiMe3), 3.7 (SiOH); IR (cap.): nÄ � 3440 cmÿ1 (br, OHass);
MS (CI): m/z (%): 412 (100) [M�H]� , 395 (95) [MHÿOH]� , 351 (62)
[MHÿ SiMe2]� , 336 (33) [MHÿSiMe3]� ; elemental analysis calcd (%) for
C19H41NOSi4 (411.88): C 55.41, H 10.03, N 3.40; found C 54.83, H 9.87, N
3.19; HRMS calcd: 411.227; found 411.222.


Methoxysilane (8 b): Methanol (1 mL) was added to a solution of 6b, made
from 1 (2.15 g, 6.4 mmol) and 2-(dimethylaminomethyl)phenyllithium
(1.93 g, 13.5 mmol) following the procedure given above, and after stirring
for 1 h, the mixture was evaporated. The residue was extracted with n-
heptane, LiCl was filtered off, and the solution was again evaporated.
Recrystallization of the residue from methanol gave 8 b (1.38 g, 50 %). M.p.
115 8C. 1H NMR ([D6]benzene): d� 0.17, 0.21 and 0.29 (3s, 3� 9H; SiCH3),
0.62 (s, 1H; Si3CH), 2.15 (s, 6H; NCH3), 3.41 and 3.62 (2d, 2J� 13.2 Hz, 2�
1H; NCH2), 3.45 (s, 3H; OCH3), 7.16 ± 7.20 (m, 2H; arylÿH), 7.46 ± 7.50 (m,
1H; arylÿH), 7.67 ± 7.71 (m, 1H; arylÿH); 13C NMR ([D6]benzene): d� 1.1,
3.70, and 3.73 (SiCH3), 7.4 (Si3CH), 44.9 (NCH3), 52.2 (OCH3), 64.0
(NCH2), 126.3, 128.9, 130.3 and 135.9 (arom. CH), 141.1 and 143.6 (quart.
arom. C); 29Si NMR ([D6]benzene): d�ÿ22.1 (SiSiMe3), ÿ0.9 and 1.3
(CSiMe3), 9.1 (SiOMe); IR (Nujol): nÄ � 1108 cmÿ1 (SiOC); MS (EI): m/z
(%): 424 (1) [MÿH]� , 410 (10) [MÿCH3]� , 352 (100) [Mÿ SiMe3]� , 306
(21) [MÿMeOSiMe3]� ; elemental analysis calcd (%) for C20H43NOSi4


(425.91): C 56.40, H 10.18, N 3.29; found C 55.79, H 10.20, N 3.37; HRMS
calcd for C20H40NOSi4 ([MÿCH3]�): 410.219; found 410.215.


(E)-2-Dimethylamino-1-trimethylsilyl-1-[bis(trimethylsilyl)methyl]-1-sila-
acenaphthene (9): At ÿ78 8C, 1 (1.15 g, 3.5 mmol) was added to a
suspension of 8-(dimethylaminomethyl)-1-naphthyllithium (1.36 g,
7.1 mmol) in ether (50 mL). After warming up to room temperature and
stirring for 48 h, the solution was concentrated, and the lithium chloride
filtered off. Evaporation of the filtrate and Kugelrohr distillation at 200 ±
210 8C/0.06 mbar gave oily 9 (0.78 g, 51%). Crystallization from n-heptane
afforded white crystals, m.p. 82 ± 83 8C. 1H NMR ([D6]benzene): d�ÿ0.30,
0.34, and 0.36 (3s, 3� 9 H; SiCH3), ÿ0.09 (s, 1H; Si3CH), 2.19 (s, 6H;
NCH3), 4.29 (s, 1 H; NCH), 7.29 ± 7.70 (m, 6H; arylÿH); 13C NMR
([D6]benzene): d� 0.5, 3.2, and 3.5 (SiCH3), 0.7 (Si3CH), 44.6 (NCH3),
63.0 (NCH), 125.6, 126.0, 126.1, 126.2, 128.3, and 132.9 (arom. CH), 132.8,
141.4, 142.0, and 144.6 (quart. arom. C); 29Si NMR ([D6]benzene): d�


ÿ17.8 (SiSiMe3), ÿ9.1 (arylÿSi), ÿ0.2 and 0.4 (CSiMe3); MS (EI): m/z
(%): 443 (7) [M]� , 428 (54) [MÿCH3]� , 370 (78) [Mÿ SiMe3]� , 73 (100)
[SiMe3]� ; elemental analysis calcd (%) for C23H41NSi4 (443.93): C 62.23, H
9.31, N 3.16; found C 61.22, H 9.26, N 3.03; HRMS calcd for C22H38NSi4


([MÿCH3]�): 428.208; found 428.208.


Crystal structure determination of 6b : X-ray diffraction data were
collected with a STOE-IPDS diffractometer using graphite-monochromat-
ed MoKa radiation. Crystals from n-pentane, crystal size 0.6� 0.3� 0.2 mm,
formula C19H39NSi4, formula weight 393.87, orthorhombic, space group
Pbca, a� 15.978(3) �, b� 15.993(3) �, c� 19.275(4) �, V� 4925.5(17) �3,
Z� 8, T� 200(2) K, m� 0.244 mmÿ1, F(000)� 1728, V range 2.09 ± 24.198,
index ranges ÿ18� h� 17, ÿ18� k� 18, 0� l� 16, 1calcd� 1.062 gcmÿ3,
peak/hole 0.44/ÿ 0.22 e�ÿ3, measured reflections 12293, independent
reflections 3524, observed reflections 2240, R(int) 0.056, no. parame-
ters 217, R1 [I> 2s(I)] 0.041, wR2 (all data) 0.087. The structure was solved
by direct methods (SHELXS-86)[17] and refined by full-matrix least-squares
techniques against F 2 (SHELXL-93).[18] XP (Siemens Analytical X-ray
Instruments, Inc.) was used for structure representations.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-145 940.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Quinone ± Annonaceous Acetogenins: Synthesis and Complex I Inhibition
Studies of a New Class of Natural Product Hybrids**


Sabine Arndt,[a] Ulrich Emde,[a] Stefan Bäurle,[a] Thorsten Friedrich,[b] Lutz Grubert,[a] and
Ulrich Koert*[a]


Abstract: The natural product hybrids
quinone ± mucocin and quinone- squa-
mocin D were synthesized. In these
hybrids, the butenolide unit of the
annonaceous acetogenins mucocin and
squamocin D is exchanged for the qui-
none moiety of the natural complex I
substrate ubiquinone. For both synthe-
ses, a modular, highly convergent ap-
proach was applied. Quinone ± mucocin
was constructed out of a tetrahydropyr-
an (THP) component 1, a tetrahydrofur-
an (THF) unit 2, and a quinone precur-
sor 3. A stereoselective, organometallic
coupling reaction was chosen for the


addition of the THP unit to the rest of
the molecule. In the final step, the
oxidation to the free quinone was ach-
ieved by using cerium(iv) ammonium
nitrate (CAN) as the oxidizing agent.
Quinone ± squamocin D was assembled
in a similar manner, from the chiral side
chain bromide 16, the central bis-THF
core 17, and the quinone precursor 18.


Inhibition of complex I (isolated from
bovine heart mitochondria) by the qui-
none acetogenins and several smaller
building blocks was examined; qui-
none ± mucocin and quinone ± squamo-
cin D act as strong inhibitors of complex
I. These results and the data from the
smaller substructures indicate that other
substructures of the acetogenins besides
the butenolide group, such as the poly-
ether component and the lipophilic left-
hand side chain, are necessary for the
strong binding of the acetogenins to
complex I.


Keywords: annonaceous acetoge-
nins ´ complex I inhibitors ´ natural
products ´ quinones ´ synthesis
design


Introduction


The annonaceous acetogenins are a class of natural products
isolated from various plant species of the Annonaceae
(custard apple) family. They show cytotoxic, immunosuppres-
sive, pesticidal, and antimicrobial activities.[1]


Structurally, the annonaceous acetogenins are a series of
C-35/C-37 natural products. They are usually characterized by
a long aliphatic chain bearing a terminal a,b-unsaturated g-
butyrolactone with one, two, or three tetrahydrofuran (THF)
rings located along the hydrocarbon chain. To date, over 350
annonaceous acetogenins have been isolated from 37 species
and several efficient synthetic approaches to this class of
natural products have been developed.[1, 2]


Total syntheses of squamocin D[3] and mucocin[4] have
recently been accomplished in our group.[5, 6] Squamocin D is
a typical member of the bis-THF acetogenins, which are known
to be among the most potent annonaceous acetogenins in cyto-
toxicity tests. Mucocin belongs to a small subgroup of
acetogenins bearing a tetrahydropyran (THP) ring.
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The main mode of action of the annonaceous acetogenins is
the blockage of mitochondrial complex I (NADH: ubiqui-
none oxidoreductase).[7] Complex I of the respiratory chain is
by far the largest and most complicated of the proton-
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translocating enzymes involved in oxidative phosphorylation.
Mammalian complex I has an L-shaped structure with more
than 40 subunits, possessing an NADH binding site in the
soluble domain and an ubiquinone binding site in the
membraneous domain (Figure 1). Many details of the electron


Figure 1.


pathway from NADH (matrix) to ubiquinone (membrane)
and the links betwee this process and the translocation of
protons are still not fully understood and are under active
investigation.[7]


The annonaceous acetogenins are among the most potent
inhibitors of mammalian complex I.[8] They may possibly act
at the terminal electron transfer step of complex I between
the Fe ± S cluster N2 and the ubiquinone reduction step.[7]


With the goals of further investigation of the mode of action
of the annonaceous acetogenins and of providing molecular
probes for complex I studies, we designed natural product
hybrids in which the butenolide subunit of the annonaceous
acetogenins is exchanged for the quinone portion of the
natural complex I substrate ubiquinone. On the basis of our
previous synthetic work we chose quinone ± mucocin and
quinone ± squamocin D as synthetic targets. The butenolide
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unit has some structural similarities to the quinone group, and
our goal was to investigate whether the two natural product
hybrids quinone ± mucocin and quinone ± squamocin D were
also potent complex I inhibitors.


Results and Discussion


Syntheses of the quinone ± acetogenins : The syntheses of the
quinone natural product hybrids were based on the modular
strategy developed for our total syntheses of mucocin[6a,b] and
squamocin D.[5] A retrosynthetic analysis of quinone ± muco-
cin implied the three building blocks 1, 2, and 3 (Scheme 1).
The advantage of this modular approach was that we could
make use of the known iodide 1 from the mucocin synthesis.


The starting point for the synthesis of the aromatic building
block 3 was treatment of ortho-lithiated 2,3,4,5-tetramethoxy-
toluene 4[9] with succinic anhydride to provide the keto
carboxylic acid 5 (Scheme 2). Reduction of 5 to a diol with
LiAlH4, followed by deoxygenation of the benzylic alcohol
function with Et3SiH/BF3 ´ OEt2 gave the primary alcohol 6.[10]


A Swern oxidation of 6 afforded the aldehyde 3.
The THF-building block 2 could be prepared from the


known THF aldehyde 7 (Scheme 3).[11] A Wittig reaction
between 7 and a C-4 phosphonium salt gave the alkene 8
(Z/E� 20:1). The latter could be hydrogenated over Pt/C to 9,
which was converted into the primary alcohol 10 by cleavage
of the benzyl ether with H2 and Pd/C. One-step transforma-
tion of 8 into 10 using H2 and Pd/C had severe drawbacks,
because of side reactions at the THF moiety arising from


Abstract in German: Berichtet wird über die Synthese der
Naturstoffhybride Chinomucocin und Chinosquamocin D. In
diesen Verbindungen ist die Butenolideinheit der Annonin-
Acetogenine Mucocin und Squamocin D durch die Chinon-
Gruppierung des natürlichen Komplex I-Substrats Ubichinon
ersetzt worden. Für die Synthese beider Verbindungen wurde
ein modularer, hoch-konvergenter Zugang angewandt. Chino-
mucocin wurde aus einem THP-Abschnitt 1, einem THF-Teil 2
und dem Chinon-Vorläufer 3 hergestellt. Eine metallorgani-
sche Additionsreaktion diente zur stereoselektiven Anküpfung
des THP-Teils an den Rest des Moleküls. Im letzten Synthese-
schritt lieû sich die freie Chinongruppierung durch eine CAN-
Oxidation generieren. Chinosquamocin D wurde auf einem
ähnlichen Weg aus dem chiralen Seitenkettenbromid 16, dem
zentralen Bis-THF-Teil 17 und dem Chinon-Vorläufer 18
aufgebaut. Die Inhibierung von aus Rinderherz-Mitochon-
drien isoliertem Komplex I durch die Chino-Annonine und
einige andere, kleinere Bausteine wurde untersucht. Chinomu-
cocin und Chinoquamocin D erwiesen sich dabei als starke
Komplex I Inhibitoren. Die Resultate weisen darauf hin, dass
neben der Butenolid-Gruppierung andere Annonin-Substruk-
turen wie etwa der Polyether-Teil oder die lipophile linke
Seitenkette für eine starke Bindung der Annonin-Acetogenine
an Komplex I notwendig sind.
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Scheme 1. Retrosynthetic analysis of quinone ± mucocin. TBS� tert-butyl-
dimethylsilyl.
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Scheme 2. Synthesis of building block 3. a) nBuLi (1.5 equiv), TMEDA, n-
hexane, 0 8C, 30 min, succinic anhydride (1.1 equiv), THF, 2 h, 63%; b) 1.)
LiAlH4 (5.0 equiv), THF, 3 h, 72 %; 2.) Et3SiH (3 equiv), BF3 ´ OEt2


(4.5 equiv), CH2Cl2, 12 h, 88%; c) (COCl)2 (2.0 equiv), DMSO (4.0 equiv),
NEt3 (5.0 equiv), CH2Cl2, ÿ40 8C, 2.5 h, 78%; TMEDA� tetramethyl-
ethylenediamine.


reductive cleavage of the allyl ether. After conversion of the
alcohol 10 into the corresponding iodide, the phosphonium
salt 2 was obtained by using PPh3 in toluene.


The next sequence (Scheme 4) started with a Wittig
reaction to connect the THF phosphonium salt 2 with the
aromatic aldehyde 3. The desired alkene 11 could be obtained
in 87 % yield with a Z/E selectivity of 20:1. After hydro-
genation of the double bond (11! 12), a subsequent fluoride-
mediated removal of the TBDPS group afforded the corre-
sponding primary alcohol, which was transformed into the
aldehyde 13 by a Swern oxidation.


The final part of the synthesis required the stereoselective
coupling of the iodide 1 with the aldehyde 13 (Scheme 5). To
this end, a chelation-controlled addition of an organomagne-
sium compound prepared from the iodide 1[6a,b] to the
aldehyde 13 was examined. Because of the small scale of the
coupling reaction, the organomagnesium compound was not
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Scheme 3. Synthesis of THF-building block 2. a) BnO(CH2)4PPh3I
(2 equiv), THF, ÿ30 8C, NaHMDS (1.3 equiv), 1 h, ÿ78 8C, 7 (1 equiv),
0 8C, 1 h, 79%; b) Pt/C, H2, EtOAc, 6 h, 95%, c) Pd/C, H2, MeOH, 16 h,
92%; d) 1. imidazole (3 equiv), PPh3 (1.1 equiv), I2 (1.2 equiv) 0 8C, 88 %; 2.
PPh3 (3 equiv), toluene, 89%; NaHMDS� sodium hexamethyldisilazide.
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Scheme 4. Synthesis of aldehyde 13. a) 2 (1.6 equiv), NaHMDS
(1.1 equiv), THF, 0 8C, 20 min, then 3 (1.0 equiv), 0 8C, 1 h, 87%; b) Pt/C
(0.02 equiv), H2, EtOAc, 6 h, 97%; c) 1.) TBAF (4.3 equiv), THF, 2.5 h,
95%; 2.) (COCl)2 (2.0 equiv), DMSO (4.0 equiv), NEt3 (5.0 equiv), CH2Cl2,
ÿ40 8C, 1.5 h, 89%. TBAF� tetrabutylammonium fluoride, TBDPS� tert-
butyldiphenylsilyl.


produced by using magnesium turnings but by a homogeneous
method via the corresponding organolithium compound,
followed by transmetallation using MgBr2 ´ OEt2. With use
of this method, the desired alcohol 14 was obtained in 47 %
yield, with 7:1 stereoselectivity. (The stereoselectivity for the
related coupling step in the mucocin synthesis was 4:1.)[6a,b]


The undesired minor epimer could be separated by chroma-
tography. After deprotection to give the triol 15, the final step
of the synthesis required the oxidation of the hydroquinone
dimethyl ether to the quinone. Cerium(iv) ammonium nitrate
(CAN)[12] was the reagent of choice, producing the target
molecule quinone ± mucocin in 68 % yield.
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Scheme 5. Synthesis of quinone ± mucocin. a) 1 (1.3 equiv), tBuLi
(2.4 equiv), Et2O, ÿ105 8C, 4 min, MgBr2 ´ OEt2 (2.8 equiv), ÿ100 !
ÿ40 8C, 2 h,ÿ78 8C, 13 (1.0 equiv)! ÿ10 8C, 2 h, 47%, diastereomer ratio
7:1, chromatographic separation of epimers; b) HF (3.8 equiv), CH3CN/
CH2Cl2, 1 h, 90%; c) pyridine-2,6-dicarboxylic acid (9.4 equiv), CAN
(8 equiv), CH3CN/H2O, 0 8C, 4 h, 68%. CAN� cerium(iv) ammonium
nitrate, TBS� t-butyldimethylsilyl.


Our retrosynthetic analysis of quinone ± squamocin D sug-
gested a bis-THF core 17 and the two side chains 16 and 18
(Scheme 6).


The trans-threo-trans bis-THF diol 17 had been used
previously as a key building block in the syntheses of squa-
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Scheme 6. Retrosynthetic analysis of quinone ± squamocin D. TBS� tert-
butyldimethylsilyl.


mocin A and squamocin D.[5] Monobenzylation (Scheme 7) to
the benzyl ether 19 (29 % 19, 32 % dibenzylated compound,
17 % recovered diol) and subsequent Swern oxidation pro-
vided the aldehyde 20. For the attachment of the left-hand
side chain, the bromide 16[5, 13] was converted into the
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Scheme 7. Synthesis of aldehyde 23. a) NaH (1.5 equiv), THF, 0 8C, 29%;
b) (COCl)2 (2.5 equiv), DMSO (5.5 equiv), NEt3 (7.8 equiv), CH2Cl2,
ÿ45 8C, 1.5 h, 89 %; c) 1.) Mg, 16, 1,2-dibromoethane, 35 8C, 30 min, CuBr ´
Me2S, 20, Et2O, 12 h; 74% 2.) Pyridinium chlorochromate, 20 8C, 1 h, 60%;
d) L-selectride (5 equiv), THF, ÿ60 8C, 1.5 h, 77 %; e) 1.) TBDMSOTf
(3.5 equiv) 2,6-lutidine (10 equiv), CH2Cl2, 0 8C, 2 h, 99%; 2.) Pd/C, H2,
EtOAc, 4 h, 86%; 3.) (COCl)2 (6.0 equiv), DMSO (30 equiv), NEt3


(38 equiv), CH2Cl2, ÿ40 8C, 1.5 h, 89 %. TBS� tert-butyldimethylsilyl.


corresponding Grignard reagent. Addition of this Grignard
reagent to the aldehyde 20 gave two epimeric alcohols in a 2:1
ratio (Rf� 0.60 and 0.63, PE/MTBE 1:1), which were oxidized
by Pyridinium chlorochromate to the ketone 21. A subsequent
stereoselective L-selectride reduction[14] of 21 afforded the
alcohol 22 in 77 % yield. The stereoselectivity of the
L-selectride reduction was >98:2, as determined by NMR
spectroscopy. TBS-protection of the secondary hydroxy group
in 22, followed by the hydrogenolytic cleavage of the benzyl
ether and a subsequent Swern oxidation, provided the
aldehyde 23.


The C-12 aldehyde 24[15] was a suitable precursor for the
right-hand side chain building block 18 (Scheme 8). Treat-
ment of 24 with the ortho-lithiated compound 4 provided 25.
Use of Et3SiH/BF3 ´ OEt2 permitted simultaneous deoxyge-
nation and removal of the trityl group[16] to afford the alcohol
26 in 81 % yield. Treatment of 26 with PPh3/I2 produced the
iodide 18.


The subsequent Grignard reaction was again carried out by
means of a homogeneous method (Scheme 9). The iodide 18
was lithiated and then transmetallated by using MgBr2 ´ OEt2.
Addition to the aldehyde 23 (mixture of epimers at the new
stereogenic center: 2:1) and a subsequent Swern oxidation
gave the ketone 27. L-selectride reduction of the ketone
provided the corresponding alcohols in 99 % yield. The







Quinone ± Annonaceous Acetogenins 993 ± 1005


Chem. Eur. J. 2001, 7, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-0997 $ 17.50+.50/0 997


O
TrO


OMe
OMe


OMe


MeO


HO


OMe
OMe


OMe


MeO


OH
TrO


H


9
+


9


9


24


4


25


26


18


a


b c


Scheme 8. Synthesis of iodide 18. a) nBuLi (2.2 equiv), TMEDA,
n-hexane, 0 8C, 2.5 h, 54%; b) Et3SiH (5 equiv), BF3 ´ OEt2 (7.5 equiv),
CH2Cl2, 14 h, 81 %; c) imidazole (3 equiv), PPh3 (1.1 equiv), I2 (1.2 equiv)
0 8C, 4 h, 65 %.
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Scheme 9. Synthesis of quinone ± squamocin D. a) 1.) 18 (2.1 equiv), tBuLi
(3.9 equiv), Et2O, ÿ105 8C, 4 min, MgBr2 ´ OEt2 (4.9 equiv), ÿ100 !
ÿ40 8C, 1.5 h,ÿ78 8C, 23 (1.0 equiv)! 0 8C, 3.5 h, 52 %, diastereomer ratio
1:1, 2.) (COCl)2 (75 equiv), DMSO (150 equiv), NEt3 (250 equiv), CH2Cl2,
ÿ40 8C, 1,5 h, 96%; b) L-selectride (15 equiv), THF, ÿ70 8C, 1.5 h, 99%,
diastereomer ratio 88:12, chromatographic separation of epimers; c) HF,
CH3CN/CH2Cl2, 1.5 h, 77%; d) pyridine-2,6-dicarboxylic acid (6 equiv),
CAN (12 equiv), CH3CN/H2O, 0 8C, 4 h, 70%. TBS� tert-butyldimethyl-
silyl.


stereoselectivity of the reduction, determined by NMR
spectroscopy, was 88:12. The desired epimer 28 could be
isolated by column chromatography, and cleavage of its silyl
protecting groups gave the triol 29. The last step of the


synthesis was the oxidation of the hydroquinone dimethyl
ether 29 with CAN to provide the target compound quinone ±
squamocin D in 70 % yield.


Complex I inhibition studies : Mucocin, quinone ± mucocin,
quinone ± squamocin D, and the compounds 13 and 25 were
tested as inhibitors of complex I (Table 1). In addition, the
synthetic building blocks 30 ± 37 were also tested (Table 2).


For the complex I studies, bovine heart mitochondria were
prepared as described previously.[17] The inhibition of oxygen
uptake was measured. A Clark-type oxygen electrode
(100 mM sodium phosphate pH� 7.4, 1 mm EDTA, 1 mm
MgCl2, 0.5 mg mLÿ1 protein) was used.[18] The known strong
inhibitor rotenone served as reference sample.


It was found that most of the smaller annonaceous
acetogenin fragments were only weak inhibitors of complex I
(Table 2). This suggests that all the different structural parts of
these natural productsÐthe ether core, the butenolide unit,
and two aliphatic hydrocarbon chainsÐ contribute to the
activity. Smaller units such as 30, 33, and 34, showed either no
or only very weak activity. Compounds 35 and 36 also
exhibited weak activity. If the butenolide unit and an ether
component were located in the same molecule, however,
more activity was found (37). It is remarkable that a
carboxylic acid in place of the butenolide 32 resulted in a
good inhibitor, while the corresponding benzyl ether 31 was
nearly inactive. On the basis of structural data relating to the
ubiquinone binding site of the bacterial reaction center,[21] one
could postulate a participation of the carboxylic acid in the
hydrogen bond network involved in the binding to ubiqui-
none.


Table 1. Inhibition of the mitochondrial complex I by natural acetogenins
and quinone ± natural product hybrids.


Compound Ki(50) IC(50) IC(50)
[19]


[nm] [mmol mgÿ1 protein] [mmol mgÿ1 protein]


mucocin 34 45 33.3
15 123 163
quinone ± mucocin 3.6 4.9
squamocin A 1.0 1.3
Squamocin D 8.7
29 4.7 6.2
quinone ± squamocin D 1.7 2.3
rotenone 1.0 1.3


Table 2. Inhibition of the mitochondrial complex I by annonaceous
acetogenin fragments.


Compound Ki(50) [nm]


30 > 300 000
31 94000
32 173
33 42000
34 32000
35 19500
36 16700
37 2500
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The quinone ± acetogenins are very good inhibitors of
complex I: quinone ± mucocin is ten times more active than
mucocin itself. In contrast, the hydroquinone ± mucocin
dimethyl ether 13 showed less activity than the natural
product. Quinone ± squamocin D and the hydroquinone ±
squamocin dimethyl ether 25 also displayed activities in the
nanomolar range.


These results emphasize the importance of the butenolide
unit for inhibitor activity.[20] However, it is possible to
substitute this structural unit with a quinone group without
loss of activity, and by a carboxylic acid with only a little loss
of activity. Therefore, these structural features probably
interact with complex I in a related fashion.


Despite these structural similarities, the reduction poten-
tials of ubiquinone and a butenolide unit are very different.
The reduction potential of an a-alkyl-a,b-unsaturated butyro-
lactone (Ep�ÿ2.69 V (irreversible), CH3CN versus SCE) is
much more negative than the reduction potentials of the
quinone group (Ep(cI)�ÿ0.75 V, Ep(cII)�ÿ1.48 V, CH3CN
versus SCE).[22]


Therefore, an electron transfer from the ubiquinone
reduction side cannot be ruled out in the case of the
quinone-natural product hybrids, while the butenolide unit
of the annonaceous acetogenins should not be reduced under
physiological conditions. It is therefore reasonable to assume


that, apart from the electron transfer, there must be other
important structural factors involved in the binding of the
annonaceous acetogenins with complex I. The ether core and/
or lipophilic interactions with the aliphatic side chains might
also play an important role.[23]


It has been reported that the ubiquinone reduction site is
quite large, so that the two acetogenin subunits, the buteno-
lide, and the ether core could all probably bind there.[24] A
systematic variation of both structural featuresÐthe buteno-
lide and the ether componentsÐwould potentially be helpful
for evaluation of the critical factors for the interaction of the
annonaceous acetogenins with complex I.


Conclusion


The synthesis of these natural product hybrids was success-
fully accomplished by combining the ether component of the
annonaceous acetogenins with the quinone component of
ubiquinone. Our modular approach to these hybrid natural
products allows efficient synthetic access to compounds with
different moieties substituting for the butenolide moiety. The
novel natural product hybrids are strong inhibitors of com-
plex I of the respiratory chain. Natural product hybrids like
quinone ± mucocin and quinone ± squamocin D offer the po-
tential to be useful probes for complex I studies. It has been
demonstrated that the butenolide moiety of the annonaceous
acetogenins can be exchanged for the quinone of ubiquinone.
Considering all the facts, it is becoming clearer that more than
one structural entity is responsible for enzyme inhibition in
the interaction of complex I with the annonaceous acetoge-
nins.


Experimental Section


General : All boiling points and melting points are uncorrected values. IR:
Biorad FTS 3000MX. NMR: Bruker AC-300, DPX-300, and AMX-600.
For 1HNMR, CDCl3 as solvent dH� 7.24; for 13CNMR, CDCl3 as solvent
dc� 77.0. Elemental analysis: CHN Rapid (Heraeus), CHNS-932 Analy-
sator (Leco). HR-MS: Finnigan MAT 95. All reactions were performed
under an inert atmosphere of argon in oven- or flame-dried glassware.
HPLC: Rainin ± Dynamax, SD-200 and SD-1, PDA1. Dry solvents: THF,
Et2O, benzene, and toluene were distilled from sodium benzophenone.
Pyridine, Et3N, and CH2Cl2 were distilled from CaH2. All commercially
available reagents were used without purification unless otherwise noted.
All reactions were monitored by thin layer chromatography (TLC) carried
out on Merck F-254 silica glass plates viewed under UV light and/or by
heat-gun treatment with 5 % phosphomolybdic acid in ethanol. Column
chromatography and flash column chromatography were performed with
Merck silica gel 60 (70 ± 200 mesh and 230 ± 400 mesh). PE: light petroleum
ether, b.p. 40 ± 60 8C; MTBE: methyl tert-butyl ether.


4-(2',3',4',5'-Tetramethoxy-6'-methylphenyl)-4-oxo-butyric acid (5): Tetra-
methoxytoluene 4 (0.48 g, 2.26 mmol) was dissolved in n-hexane (5 mL).
TMEDA (0.67 mL, 4.52 mmol) and nBuLi (1.34 mL, 3.30 mmol) were
added slowly at 0 8C. After 30 min, the yellow suspension was diluted with
THF (25 mL) and succinic anhydride (236 mg, 2.36 mmol) in THF (5 mL)
was added. After 2 h, the reaction was quenched by the addition of
saturated aqueous NH4Cl (5 mL). The aqueous layer was extracted with
MTBE (2� 15 mL). The combined organic layers were dried with MgSO4


and the solvents were evaporated. The residue contained unconsumed
tetramethoxytoluene 4 (321 mg, 1.51 mmol). The aqueous layer was
acidified with NaHSO4 solution (1m) and extracted with ethyl acetate
(3� 10 mL). The combined organic layers were washed with saturated
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aqueous NaCl (10 mL) and dried with MgSO4. The solvents were removed
in vacuo. The crude product was purified by column chromatography (20 g
silica, CH2Cl2/acetone/HOAc 220:20:1) to provide 5 (147 mg, 0.47 mmol,
63% yield based on conversion) as a colorless solid. Rf� 0.39 (CH2Cl2/
acetone 11:1, 1% HOAc); IR (film): nÄ � 3516(s), 2939(s), 2874(m), 1710(s),
1585(w), 1467(s), 1360(s), 1275(m), 1091(m), 1040(m), 1000(m), 962(m),
846(w), 842(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 2.05 (s, 3H; Me),
2.74 (t, J� 6.5 Hz, 2H; 3-H2), 3.07 (t, J� 6.5 Hz, 2 H; 2-H2), 3.76 (s, 3H;
OMe), 3.78 (s, 3 H; OMe), 3.87 (s, 3H; OMe), 3.90 (s, 3H; OMe); 13CNMR
(75 MHz, CDCl3): d� 11.9 (6-Me), 27.7, 39.4 (C-2, C-3), 60.7, 61.1, 61.2, 61.9
(2', 3', 4', 5'-OMe), 123.3, 131.1 (C-1', C-6'), 144.5, 146.0, 148.0, 148.2 (C-2',
C-3', C-4', C-5'), 177.7 (C-1), 204.3(C-4); elemental analysis (%) for
C15H20O7 (312.32): calcd: C 57.69, H 6.46; found: C 57.42, H 6.94.


1-(4'-Hydroxybutyl)-2,3,4,5-tetramethoxy-6-methylbenzene (6): Com-
pound 5 (256 mg, 0.82 mmol), dissolved in THF (1 mL), was added
dropwise to a suspension of LiAlH4 (156 mg, 4.10 mmol) in THF (7 mL) at
0 8C. After stirring for 3 h at 20 oC, the reaction was quenched by slow
addition of H2O (0.16 mL), 2 n NaOH (0.48 mL), and H2O (0.16 mL). The
suspension was refluxed for 10 min, filtered through a pad of Celite, and
washed with THF. Solvent was removed in vacuo. Column chromatography
(10 g silica, MTBE) of the residue afforded the diol (1.77 mg, 0.59 mmol,
72%) as a colorless oil.


1-(1',4'-Dihydroxybutyl)-2,3,4,5-tetramethoxy-6-methylbenzene : Rf� 0.21
(MTBE); IR (film): nÄ� 3395(s), 2938(s), 2868(m), 1584(w), 1467(s),
1343(s), 1264(w), 1196(m), 1108(s), 1083(s), 1036(s), 962(m),
884(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d �1.65 ± 1.89 (m, 4H; 2', 3'-
H2), 2.14 (s, 3H; Me), 3.62 ± 3.71 (m , 2 H; 4'-H2), 3.73 (s, 3H; OMe), 3.84 (s,
3H; OMe), 3.88 (s, 3 H; OMe), 3.92 (s, 3H; OMe), 4.77 ± 4.83 (m, 1 H; 1'-
H); 13CNMR (75 MHz, CDCl3): d� 11.5 (6-Me), 30.3, 35.6 (C-2', C-3'), 60.7,
60.9, 61.0, 61.4 (2,3,4,5-OMe), 62.8, 71.4 (C-1', C-4'), 123.8, 130.0 (C-1, C-6),
144.6, 146.1, 147.7, 147.8 (C-2, C-3, C-4, C-5).


The diol (196 mg, 0.65 mmol) was dissolved in CH2Cl2 (4 mL) and cooled to
ÿ78 8C. Et3SiH (0.31 mL, 1.96 mmol) and BF3 ´ OEt2 (0.37 mL, 2.94 mmol)
were added and the reaction mixture was stirred for 12 h. Then a saturated
aqueous sodium bicarbonate solution (4 mL) was added and the aqueous
layer was extracted with MTBE (3� 5 mL). The combined organic layers
were washed with saturated aqueous NaCl (5 mL) and dried with MgSO4,
and the solvents were removed in vacuo. The residue was purified by flash
column chromatography (10 g silica, MTBE) to yield alcohol 6 (163 mg,
0.57 mmol, 88 %) as a colorless oil. Rf� 0.79 (MTBE); IR (film):
nÄ � 3432(s), 2937(s), 2864(m), 1584(w), 1467(s), 1352(m), 1260(m),
1196(m), 1106(s), 1059(s), 1033(s), 976(m), 880(m) cmÿ1; 1HNMR
(300 MHz, CDCl3): d� 1.40 ± 1.72 (m, 4H; 2',3'-H2), 2.14 (s, 3 H; Me),
2.58 ± 2.65 (m, 2H; 1'-H2), 3.68 ± 3.72 (m, 2 H; 4'-H2), 3.76 (s, 3H; OMe),
3.80 (s, 3H; OMe), 3.87 (s, 3H; OMe), 3.88 (s, 3 H; OMe); 13CNMR
(75 MHz, CDCl3): d� 11.6 (6-Me), 26.3, 26.4 (C-2', C-3'), 32.7 (C-1'), 60.6,
61.0, 61.1, 61.1 (2,3,4,5-OMe), 62.8 (C-4'), 124.9, 129.7 (C-1, C-6), 144.6,
145.1, 147.6, 147.7 (C-2, C-3, C-4, C-5); elemental analysis calcd (%) for
C15H24O5 (284.35): C 63.36, H 8.51; found: C 63.60, H 8.64.


1-(4'-Oxo-butyl)-2,3,4,5-tetramethoxy-6-methylbenzene (3): DMSO
(0.17 mL, 2.55 mmol) was added at ÿ78 8C to a solution of oxalyl chloride
(0.11 mL, 1.28 mmol) in CH2Cl2 (10 mL). After 5 min stirring, a solution of
the alcohol 6 (180 mg, 0.63 mmol) in CH2Cl2 (1 mL) was added dropwise.
After stirring for 15 min, NEt3 (0.44 mL, 3.19 mmol) was added dropwise.
The mixture was stirred for 2.5 h (ÿ78 8C ! ÿ40 8C). The reaction was
quenched by addition of water (10 mL). The aqueous layer was extracted
with MTBE (3� 15 mL) and the combined organic layers were washed
with saturated aqueous NaCl (15 mL) and dried with MgSO4. The solvents
were removed in vacuo and the residue was purified by column
chromatography (10 g silica, PE/MTBE 2:1) to yield aldehyde 3 (138 mg,
0.49 mmol, 78 %) as a colorless oil. Rf� 0.31 (n-hexane/MTBE 2:1);
1HNMR (300 MHz, CDCl3): d� 1.74 ± 1.79 (m, 2H; 2'-H2), 2.14 (s, 3H;
Me), 2.44 ± 2.48 (m, 2 H; 3'-H2), 2.56 ± 2.64 (m, 2 H; 1'-H2), 3.74 (s, 3H;
OMe), 3.78 (s, 3 H; OMe), 3.86 (s, 3H; OMe), 3.87 (s, 3H; OMe), 9.74 ± 9.76
(m, 1 H; 4'-H); 13CNMR (75 MHz, CDCl3): d� 11.6 (6-Me), 22.3, 26.0 (C-1',
C-2'), 43.4 (C-3'), 60.6, 60.9, 61.0, 61.0 (2,3,4,5-OMe), 125.0, 128.6 (C-1,
C-6), 144.5, 145.1, 147.7, 147.8 (C-2, C-3, C-4, C-5), 202.5 (C-4').


(2S,5R,Z)-2-tert-Butyldiphenylsilyloxymethyl-5-(5'-benzyloxypent-1'-
enyl)tetrahydrofuran (8): BnO-(CH2)4-PPH3I (5.38 g, 9.74 mmol) was
dissolved in THF (50 mL) and cooled to ÿ30 8C. NaHMDS (6.33 mL,


6.33 mmol, 1m in THF) was added dropwise. After stirring for 1 h at 20 oC,
the orange solution was cooled to ÿ78 8C and aldehyde 7 (1.80 g,
4.87 mmol), dissolved in THF (5 mL) and cooled to ÿ78 8C, was added.
After 1 h at 0 8C, the reaction was quenched by the addition of saturated
aqueous NH4Cl (20 mL). The aqueous layer was extracted with MTBE
(3� 40 mL) and the combined organic layers were washed with saturated
aqueous NaCl (30 mL) and dried with MgSO4. The solvents were removed
in vacuo. The residue was purified by column chromatography (100 g silica,
PE/MTBE 20:1) to yield the alkene 8 (1.97 g, 3.83 mmol, 79 %) as a
colorless oil. Z/E� 20:1 (1HNMR); Rf� 0.18 (n-hexane/MTBE 20:1); [a]23


D


ÿ15.2 (c� 0.52, CHCl3); IR (film): nÄ � 3446(s), 2930(s), 2857(s), 1639(m),
1428(m), 1362(w), 1113(s), 1074(m), 739(m), 701(s), 613(m), 505(m) cmÿ1;
1HNMR (300 MHz, CDCl3): d� 1.05 (s, 9 H; SiC(CH3)3), 1.48 ± 1.74 (m,
3H; 4,4'-H2), 1.79 ± 1.95 (m, 1 H; 3-H2), 1.97 ± 2.11 (m, 2H; 3,4-H2), 2.11 ±
2.21 (m, 2H; 3'-H2), 3.43 (t, J� 6.6 Hz, 2 H; 5'-H2), 3.66 (d, J� 5.8 Hz, 2H;
CH2-OTBDPS), 4.09 ± 4.24 (m, 1 H; 2-H), 4.46 (s, 2 H; CH2-Ph), 4.66 ± 4.79
(m, 1 H; 5-H), 5.36 ± 5.55 (m, 2H; 1',2'-H), 7.29 ± 7.39 (m, 11H; Ph,SiPh),
7.65 ± 7.70 (m, 4H; SiPh); 13CNMR (75 MHz, CDCl3): d� 19.3 (SiC(CH3)3),
24.3 (C-3'), 26.8 (SiC(CH3)3), 28.5 (C-3), 29.8 (C-4'), 33.3 (C-4), 66.6 (CH2-
OTBDPS), 69.7 (C-5'), 72.9 (CH2-Ph), 75.0 (C-5), 79.1 (C-2), 127.6 (SiPh),
128.3 (Ph), 129.5 (SiPh), 131.4, 131.5 (C-1', C-2'), 133.7 (SiPh), 135.6 (SiPh),
138.6 (Ph); HRMS: (EI): found: 513.2818 [MÿH]� ; calcd: 513.2825.


(2S,5R)-2-tert-Butyldiphenylsilyloxymethyl-5-(5'-benzyloxypentyl)tetra-
hydrofuran (9): Pt/C (37 mg, 10 mmol, 5 % Pt on C) was suspended in
AcOEt (25 mL). The mixture was degassed and stirred under hydrogen
atmosphere. Alkene 8 (831 mg, 1.61 mmol), dissolved in AcOEt (1 mL),
was added and the mixture was stirred vigorously for 6 h. Then the solution
was filtered through a pad of silica gel, which was washed with AcOEt
(40 mL), and the solvent was evaporated. The residue 9 (790 mg,
1.53 mmol, 95 %) was a colorless oil; it was spectroscopically pure and
needed no further purification. Rf� 0.38 (n-hexane/MTBE 10:1); [a]23


D �
1.6 (c� 0.52, CHCl3); IR (film): nÄ� 3446(s), 2933(s), 2857(s), 1425(m),
1362(w), 1193(w), 1110(s), 1002(m), 822(m), 739(m), 702(s), 613(w),
506(m) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 1.04 (s, 9H; SiC(CH3)3),
1.25 ± 1.51 (m, 7H; 4,1',2',3'-H2),1.53 ± 1.67 (m, 2 H; 4'-H2), 1.74 ± 1.88 (m,
1H; 3-H2), 1.94 ± 2.06 (m, 2H; 3,4-H2), 3.45 (t, J� 6.8 Hz, 2 H; 5'-H2), 3.60 ±
3.65 (m, 2 H; CH2-OTBDPS), 3.84 ± 3.95 (m, 1H; 5-H), 4.09 ± 4.15 (m, 1H;
2-H), 4.49 (s, 2H; CH2-Ph), 7.26 ± 7.39 (m, 11H; Ph, SiPh), 7.65 ± 7.70 (m,
4H; SiPh); 13CNMR (75 MHz, CDCl3): d� 19.2 (SiC(CH3)3), 26.2, 26.3 (C-
2', C-3'), 26.8 (SiC(CH3)3), 28.1 (C-3), 29.7 (C-4'), 32.0 (C-4), 35.8 (C-1'),
66.6 (CH2-OTBDPS), 70.4 (C-5'), 72.8 (CH2-Ph), 78.8 (C-2), 79.5 (C-5),
127.6 (SiPh), 128.3 (Ph), 129.5 (SiPh), 133.7 (SiPh), 135.6 (SiPh), 138.7 (Ph);
elemental analysis calcd (%) for C33H44O3Si (516.80): C 76.70, H 8.58;
found: C 76.59, H 8.61.


(2S,5R)-2-tert-Butyldiphenylsilyloxymethyl-5-(5'-hydroxypentyl)tetrahy-
drofuran (10): Pd on activated carbon (10 %, 61 mg, 57 mmol) was
suspended in MeOH (2 mL) at 0 8C. The mixture was degassed and stirred
under a hydrogen atmosphere for 5 min. A solution of the benzyl ether 9
(390 mg, 0.755 mmol) in AcOEt (1 mL) was added, and the mixture was
vigorously stirred at room temperature for 16 h. The suspension was
filtered through a pad of silica gel, which was washed with AcOEt (30 mL).
The solvents were removed in vacuo and the residue was purified by
column chromatography (15 g silica, PE/MTBE 2:1). The alcohol 10
(297 mg, 0.696 mmol, 92%) was obtained as a colorless oil. Rf� 0.25 (n-
hexane/MTBE 2:1); [a]23


D � 3.4 (c� 0.96, CHCl3); IR (film): nÄ� 3401(m),
2931(s), 2858(s), 1428(m), 1188(w), 1113(s), 1084(m), 1006(m), 824(m),
741(m), 702(s), 614(m), 505(m) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 1.04
(s, 9H; SiC(CH3)3), 1.25 ± 1.51 (m, 7H; 4,1',2',3'-H2),1.52 ± 1.62 (m, 2H; 4'-
H2), 1.74 ± 1.87 (m, 1 H; 3-H2), 1.93 ± 2.04 (m, 2 H; 3,4-H2), 3.57 ± 3.66 (m,
4H; CH2-OTBDPS, 5'-H2), 3.85 ± 3.95 (m, 1H; 5-H), 4.07 ± 4.15 (m, 1H;
2-H), 7.29 ± 7.44 (m, 6 H; SiPh), 7.63 ± 7.71 (m, 4H; SiPh); 13CNMR
(75 MHz, CDCl3): d� 19.2 (SiC(CH3)3), 25.8, 26.2 (C-2', C-3'), 26.8
(SiC(CH3)3), 28.1 (C-3), 32.0 (C-4), 32.7 (C-4'), 35.8 (C-1'), 62.9 (C-5'),
66.6 (CH2-OTBDPS), 78.8 (C-2), 79.5 (C-5), 127.6, 129.5, 133.7, 135.6
(SiPh); elemental analysis calcd (%) for C26H38O3Si (426.67): C 73.19, H
8.98; found: C 73.11, H 8.99.


Preparation of the phosphonium salt (2): Iodine (536 mg, 2.11 mmol) was
added to a solution of imidazole (359 mg, 5.27 mmol) and PPh3 (509 mg,
1.94 mmol) in CH2Cl2 (10 mL) at 0 8C. The solution was stirred for 5 min,
and the alcohol 10 (750 mg, 1.76 mmol), dissolved in CH2Cl2 (2 mL), was
then added slowly. The reaction mixture was stirred for 4 h with exclusion







FULL PAPER U. Koert et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-1000 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 51000


of light. It was then quenched by the addition of an aqueous Na2S2O3


solution (10 mL). The aqueous layer was extracted with MTBE (3�
20 mL). The combined organic layers were washed with saturated aqueous
NaCl (10 mL) and dried with MgSO4. The solvents were removed in vacuo.
The crude product was purified by flash column chromatography (20 g
silica, PE/MTBE 20:1) to yield the iodide (836 mg, 1.54 mmol, 88 %) as a
colorless oil.


(2S,5R)-2-tert-Butyldiphenylsilyloxymethyl-5-(5'-iodopentyl)tetrahydro-
furan : Rf� 0.23 (n-hexane/MTBE 20:1); [a]23


D � 2.0, (c� 0.35, CHCl3); IR
(film): nÄ� 3071(w), 2958(m), 2931(s), 2858(s), 1472(w), 1428(m), 1188(w),
1113(s), 1084(m), 1006(m), 824(m), 741(m), 702(s), 613(m), 505(m) cmÿ1;
1HNMR (300 MHz, CDCl3): d� 1.04 (s, 9 H; SiC(CH3)3), 1.25 ± 1.60 (m,
7H; 4,1',2',3'-H2), 1.78 ± 1.89 (m, 3H; 3,4'-H2), 1.92 ± 2.05 (m, 2H; 3,4-H2),
3.16 (t, J� 7.1 Hz, 2H; 5'-H2), 3.60 ± 3.66 (m, 2H; CH2-OTBDPS), 3.85 ±
3.90 (m, 1H; 5-H), 4.06 ± 4.15 (m, 1H; 2-H), 7.29 ± 7.44 (m, 6H; SiPh), 7.63 ±
7.71 (m, 4 H; SiPh); 13CNMR (75 MHz, CDCl3): d� 7.1 (C-5'), 19.3
(SiC(CH3)3), 25.4 (C-2'), 26.8 (SiC(CH3)3), 28.1 (C-3), 30.6 (C-3'), 32.0
(C-4), 33.5 (C-4'), 35.6 (C-1'), 66.6 (CH2-OTBDPS), 78.9 (C-2), 79.4 (C-5),
127.6, 129.5, 133.7, 135.6 (SiPh); HR-MS (EI): found: 479.0910 [Mÿ
C4H9]� ; calcd: 479.0903.


The iodide (836 mg, 1.56 mmol) and PPh3 (1.23 g, 4.67 mmol) were
dissolved in toluene (15 mL). The mixture was stirred for 4 d at 80 8C,
then cooled to room temperature, and the solvent was removed in vacuo.
The residue was washed with Et2O until the rinsing liquid was free of PPh3


(TLC). The phosphonium salt 2 (1.10 g, 1.38 mmol, 89 %) was dried in
vacuo and used in the Wittig reaction without further purification; 1HNMR
(300 MHz, CDCl3): d� 0.99 (s, 9H; SiC(CH3)3), 1.25 ± 1.47 (m, 5 H; 4, 1', 2'-
H2), 1.55 ± 1.84 (m, 5 H; 3, 3', 4'-H2), 1.88 ± 2.00 (m, 2 H; 3, 4-H2), 3.50 ± 3.73
(m, 4H; CH2-OTBDPS, 5'-H2), 3.76 ± 3.86 (m, 1H; 5-H), 4.00 ± 4.09 (m, 1H;
2-H), 7.29 ± 7.41 (m, 6 H; SiPh), 7.60 ± 7.81 (m, 4H; SiPh); 13CNMR
(75 MHz, CDCl3): d� 19.2 (SiC(CH3)3), 22.7 (C-5'), 23.4 (C-4'), 25.9 (C-
2'), 26.8 (SiC(CH3)3), 28.1 (C-3), 30.4 (C-3'), 31.9 (C-4), 35.2 (C-1'), 66.5
(CH2-OTBDPS), 78.8 (C-2), 79.3 (C-5), 117.5, 118.7, 130.4, 130.6, 133.6,
135.0, 135.1 (PPh3), 127.6, 129.5, 133.7, 135.0 (SiPh).


(2S,5R)-2-tert-Butyldiphenylsilyloxymethyl-5-(9'-(2'',3'',4'',5''-tetrame-
thoxy-6''-methylphenyl)non-5'-enyl)tetrahydrofuran (11): The phosphoni-
um salt 2 (951 mg, 1.19 mmol) was suspended in THF (10 mL) and cooled
to ÿ40 8C. After addition of NaHMDS (0.82 mL, 0.82 mmol, 1m in THF),
the orange solution was stirred for 20 min at 0 8C, and then cooled to
ÿ78 8C. Aldehyde 3 (210 mg, 0.74 mmol), dissolved in THF (1 mL), was
added. Stirring was maintained for 20 min atÿ30 8C and 20 min at 0 8C. The
reaction was quenched by addition of semisaturated aqueous NH4Cl
(5 mL). After addition of H2O (10 mL) and Et2O (10 mL), the phases were
separated and the aqueous layer was extracted with Et2O (3� 10 mL). The
combined organic layers were washed with saturated aqueous NaCl (2�
10 mL) and dried with MgSO4. The solvents were removed in vacuo. The
crude product was purified by column chromatography (20 g silica, PE/
MTBE 10:1) to afford alkene 11 (439 mg, 0.65 mmol, 87%) as a colorless
oil. Z/E� 20:1 (1HNMR). Rf� 0.19 (n-hexane/MTBE 10:1); [a]23


D � 0.7
(c� 1.10, CHCl3); IR (film): nÄ� 2933(s), 2859(s), 1586(w), 1466(s),
1411(m), 1352(m), 1110(s), 882(w), 823(w), 740(w), 704(m), 613(w),
505(m) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 1.03 (s, 9H; SiC(CH3)3),
1.25 ± 1.59 (m, 9 H; 4, 1',2',3',8'-H2), 1.73 ± 1.89 (m, 1H; 3-H2), 1.95 ± 2.12 (m,
6H; 3,4,4',7'-H2), 2.13 (s, 3 H; 6''-Me), 2.51 ± 2.57 (m, 2H; 9'-H2), 3.61 ± 3.66
(m, 2 H; CH2-OTBDPS), 3.76 ± 3.88 (m, 13H; 5-H, 2'',3'',4'',5''-OMe),
4.10 ± 4.15 (m, 1H; 2-H), 5.37 ± 5.41 (m, 2H; 5', 6'-H), 7.29 ± 7.44 (m, 6H;
SiPh), 7.63 ± 7.71 (m, 4H; SiPh); 13CNMR (75 MHz, CDCl3): d� 11.6 (6''-
Me), 19.2 (SiC(CH3)3), 26.1, 26.7 (C-2', C-9'), 26.8 (SiC(CH3)3), 27.3, 27.6
(C-3', C-8'), 28.1 (C-3), 29.9, 30.3 (C-4', C-7'), 32.0 (C-4), 32.7 (C-4'), 35.8
(C-1'), 60.6, 61.0, 61.1, 61.1 (2'',3'',4'',5''-OMe), 66.6 (CH2-OTBDPS), 78.8
(C-2), 79.5 (C-5), 124.9, 129.5 (C-1'', C-6''), 129.4, 130.2 (C-5', C-6'), 127.6
129.5, 133.7, 135.6 (SiPh), 144.6, 144.6, 147.8, 147.8 (C-2'', C-3'', C-4'', C-5'');
calcd (%) for C41H58O6Si (674.99): C 72.96, H 8.66; found: C 72.68, H 8.68.


(2S,5R)-2-tert-Butyldiphenylsilyloxymethyl-5-(9'-(2'',3'',4'',5''-tetrame-
thoxy-6''-methylphenyl)nonyl)tetrahydrofuran (12): Pt/C (26 mg, 7.0 mmol,
5% Pt on C) was suspended in AcOEt (6 mL) at 0 8C. The mixture was
degassed and stirred under hydrogen atmosphere (1 atm) for 10 min.
Alkene 11 (246 mg, 0.364 mmol), dissolved in AcOEt, (4 mL) was added
and the mixture was stirred vigorously for 6 h. Then the solution was
filtered through a pad of silica, which was washed with AcOEt (40 mL), and
the solvent was evaporated. The residue 12 (240 mg, 0.354 mmol, 97%) was


a colorless oil, which was spectroscopically pure and needed no further
purification. Rf� 0.19 (n-hexane/MTBE 10:1); [a]23


D � 0.4 (c� 1.01,
CHCl3); IR (film): nÄ� 2930(s), 2857(s), 1586(w), 1466(s), 1411(m),
1352(m), 1110(s), 880(w), 821(w), 740(w), 704(m), 614(w), 502(m) cmÿ1;
1HNMR (300 MHz, CDCl3): d� 1.03 (s, 9 H; SiC(CH3)3), 1.24 ± 1.59 (m,
17H; 4, 1',2',3',4',5',6',7',8'-H2), 1.73 ± 1.88 (m, 1 H; 3-H2), 1.92 ± 2.02 (m, 2H;
3, 4-H2), 2.14 (s, 3H; 6''-Me), 2.51 ± 2.57 (m, 2H; 9'-H2), 3.61 ± 3.65 (m, 2H;
CH2-OTBDPS), 3.76 ± 3.88 (m, 13 H; 5-H, 2'',3'',4'',5''-OMe), 4.11 ± 4.19 (m,
1H; 2-H), 7.29 ± 7.44 (m, 6H; SiPh), 7.63 ± 7.71 (m, 4H; SiPh); 13CNMR
(75 MHz, CDCl3): d� 11.6 (6''-Me), 19.2 (SiC(CH3)3), 26.4 (C-2'), 26.8
(SiC(CH3)3), 27.0, 28.1, 29.5, 29.6, 29.7, 29.8, 30.1, 30.4 (C-3, 3',4',5',6',7',8',9'),
32.0 (C-4), 35.9 (C-1'), 60.6, 61.0, 61.0, 61.1 (2'',3'',4'',5''-OMe), 66.6 (CH2-
OTBDPS), 78.8 (C-2), 79.6 (C-5), 124.9, 130.4 (C-1'', C-6''), 127.6, 129.5,
133.8, 135.6 (SiPh), 144.3, 144.4, 147.7, 147.7 (C-2'', C-3'', C-4'', C-5''); calcd
(%) for C41H60O6Si (677.01): C 72.74, H 8.93; found: C 72.59, H 8.85.
(2S,5R)-2-Formyl-5-(9'-(2'',3'',4'',5''-tetramethoxy-6''-methylphenyl)-nonyl)-
tetrahydrofuran (13): Silyl ether 12 (224 mg, 0.33 mmol) and TBAF
(460 mg, 1.45 mmol) were dissolved in THF (30 mL). After 2.5 h, the
reaction was quenched by addition of saturated aqueous NH4Cl (10 mL).
AcOEt (10 mL) was added, the phases were separated, and the aqueous
layer was extracted with AcOEt (4� 20 mL). The combined organic layers
were washed with saturated aqueous NaCl (2� 20 mL), dried with MgSO4,
and the solvents were removed in vacuo. The residue was purified by
column chromatography (20 g silica, PE/MTBE 1:1) to yield the alcohol
(136 mg, 0.31 mmol, 95%) as a colorless oil.


(2S,5R)-2-Hydroxymethyl-5-(9'-(2'',3'',4'',5''-tetramethoxy-6''methylphen-
yl)-nonyl)-tetrahydrofuran : Rf� 0.24 (n-hexane/MTBE 1:1); [a]23


D � 4.2
(c� 0.81, CHCl3); IR (film): nÄ� 3445(m), 2929(s), 2857(s), 1586(w),
1466(s), 1411(m), 1351(m), 1195(w), 1108(s), 1060(s), 1039(s), 974(m),
880(w), 724(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 1.23 ± 1.70 (m, 17H;
4,1',2',3',4',5',6',7',8'-H2), 1.90 ± 2.09 (m, 3 H; 3, 4-H2), 2.13 (s, 3H; 6''-Me),
2.49 ± 2.55 (m, 2 H; 9'-H2), 3.44 ± 3.50 (m, 1 H; CH2-OH), 3.57 ± 3.64 (m, 1H;
CH2-OH), 3.76 ± 3.88 (m, 13H; 5-H, 2'',3'',4'',5''-OMe), 4.07 ± 4.12 (m, 1H;
2-H); 13CNMR (75 MHz, CDCl3): d� 11.6 (6''-Me), 26.2, 27.0, 27.5, 29.4,
29.5, 29.6, 29.7, 30.1, 30.3 (C-3, 2', 3', 4', 5', 6', 7', 8', 9'), 32.0 (C-4), 35.7 (C-1'),
60.6, 61.0, 61.1, 61.1 (2'',3'',4'',5''-OMe), 65.1 (CH2-OH), 78.8 (C-2), 79.5 (C-
5), 124.8, 130.3 (C-1'', C-6''), 144.6, 144.7, 147.6, 147.7 (C-2'', C-3'', C-4'',
C-5''); calcd (%) for C25H42O6 (438.61): C 68.46, H 9.65; found: C 68.44, H
9.68.


Oxalyl dichloride (0.052 mL, 0.59 mmol) was dissolved in CH2Cl2 (7 mL)
and the solution was cooled to ÿ78 8C. DMSO (0.084 mL, 0.59 mmol) was
added. After 5 min stirring, a solution of the alcohol (130 mg, 0.296 mmol)
in CH2Cl2 (1 mL) was added dropwise. The reaction mixture was stirred for
15 min and NEt3 (0.21 mL, 1.48 mmol) was added dropwise. The mixture
was stirred for 1.5 h (ÿ78 8C ! ÿ35 8C). The reaction was quenched by
addition of phosphate buffer solution (10 mL, pH� 7). The aqueous layer
was extracted with MTBE (3� 15 mL) and the combined organic layers
were washed with saturated aqueous NaCl (20 mL) and dried with MgSO4.
The solvents were removed in vacuo and the residue was purified by
column chromatography (10 g silica, PE/MTBE 2:1) to yield aldehyde 13
(115 mg, 0.263 mmol, 89 %) as a colorless oil. Rf� 0.32 (n-hexane/MTBE
2:1); 1HNMR (300 MHz, CDCl3): d� 1.26 ± 1.69 (m, 17 H;
4,1',2',3',4',5',6',7',8'-H2), 1.85 ± 2.09 (m, 3 H; 3, 4-H2), 2.12 (s, 3H; 6''-Me),
2.49 ± 2.54 (m, 2 H; 9'-H2), 3.74 ± 3.88 (m, 13 H; 5-H, 2'',3'',4'',5''-OMe),
3.90 ± 4.01 (m, 2 H; CH2C�O), 4.25 ± 4.31 (m, 1 H; 2-H), 9.63 (s, 1H;
HC�O); 13CNMR (75 MHz, CDCl3): d� 11.5 (6''-Me), 26.1, 27.0, 27.2, 29.4,
29.5, 29.6, 29.7, 30.0, 30.3, 31.1 (C-3, 4, 2', 3', 4', 5', 6', 7', 8', 9'), 35.3 (C-1'),
60.5, 60.9, 61.0, 61.1, 61.1 (2'',3'',4'',5''-OMe, CH2C�O), 81.2 (C-5), 82.3 (C-
2), 124.8, 130.3 (C-1'', C-6''), 144.5, 144.6, 147.6, 147.7 (C-2'', C-3'', C-4'',
C-5''), 203.2 (C�O); HRMS (EI): found: 436.2827 [M]� ; calcd: 436.2825;.


19-O,23-O-Di-(tert-Butyldimethylsilyl)hydroquinone ± mucocin dimethyl
ether (14): Iodide 1 (206 mg, 0.314 mmol) was dissolved in diethyl ether
(5 mL) and the solution was cooled toÿ105 8C. tBuLi (0.38 mL, 0.57 mmol,
1.5m in pentane) was added, followed after 4 min by magnesium bromide
etherate (0.36 mL, 0.66 mmol, 1.83m in Et2O), and the solution was allowed
to warm to ÿ40 8C over 2 h. Then the mixture was cooled to ÿ78 8C and a
solution of aldehyde 13 (105 mg, 0.241 mmol) in Et2O (1 mL) was added.
The mixture was stirred for 2 h (ÿ78 8C ! ÿ10 8C). The reaction was
quenched by addition of phosphate buffer solution (1m, pH� 7, 2 mL). The
mixture was diluted with water (5 mL) and MTBE (10 mL). The aqueous
layer was extracted with MTBE (5� 7 mL) and the combined organic
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layers were washed with saturated aqueous NaCl (2� 5 mL) and dried with
MgSO4. The solvents were removed in vacuo and the residue was purified
by flash column chromatography (20 g silica, PE/MTBE 5:1 ! 3:1 !
MTBE) to yield the coupling product 14 (109 mg, 0.113 mmol, 47 %) as a
colorless oil. The 7:1 mixture of the C-16 epimers was separated by flash
column chromatography. Major isomer 14 : Rf� 0.40 (n-hexane/MTBE
5:1); [a]23


D �ÿ25.3 (c� 0.40, CHCl3); IR (film): nÄ� 2927(s), 2855(s),
1467(m), 1407(m), 1353(m), 1252(m), 1106(s), 836(m), 775(m)
669(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 0.02 (s, 12 H; SiCH3), 0.85
(s, 21H; SiC(CH3)3, 34-H3), 1.23 ± 1.70 (m, 40 H; alkyl), 1.82 ± 2.04 (m, 6H;
13,14,18,22-H2), 2.13 (s, 3H; 35-Me), 2.44 (d, J� 2.7 Hz, 1 H; 16-OH),
2.48 ± 2.54 (m, 2 H; 3-H2), 2.98 (m, 1 H; 24-H), 3.14 ± 3.27 (m, 2 H; 20-H, 23-
H), 3.27 ± 3.38 (m, 1H; 16-H), 3.60 ± 3.64 (m, 1 H; 19-H), 3.74 ± 3.88 (m,
14H; 12,15-H, 1,36,37,38-OMe); 13CNMR (75 MHz, CDCl3): D�ÿ4.6,
ÿ4.0 (SiCH3), 11.6 (35-Me), 14.1 (C-34), 18.0 (SiC(CH3)3), 25.8, 25.9
(SiC(CH3)3), 22.7, 25.1, 25.6, 26.2, 28.4, 28.7, 28.8, 29.3, 29.6, 29.7, 29.8, 30.1
31.9, 32.7, 33.5, 35.7 (C-3, 4 ± 11, 13, 14, 17, 18, 21, 22, 25 ± 33), 60.4, 61.0, 61.1,
61.1 (1,36,37,38-OMe), 71.0 (C-23), 74.2 (C-19), 74.6 (C-16), 79.3 (C-12),
79.9 (C-20), 82.0 (C-15), 82.3 (C-24), 124.7, 130.3 (C-2, C-35), 144.6, 144.7,
147.6, 147.7 (C-1, 36, 37, 38); HRMS (EI): found: 964.7214 [M]� ; calcd:
964.7219. Minor isomer: Rf� 0.34 (n-hexane/MTBE 5:1); 1HNMR
(300 MHz, CDCl3): d� 0.00 ± 0.04 (s, 12 H; SiCH3), 0.82 ± 0.90 (m, 21H;
SiC(CH3)3, 34-H3), 1.18 ± 2.09 (m, 44 H; alkyl), 2.13 (s, 3 H; 35-Me), 2.37 (d,
J� 2.5 Hz, 1 H; 16-OH), 2.48 ± 2.54 (m, 2H; 3-H2), 2.94 ± 3.04 (m, 1 H; 24-
H), 3.16 ± 3.26 (m, 2H; 20, 23-H), 3.57 ± 3.74 (m, 2 H; 16, 19-H), 3.74 ± 3.88
(m, 14H; 12,15-H, 1,36,37,38-OMe); 13CNMR (75 MHz, CDCl3): d�ÿ4.8,
ÿ3.9 (SiCH3), 11.6 (35-Me), 14.1 (C-34), 18.2 (SiC(CH3)3), 25.8, 25.9
(SiC(CH3)3), 22.7, 25.1, 25.1, 25.3, 25.5, 26.1, 29.0, 29.1, 29.4, 29.5, 29.6, 29.6,
29.7, 29.8, 31.9, 32.3, 32.7, 33.5, 36.1, 37.0 (C-3, 4 ± 11, 13, 14, 17, 18, 21, 22,
25 ± 33), 60.6, 61.0, 61.1, 61.1 (1,36,37,38-OMe), 71.0 (C-23), 72.6 (C-16), 74.2
(C-19), 79.3 (C-12), 79.9 (C-20), 81.6 (C-15), 82.4 (C-24), 124.9, 130.3 (C-2,
C-35), 144.6, 144.7, 147.6, 147.7 (C-1, 36, 37, 38).


Hydroquinone ± mucocin dimethyl ether (15): Disilylether 14 (28 mg,
29 mmol) was dissolved in CH2Cl2 (1 mL) and treated with HF (0.35 mL,
5% in CH3CN) at 0 8C. After stirring for 1 h at room temperature, the
reaction was quenched by addition of phosphate buffer solution (1 mL,
pH� 7). The aqueous layer was extracted with CH2Cl2 (2� 5 mL) and ethyl
acetate (2� 5 mL). Washing of the combined organic layers with saturated
aqueous NaCl (5 mL), drying with MgSO4, evaporation of the solvents and
purification by column chromatography (1 g silica, n-hexane/EtOAc 1:2)
provided 15 (19 mg, 26 mmol, 90 %) as a colorless solid. M.p. 71 8C; Rf�
0.31 (n-hexane/EtOAc 1:2); [a]23


D �ÿ22.8 (c� 0.32, CHCl3); IR (film): nÄ�
3445(m), 2925(s), 2854(s), 1467(m), 1407(m), 1353(m), 1263(w), 1104(m),
1063(s), 1039(s), 880(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 0.85 (t, J�
6.8 Hz, 3H; 34-H3), 1.13 ± 1.88 (m, 42 H; alkyl), 1.89 ± 2.05 (m, 2 H; 13,14-
H2), 2.05 ± 2.14 (m, 4H; 22-H2, 35-Me), 2.50 ± 2.55 (m, 2H; 3-H2), 2.70 (br s,
1H; OH), 2.83 (br s, 1H; OH), 3.02 (dt, J� 8.8, 2.2 Hz, 1H; 24-H), 3.08 ±
3.18 (m, 1H; 20-H), 3.18 ± 3.32 (m, 1H; 23-H), 3.34 ± 3.52 (m, 2H; 16, 19-
H), 3.74 ± 3.94 (m, 14H; 12, 15-H, 1,36,37,38-OMe); 13CNMR (75 MHz,
CDCl3): d� 11.6 (35-Me), 14.1 (C-34), 22.7, 25.5, 26.2, 26.9, 27.0, 28.3, 28.3,
28.7, 28.7, 29.3, 29.5, 29.6, 29.6, 29.7, 30.1, 30.3, 31.9, 32.3, 32.6, 35.6 (C-3, 4 ±
11, 13, 14, 17, 18, 21, 22, 25 ± 33), 60.6, 61.0, 61.1, 61.1 (1,36,37,38-OMe), 70.6
(C-23), 73.5 (C-19), 73.8 (C-16), 79.4 (C-12), 80.1 (C-20), 81.9 (C-15), 82.0
(C-24), 124.9, 130.3 (C-2, C-35), 144.6, 144.7, 147.6, 147.7 (C-1, 36, 37, 38);
HRMS (EI): found: 736.5488 [M]� ; calcd: 736.5489.


Quinone ± mucocin : Pyridine-2,6-dicarboxylic acid (7.0 mg, 38.5 mmol) and
15 (3.0 mg, 4.1 mmol) were dissolved in CH3CN (0.55 mL) and water
(0.2 mL) at 0 8C. CAN (18.0 mg, 33.0 mmol) in water/CH3CN (0.5 mL, 1:1)
was added dropwise. After the mixture had been stirred for 4 h, CHCl3/
iPrOH (1 mL, 1:1) and water (1 mL) were added and the phases were
separated. The aqueous layer was extracted with CHCl3/iPrOH (5� 2 mL,
1:1) and the combined organic layers were dried with MgSO4. The solvents
were removed in vacuo and the residue was purified by flash column
chromatography (0.5 g silica, n-hexane/iPrOH 9:1) to yield quinone ± mu-
cocin (2.0 mg, 2.8 mmol, 68 %) as a yellow solid; Rf� 0.48 (n-hexane/iPrOH
9:1); [a]22


D �ÿ21 (c� 0.044, CHCl3); IR (film): nÄ� 3475(m), 2923(s),
2854(s), 1649(m), 1611(m), 1458(m), 1266(m), 1205(w), 1066(s),
947(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 0.85 (t, J� 6.4 Hz, 3H; 34-
H3), 1.13 ± 1.88 (m, 42H; alkyl), 1.89 ± 2.14 (m, 3 H; 13,14,22-H2), 1.99 (s,
3H; 35-Me), 2.42 (t, J� 6.8 Hz, 2H; 3-H2), 2.69 (br s, 1H; OH), 2.82 (br s,
1H; OH), 3.02 (dt, J� 8.8, 2.2 Hz, 1H; 24-H), 3.08 ± 3.18 (m, 1H; 20-H),


3.18 ± 3.32 (m, 1H; 23-H), 3.34 ± 3.52 (m, 2 H; 16,19-H), 3.71 ± 3.90 (m, 2H;
12,15-H), 3.96 (s, 6H; 37,38-OMe); 13CNMR (75 MHz, CDCl3): d� 11.9
(35-Me), 14.1 (C-34), 22.7, 25.5, 26.2, 26.4, 26.9, 28.3, 28.3, 28.7, 28.7, 29.3,
29.4, 29.4, 29.5, 29.6, 29.7, 29.7, 29.8, 31.9, 32.0, 32.4, 32.6, 35.6 (C-3, 4 ± 11,
13, 14, 17, 18, 21, 22, 25 ± 33), 61.1 (37, 38-OMe), 70.6 (C-23), 73.5 (C-19),
73.8 (C-16), 79.3 (C-12), 80.1 (C-20), 81.9 (C-15), 82.0 (C-24), 138.6, 143.1,
144.3 (C-2, C-35, C-37, C-38), 184.2, 184.7 (C-1, C-36); HRMS (EI): found:
708.5166 [M� 2H]� ; calcd: 708.5176.


(all-R)-[5'-(5''-Benzyloxymethyltetrahydrofuran-2''-yl)-tetrahydrofuran-
2'-yl]-methanol (19): NaH (95 %, 85 mg, 3.4 mmol) and BnBr (270 mL,
2.27 mmol), dissolved in 10 mL THF, were added to a solution of bis-THF
diol 17 (457 mg, 2.26 mmol) in THF (20 mL) at 0 8C. The mixture was
stirred overnight at room temperature. The reaction was quenched with a
mixture of saturated aqueous NH4Cl (10 mL) and MTBE (10 mL). The
aqueous layer was extracted with CH2Cl2 (3� 10 mL). The combined
organic layers were washed with saturated aqueous NaCl (40 mL) and
dried with MgSO4. Removal of the solvents and purification by column
chromatography (60 g silica, PE/MTBE 1:2, MTBE and MTBE/MeOH
20:1) afforded the bisbenzyl ether (273 mg, 714 mmol, 32%, yield based on
conversion: 38 %) and alcohol 19 (190 mg, 650 mmol, 29%, yield based on
conversion: 35%) as colorless liquids. The combined aqueous layers were
extracted three times with CHCl3/2-propanol 2:1 (25 mL) and the resulting
combined organic layers were dried with MgSO4. Removal of the solvents
and purification of the residue by column chromatography (20 g silica,
CHCl3/MeOH 10:1) was performed to isolate unconverted bi-THF diol 17
(78 mg, 386 mmol). Compound 19 : Rf� 0.35 (silica, MTBE); [a]21


D ��3.0
(c� 0.34, CHCl3); 1HNMR (300 MHz, CDCl3): d� 1.55 ± 1.79 (m, 4H; 3'-
H', 3''-H', 4'-H', 4''-H'), 1.87 ± 2.07 (m, 4H; 3'-H'', 3''-H'', 4'-H'', 4''-H''), 2.58
(br s, 1 H; OH), 3.42 ± 3.55 (m, 3H; 1-H', 1'''-H2), 3.61 ± 3.71 (m, 1 H; 1-H''),
3.84 ± 3.96 (m, 2 H; 5'-H, 2''-H), 4.05 ± 4.24 (m, 2H; 2'-H, 5''-H), 4.53
(PhCH2O), 7.23 ± 7.35 (m, 5H; Ph); 13CNMR (75 MHz, CDCl3): d� 27.3,
28.2, 28.5, 28.6 (C-3', C-3'', C-4', C-4''), 64.4 (C-1), 72.6 (C-1'''), 73.1
(PhCH2O), 78.2, 79.8, 81.9 (C-2', C-2'', C-5', C-5''), 127.3, 127.5, 128.1, 138.2
(Ph); elemental analysis calcd (%) for C16H32O4Si (292.37): C 69.84, H 8.27;
found: C 69.77, H 8.16.


(all-R)-5'-(5''-Benzyloxymethyl-tetrahydrofuran-2''-yl)-tetrahydrofuran-2'-
carbaldehyde (20): Oxalyl dichloride (140 mL, 1.61 mmol) was dissolved in
CH2Cl2 (10 mL). The solution was cooled to ÿ60 8C and DMSO (250 mL,
3.54 mmol) in CH2Cl2 (5 mL) was added. Atÿ50 8C a solution of alcohol 19
(188 mg, 643 mmol) in CH2Cl2 (3 mL) was added. After 45 min at ÿ45 8C,
the mixture was treated with Et3N (700 mL, 5.02 mmol). After 5 min, the
temperature was allowed to rise to 0 8C and H2O (10 mL) was added to stop
the reaction. The aqueous layer was extracted twice with CH2Cl2 (15 mL).
The combined organic layers were washed with saturated aqueous NaCl
(15 mL) and dried with MgSO4. Removal of the solvents and purification
by column chromatography (35 g silica, MTBE) yielded aldehyde 20
(166 mg, 572 mmol, 89 %) as a liquid. Rf� 0.35 (silica, MTBE); [a]21


D �
�30.9 (c� 0.33, CHCl3); IR (film): nÄ� 3030(w), 2970(m), 2872(s),
2719(w), 1733(s), 1496(w), 1454(w), 1365(w), 1314(w), 1273(w), 1202(w),
1070(s), 938(w), 883(w), 819(w), 739(m), 699(m), 609(w) cmÿ1; 1HNMR
(300 MHz, CDCl3): d� 1.65 ± 1.81 (m, 3 H; 4'-H', 3''-H', 4''-H'), 1.87 ± 2.09
(m, 4H; 3'-H', 4'-H'', 3''-H'', 4''-H''), 2.14 ± 2.25 (m, 1H; 3''-H''), 3.44 ± 3.54
(m, 2 H; 1'''-H2), 3.92 ± 4.05 (m, 2H; 5'-H, 2''-H), 4.15 ± 4.23 (m, 1H; 5''-H),
4.29 ± 4.35 (m, 1H; 2'-H), 4.54 (PhCH2O), 7.23 ± 7.32 (m, 5H; Ph), 9.66 (d,
J� 1.9 Hz, 1H; CHO); 13CNMR (75 MHz, CDCl3): d� 27.4, 27.9, 28.4, 28.7
(C-3', C-3'', C-4', C-4''), 72.7 (C-1'''), 73.3 (PhCH2O), 78.6 (C-5''), 81.5, 83.2,
83.3 (C-2', C-5', C-2''), 127.5, 127.6, 128.3, 138.4 (Ph), 202.9 (CHO); HRMS
(EI): found: 290.1523 [M]� ; calcd: 290.1518.


(5S,2'R,5'R,2''R,5''R)-1-[5'-(5''-Benzyloxymethyl-tetrahydrofuran-2''-yl)-
tetrahydrofuran-2'-yl]-5-(tert-butyldimethylsilyloxy)undecan-1-one (21):
A three-necked flask (100 mL) equipped with a dropping funnel, a reflux
condenser, and a magnetic stirrer bar was flame-dried in vacuo and, after
cooling to room temperature, flushed with argon. The flask was charged
with Mg (541 mg, 22.3 mmol) and the same drying procedure was repeated.
Et2O (3 mL) was added and the mixture was stirred vigorously. The
dropping funnel was charged with a solution of bromide 16 (1.00 g,
2.85 mmol) in Et2O (10 mL) and 1,2-dibromoethane (350 mL, 4.06 mmol).
A quantity of this solution (7 mL) was added quickly to the vigorously
stirred mixture. After the mixture had been warmed slightly with a heat
gun, the Grignard reaction started. The remaining bromide solution was
added over 20 min and the mixture was stirred for 15 min at 35 8C and for
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30 min at room temperature. The Grignard solution was transferred by
cannula into a Schlenk flask and cooled to ÿ60 8C. CuBr ´ Me2S (33mg,
161 mmol) was added and the mixture was stirred at ÿ60 8C for another
15 min. A solution of aldehyde 20 (159 mg, 548 mmol) in Et2O (10 mL) was
added dropwise. The reaction mixture was stirred overnight, during which
period the temperature was allowed to rise to room temperature. Addition
of saturated aqueous NH4Cl (25 mL) and Et2O (25 mL) terminated the
reaction. The aqueous layer was extracted twice with Et2O (25 mL). The
combined organic layers were washed with saturated aqueous NaCl
(50 mL) and dried with MgSO4. Removal of the solvents and purification
by column chromatography (40 g Silica, PE/MTBE 4:1, 1:1) afforded a
mixture (2:1 by 13CNMR) of the epimeric alcohols [228 mg, 405 mmol,
74%, Rf� 0.60 and 0.63 (silica, PE/MTBE 1:1)] as a colorless liquid. The
epimeric alcohols (189 mg, 336 mmol) were dissolved in CH2Cl2 (10 mL).
Molecular sieves (4 �, 227 mg) and PCC (275 mg, 1.28 mmol) were added.
The mixture was stirred for 1 h at room temperature, then diluted with
MTBE (50 mL) and filtered through a pad of Celite. The solvents were
removed in vacuo. Purification by column chromatography (40 g silica,
PE/MTBE 4:1, 2:1) gave the desired ketone 21 (112 mg, 200 mmol, 60%) as
a colorless liquid. Rf� 0.22 (silica, PE/MTBE 4:1); [a]23


D ��21.4 (c� 1.87,
CHCl3); IR (film): nÄ� 3031(w), 2955(s) (CH), 2929(s) (CH), 2857(s) (CH),
1716(m) (C�O), 1462(w), 1406(w), 1256(m), 1199(w), 1074(s), 939(w),
836(m), 802(w), 774(m), 735(w), 698(w) cmÿ1; 1HNMR (300 MHz, CDCl3):
d� 0.01 (s, 6 H; SiCH3), 0.82 ± 0.88 (m, 12H; 11-H3 and SiC(CH3)3), 1.18 ±
2.04 and 2.16 ± 2.25 (m, 22H; 3-H2, 4-H2, 6-H2 to 10-H2, 3'-H2, 4'-H2, 3''-H2,
4''-H2), 2.42 ± 2.64 (m, 2H; 2-H2), 3.42 ± 3.53 (m, 2H; 1'''-H2), 3.60 (quin.,
J� 5.7 Hz, 1 H; 5-H), 3.89 ± 4.06 (m, 2 H; 5'-H, 2''-H), 4.16 ± 4.23 (m, 1H; 5''-
H), 4.37 (t, J� 7.4 Hz, 1 H; 2'-H), 4.53 (s, 2H; PhCH2O), 7.21 ± 7.31 (m, 5H;
Ph); 13CNMR (75 MHz, CDCl3): d�ÿ4.5 (SiCH3), 14.0 (C-11), 18.0
(SiC(CH3)3), 22.5 (C-10), 25.8 (SiC(CH3)3), 25.3, 26.9, 27.9, 28.2, 28.6, 29.2,
29.4, 31.8 (C-3, C-7 to C-9, C-3', C-4, C-3'', C-4''), 36.5, 36.9 (C-4, C-6), 38.1
(C-2), 72.0 (C-5), 72.7 (C-1'''), 73.2 (PhCH2O), 78.5 (C-5''), 81.4, 82.9 (C-5',
C-2''), 83.9 (C-2'), 127.4, 127.5, 128.2, 138.3 (Ph), 212.5 (C�O); HRMS (EI):
found: 560.3901 [M]� ; calcd: 560.3897.


(1R,5S,2'R,5'R,2''R,5''R)-1-[5'-(5''-Benzyloxymethyltetrahydrofuran-2''-
yl)tetrahydrofuran-2'-yl]-5-(tert-butyldimethylsilyloxy)undecan-1-ol (22):
L-Selectride (1m in THF, 900 mL, 900 mmol), which had been precooled
at ÿ110 8C, was added to a solution of the ketone 21 (104 mg, 185 mmol) in
THF (5 mL) at ÿ110 8C. The mixture was stirred for 1 h 30 min, during
which period the temperature was allowed to rise to ÿ60 8C. At 0 8C, 2m
NaOH (7 mL) and 30% H2O2 (10 mL) were added carefully. The mixture
was stirred for 1 h and then treated with H2O (25 mL) and MTBE (25 mL).
The aqueous layer was extracted with MTBE (30 mL). The combined
organic layers were washed with saturated aqueous NaHCO3 (20 mL) and
saturated aqueous NaCl (20 mL), and dried with MgSO4. Removal of the
solvents and purification by column chromatography (35 g silica, PE/
MTBE 2:1) afforded alcohol 22 (80 mg, 142 mmol, 77 %) as a colorless oil.
The stereoselectivity was determined by 13CNMR analysis to be better than
98:2. Rf� 0.28 (silica, PE/MTBE 2:1); [a]20


D ��8.1 (c� 1.60, CHCl3); IR
(film): nÄ� 3470(br m) (OH), 3031(w), 2954(s)/ 2929(s)/ 2857(s) (C-H),
1496(w), 1463(m), 1407(w), 1305(w), 1255(m), 1198(w), 1071(s), 939(w),
836(m), 808(w), 774(m), 735(w), 698(w) cmÿ1; 1HNMR (300 MHz, CDCl3):
d� 0.01 (s, 6 H; SiCH3), 0.82 ± 0.88 (m, 12H; 11-H3 and SiC(CH3)3), 1.18 ±
1.49 (m, 16H; 2-H2 to 4-H2, 6-H2 to 10-H2), 1.56 ± 1.75 (m, 4 H; 3'-H', 4'-H',
3''-H', 4''-H'), 1.88 ± 2.06 (m, 4H; 3'-H'', 4'-H'', 3''-H'', 4''-H''), 2.50 (br s, 1H;
OH), 3.31 ± 3.39 (m, 1H; 1-H), 3.41 ± 3.52 (m, 2H; 1'''-H2), 3.59 (t, J�
5.0 Hz, 1H; 5-H), 3.77 ± 3.95 (m, 3H; 2'-H, 5'-H, 2''-H), 4.14 ± 4.23 (m, 1H;
5''-H), 4.53 (s, 2H; PhCH2O), 7.21 ± 7.31 (m, 5H; Ph); 13CNMR (75 MHz,
CDCl3): d�ÿ4.50, ÿ4.46 (SiCH3), 14.0 (C-11), 18.1 (SiC(CH3)3), 21.5 (C-
3), 22.5 (C-10), 25.9 (SiC(CH3)3), 25.2, 28.27, 28.34, 28.7, 28.8, 29.4, 31.8 (C-7
to C-9, C-3', C-4', C-3'', C-4''), 33.6 (C-2), 37.0, 37.2 (C-4, C-6), 72.3 (C-5),
72.7 (C-1'''), 73.2 (PhCH2O), 73.9 (C-1), 78.4 (C-5''), 81.79, 81.82 (C-5',
C-2''), 82.9 (C-2'), 127.4, 127.5, 128.2, 138.3 (Ph); HRMS: (EI): found
563.4119 [M]� ; calcd 563.4131.


(2'R,5'R,2''R,5''R,1'''R,5'''S)-1-[5'-(5''-(1''',5'''-Di-(tert-butyldimethylsilyl-
oxy)undecan-1'''yl)tetrahydrofuran-2''-yl)-tetrahydrofuran-2'-yl]-carbalde-
hyde (23): 2,6-Lutidine (150 mL, 1.29 mmol) and TBDMSOTf (100 mL,
435 mmol) were added at ÿ20 8C to a solution of alcohol 22 (69 mg,
123 mmol) in CH2Cl2 (5 mL). The mixture was stirred for 2 h, during which
period the temperature was allowed to rise to 0 8C. The reaction was
quenched with saturated aqueous NH4Cl (5 mL) and the aqueous layer was


extracted twice with CH2Cl2 (10 mL). The combined organic layers were
washed with saturated aqueous NaCl (10 mL) and dried with MgSO4.
Removal of the solvents in vacuo and purification by column chromato-
graphy (25 g silica, PE/MTBE 4:1) afforded bis-TBDMS-protected triol
(83 mg, 123 mmol, 99%) as a colorless liquid.


(1R,5S,2'R,5'R,2''R,5''R)-1-[5'-(5''-Benzyloxymethyl-tetrahydrofuran-2''-
yl)tetrahydrofuran-2'-yl]-1,5-di-(tert-butyldimethylsilyloxy)undecane :
Rf� 0.57 (silica, PE/MTBE 4:1); [a]21


D ��12.1 (c� 0.43, CHCl3); IR (film):
nÄ� 2955(s)/ 2929(s)/ 2857(s) (CH), 1462(m), 1361(w), 1254(m), 1092(m),
1074(m), 1005(w), 939(w), 890(w), 835(m), 774(m), 733(w), 697(w) cmÿ1;
1HNMR (300 MHz, CDCl3): d�ÿ0.01, 0.01, 0.02, 0.04 (4� s, 12H; SiCH3),
0.84 ± 0.89 (m, 21 H; 11-H3 and SiC(CH3)3), 1.19 ± 1.47 (m, 16H; 2-H2 to
4-H2, 6-H2 to 10-H2), 1.59 ± 1.75 (m, 4H; 3'-H', 4'-H', 3''-H', 4''-H'), 1.83 ±
2.05 (m, 4 H; 3'-H'', 4'-H'', 3''-H'', 4''-H''), 3.42 ± 3.54 (m, 2 H; 1'''-H2), 3.55 ±
3.68 (m, 2 H; 1-H, 5-H), 3.82 ± 3.99 (m, 3H; 2'-H, 5'-H, 2''-H), 4.14 ± 4.23 (m,
1H; 5''-H), 4.55 (s, 2H; PhCH2O), 7.23 ± 7.35 (m, 5H; Ph); 13CNMR
(75 MHz, CDCl3): d�ÿ4.6, ÿ4.5, ÿ4.4, ÿ4.3 (SiCH3), 14.1 (C-11), 18.1,
18.2 (SiC(CH3)3), 21.9 (C-3), 22.6 (C-10), 25.7, 26.0 (SiC(CH3)3), 25.2, 26.9,
28.2, 28.4, 28.75, 28.79, 29.5, 31.9 (C-3, C-7 to C-9, C-3', C-4', C-3'', C-4''),
32.5 (C-2), 37.0, 37.6 (C-4, C-6), 72.4 (C-5), 72.8 (C-1'''), 73.3 (PhCH2O),
74.7 (C-1), 78.4 (C-5''), 81.77, 81.79 (C-5', C-2''), 82.2 (C-2'), 127.5, 127.6,
128.3, 138.5 (Ph); HRMS (EI): found: 676.4922 [M]� ; calcd: 676.4918.


The bis-TBDMS-protected triol (81 mg, 121 mmol) was dissolved in AcOEt
(2 mL) and iPrOH (2 mL). After addition of Pd (10 % on activated carbon,
11.3 mg), the mixture was evacuated and filled with H2 (1 bar). The mixture
was stirred for 4 h at room temperature and filtered through a pad of Celite,
washing the pad with CH2Cl2 (25 mL). Removal of the solvents and
purification by column chromatography (20 g silica, PE/MTBE 2:1)
afforded the primary alcohol (61 mg, 104 mmol, 86%) as a colorless,
viscous oil. (2'R,5'R,2''R,5''R,1'''R,5'''S)-1-[5'-(5''-(1''',5'''-Di-(tert-butyldi-
methylsilyloxy)undecan-1'''yl)tetrahydrofuran-2''-yl)tetrahydrofuran-2'-
yl]-methanol : Rf� 0.35 (silica, PE/MTBE 2:1); [a]22


D ��7.6 (c� 0.46,
CHCl3); IR (film): nÄ� 3450(br m) (OH), 2955(s)/ 2929(s)/ 2857(s) (CH),
1463(m), 1361(w), 1255(m), 1067(m), 1005(w), 836(m), 809(w), 774(m),
725(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 0.01, 0.02, 0.04 (3� s, 12H;
SiCH3), 0.82 ± 0.88 (m, 21H; 11'''-H3 and SiC(CH3)3), 1.19 ± 1.46 (m, 16H;
2'''-H2 to 4'''-H2, 6'''-H2 to 10'''-H2), 1.56 ± 1.75 (m, 4H; 3'-H', 4'-H', 3''-H', 4''-
H'), 1.84 ± 1.98 (m, 4H; 3'-H'', 4'-H'', 3''-H'', 4''-H''), 3.45 (dd, J� 11.7/
5.3 Hz, 1 H; 1-H'), 3.55 ± 3.71 (m, 3 H; 1-H'', 1'''-H, 5'''-H), 3.80 ± 3.99 (m,
3H; 5'-H, 2''-H, 5''-H), 4.05 ± 4.14 (m, 1 H; 2'-H); 13CNMR (75 MHz,
CDCl3): d�ÿ4.6, ÿ4.5, ÿ4.4, ÿ4.3 (SiCH3), 14.1 (C-11'''), 18.1, 18.2
(SiC(CH3)3), 21.9 (C-3'''), 22.6 (C-10'''), 25.9 (SiC(CH3)3), 25.2, 26.8, 27.4,
28.6, 28.7, 29.5, 31.9 (C-3', C-4', C-3'', C-4'', C-7''' to C-9'''), 32.4 (C-2'''), 37.0,
37.5 (C-4''', C-6'''), 64.6 (C-1), 72.4 (C-5'''), 74.6 (C-1'''), 79.8 (C-2'), 82.0,
82.1, 82.2 (C-5', C-2'', C-5''); HRMS (EI): found: 571.4218 [MÿCH3]� ;
calcd: 571.4214.


Oxalyl dichloride (50 mL, 573 mmol) was dissolved in CH2Cl2 (1 mL). The
solution was cooled to ÿ60 8C and DMSO (200 mL, 2.82 mmol), dissolved
in dichloromethane (3 mL), was added. At ÿ50 8C the alcohol (56 mg,
95 mmol), dissolved in CH2Cl2 (0.5 mL), was added. After 45 min at ÿ45 8C
the mixture was treated with Et3N (500 mL, 3.59 mmol). After 5 min, the
reaction mixture was allowed to warm up to 0 8C and H2O (3 mL) was
added to stop the reaction. The aqueous layer was extracted twice with
CH2Cl2 (10 mL). The combined organic layers were washed with saturated
aqueous NaCl (5 mL) and dried with MgSO4. Removal of the solvents and
purification by column chromatography (10 g silica, PE/MTBE 4:1, 2:1)
yielded aldehyde 23 (50 mg, 85 mmol, 89%) as a liquid. Rf� 0.49 (silica, PE/
MTBE 2:1); [a]22


D ��15.2 (c� 1.00, CHCl3); IR (film): nÄ� 2955(s)/
2930(s)/ 2857(s) (CH), 1736(m) (C�O), 1463(m), 1361(w), 1255(m),
1067(m), 872(w), 836(m), 774(m), 725(w) cmÿ1; 1HNMR (300 MHz,
CDCl3): d� 0.00, 0.02, 0.03 (3� s, 12H; SiCH3), 0.84 ± 0.86 (m, 21 H; 11'''-
H3 and SiC(CH3)3), 1.19 ± 1.47 (m, 16H; 2'''-H2 to 4'''-H2, 6'''-H2 to 10'''-H2),
1.65 ± 1.95 (2�m, 7H; 3'-H', 4'-H2, 3''-H2, 4''-H2), 2.17 ± 2.21 (m, 1 H; 3'-H''),
3.57 ± 3.62 (m, 2H; 1'''-H, 5'''-H), 3.87 ± 4.02 (m, 3H; 5'-H, 2''-H, 5''-H),
4.29 ± 4.34 (m, 1H; 2'-H), 9.65 (d, J� 1.9 Hz, 1 H; CHO); 13CNMR
(75 MHz, CDCl3): d�ÿ4.6, ÿ4.5, ÿ4.4, ÿ4.3 (SiCH3), 14.1 (C-11'''),
18.10, 18.13 (SiC(CH3)3), 21.7 (C-3'''), 22.6 (C-10'''), 25.9 (SiC(CH3)3), 25.2,
27.0, 27.4, 27.9, 28.6, 29.5, 31.9 (C-3', C-4', C-3'', C-4'', C-7''' to C-9'''), 32.6 (C-
2'''), 37.0, 37.5 (C-4''', C-6'''), 72.3 (C-5'''), 74.6 (C-1'''), 81.4, 82.3, 83.2 (C-5',
C-2'', C-5''), 83.3 (C-2'), 203.0 (CHO); HRMS (EI): found: 569.4055 [Mÿ
CH3]� ; calcd: 569.4058.







Quinone ± Annonaceous Acetogenins 993 ± 1005


Chem. Eur. J. 2001, 7, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-1003 $ 17.50+.50/0 1003


1'-Hydroxy-12'-trityloxydodecyl-2,3,4,5-tetramethoxy-6-methylbenzene
(25): 1,2,3,4-Tetramethoxy-5-methylbenzene 4 (149 mg, 0.70 mmol) was
dissolved in n-hexane (10 mL) and cooled to 0 8C. TMEDA (0.27 mL,
1.82 mmol) and nBuLi (0.72 mL, 1.52 mmol) were added dropwise. After
30 min, aldehyde 24 (570 mg, 1.29 mmol) dissolved in n-hexane (5 mL) was
added to the yellow suspension. The reaction was quenched after 2 h by
addition of saturated aqueous NH4Cl (10 mL). The aqueous layer was
extracted with MTBE (3� 15 mL) and the combined organic layers were
washed with saturated aqueous NaCl (10 mL) and dried with MgSO4. The
solvents were removed in vacuo and the residue was purified by column
chromatography (20 g silica, PE/MTBE 5:1) to yield the alcohol 25
(246 mg, 0.38 mmol, 54%) as a colorless oil. Rf� 0.18 (n-hexane/MTBE
5:1); IR (film): nÄ� 3445(m), 2929(s), 2855(s), 1592(w), 1466(s), 1411(m),
1343(m), 1261(w), 1104(s), 1075(s), 1039(s), 897(w), 753(m), 704(s),
639(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 1.19 ± 1.83 (m, 20H; alkyl),
2.15 (s, 3 H; Me), 3.02 (t, 2 H; J� 6.6 Hz, 12'-H2), 3.74 (s, 3H; OMe), 3.86 (s,
3H; OMe), 3.89 (s, 3 H; OMe), 3.93 (s, 3H; OMe), 4.73 ± 4.81 (m, 1 H; 1'-
H), 7.20 ± 7.44 (m, 15 H; Ph); 13CNMR (75 MHz, CDCl3): d� 11.6 (6-Me),
26.3, 26.5, 27.0, 29.5, 29.6, 30.0, 38.7 (alkyl), 60.7, 60.9, 61.0, 61.3 (2,3,4,5-
OMe), 63.7 (C-12'), 71.4 (C-1'), 86.2 (CPh3), 123.7, 130.9 (C-1, C-6), 126.7,
127.6, 128.7, 144.6 (Ph), 144.5, 146.0, 147.7, 147.9 (C-2, C-3, C-4, C-5); HRMS
(EI): found: 654.3925 [M]� ; calcd: 654.3920.


1-(12'-Hydroxydodecyl)-2,3,4,5-tetramethoxy-6-methylbenzene (26): Al-
cohol 25 (240 mg, 0.37 mmol) was dissolved in CH2Cl2 (5 mL) and cooled
to ÿ78 8C. Et3SiH (0.30 mL, 1.85 mmol) and BF3 ´ OEt2 (0.35 mL,
2.78 mmol) were added under stirring. After 14 h (ÿ78 8C ! RT),
saturated aqueous NaHCO3 (4 mL) was added and the phases were
separated. The aqueous layer was extracted with MTBE (3� 10 mL) and
the combined organic layers were washed with saturated aqueous NaCl
(5 mL) and dried with MgSO4. The solvents were evaporated and the
residue was purified by column chromatography (10 g silica, PE/MTBE
2:1) to provide the alcohol 26 (117 mg, 0.30 mmol, 81%) as a colorless oil.
Rf� 0.23 (n-hexane/MTBE 2:1); IR (film): nÄ� 3440(m), 2928(s), 2855(s),
1466(s), 1412(m), 1351(m), 1261(w), 1110(s), 1060(s), 1039(s), 975(m),
897(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 1.19 ± 1.62 (m, 20H; alkyl),
2.14 (s, 3 H; Me), 2.50 ± 2.55 (m, 2H; 1'-H2), 3.59 ± 3.63 (m, 2H; 12'-H2), 3.76
(s, 3 H; OMe), 3.79 (s, 3 H; OMe), 3.87 (s, 3 H; OMe), 3.88 (s, 3H; OMe);
13CNMR (75 MHz, CDCl3): d� 11.6 (6-Me), 25.7, 27.0, 29.4, 29.5, 29.6, 29.6,
30.1, 30.3, 32.8 (alkyl), 60.6, 61.0, 61.1, 61.1 (2,3,4,5-OMe), 63.1 (C-12'),
124.9, 130.3 (C-1, C-6), 144.6, 144.7, 147.6, 147.7 (C-2, C-3, C-4, C-5); HRMS
(EI): found: 396.2876 [M]� ; calcd: 396.2876.


1-(12'-Iodododecyl)-2,3,4,5-tetramethoxy-6-methylbenzene : Iodine
(84 mg, 0.332 mmol) was added to a solution of imidazole (57 mg,
0.831 mmol) and PPh3 (80 mg, 0.305 mmol) in CH2Cl2 (3 mL) at 0 8C.
After the mixture had been stirred for 5 min, the alcohol 26 (110 mg,
0.277 mmol), dissolved in CH2Cl2 (1 mL), was added slowly. The reaction
mixture was stirred for 4 h with light excluded. An aqueous Na2S2O3


solution (10 mL) was then added. The aqueous layer was extracted with
MTBE (3� 10 mL). The combined organic layers were washed with
saturated aqueous NaCl (10 mL), dried with MgSO4, and the solvents were
evaporated. The residue was purified by column chromatography (8 g
silica, PE/MTBE 20:1) to yield 18 (91 mg, 0.180 mmol, 65%) as a colorless
oil. Rf� 0.25 (n-hexane/MTBE 2:1); IR (film): nÄ� 2926(s), 2853(s),
1465(s), 1407(s), 1351(m), 1261(w), 1196(m), 1106(s), 1064(s), 1038(s),
978(m), 881(w), 721(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d� 1.20 ± 1.49
(m, 18H; alkyl), 1.77 ± 1.82 (m, 2 H; 11'-H2), 2.14 (s, 3H; Me), 2.50 ± 2.55 (m,
2H; 1'-H2), 3.17 (t, J� 7.1 Hz, 2H; 12'-H2), 3.76 (s, 3H; OMe), 3.80 (s, 3H;
OMe), 3.87 (s, 3H; OMe), 3.88 (s, 3H; OMe); 13CNMR (75 MHz, CDCl3):
d� 7.4 (C-12'), 11.6 (6-Me), 27.0, 28.5, 29.4, 29.5, 29.5, 29.6, 30.1, 30.3, 30.5,
33.5 (alkyl), 60.6, 61.0, 61.1, 61.1 (2,3,4,5-OMe), 124.9, 130.3 (C-1, C-6),
144.6, 144.7, 147.6, 147.7 (C-2, C-3, C-4, C-5); HRMS (EI): found: 506.1897
[M]� ; calcd: 506.1893.


(1R,2'R,5'R,2''R,5''R,1'''R,5'''S)-1-[5'-(5''-(1''',5'''-Di-(tert-butyldimethyl-
silyloxy)undecan-1'''-yl)tetrahydrofuran-2''-yl)-tetrahydrofuran-2'-yl]-13-
(2'''',3'''',4'''',5''''-tetramethoxy-6''''-methylphenyl)tridecan-1-one (27): Io-
dide 18 (86 mg, 170 mmol) was dissolved in Et2O (3 mL) under an argon
atmosphere in a flame-dried Schlenk flask (25 mL). The solution was
cooled to ÿ110 8C and tBuLi (1.48 mmol mLÿ1 in n-pentane, 210 mL,
306 mmol) was added. After 4 min, MgBr2 ´ Et2O (3.88 mmol mLÿ1 in Et2O,
100 mL, 388 mmol) was added. The mixture was stirred for 1 h, 30 min,
during which period the temperature was allowed to rise to ÿ40 8C. The


mixture was then cooled to ÿ78 8C and a solution of aldehyde 23 (46 mg,
79 mmol) in Et2O (1 mL) was added dropwise. The mixture was stirred for
3 h, 30 min, during which period the temperature was allowed to rise to
0 8C. Addition of aqueous phosphate buffer (pH 7, 2 mL) stopped the
reaction. The mixture was diluted with MTBE (10 mL) and water (5 mL).
The aqueous layer was extracted five times with MTBE (5 mL). The
combined organic layers were washed with saturated aqueous NaCl (5 mL)
and dried with MgSO4. Removal of the solvents and purification by column
chromatography (9 g silica, PE/MTBE 20:1, 2:1, MTBE) afforded a
mixture (1:1 by 13CNMR) of the epimeric alcohols [39 mg, 40 mmol, 52%,
Rf� 0.38 and 0.46 (silica, PE/MTBE 2:1)] as a colorless liquid. Oxalyl
dichloride (150 mL, 1.72 mmol) was dissolved in CH2Cl2 (1 mL). The
solution was cooled to ÿ60 8C and DMSO (250 >L, 3.52 mmol) dissolved
in CH2Cl2 (3 mL) was added. The epimeric alcohols (22 mg, 23 mmol)
dissolved in CH2Cl2 (2 mL) were added at ÿ50 8C. After 1 h at ÿ40 8C, the
mixture was treated with Et3N (800 mL, 5.74 mmol). After 5 min, the
reaction mixture was allowed to warm up to 0 8C and H2O (2 mL) was
added to stop the reaction. The aqueous layer was extracted three times
with CH2Cl2 (5 mL). The combined organic layers were washed with
saturated aqueous NaCl (5 mL) and dried with MgSO4. Removal of the
solvents and purification by column chromatography (10 g silica, PE/
MTBE 10:1, 4:1) yielded ketone 27 (21 mg, 22 mmol, 96 %) as a colorless
liquid. Rf� 0.50 (silica, PE/MTBE 4:1); [a]23


D ��14.8 (c� 0.42, CHCl3); IR
(film): nÄ� 2929(s)/ 2856(s) (CH), 1717(m) (C�O), 1464(s), 1408(m),
1352(w), 1255(m), 1107(m), 1066(w), 1039(w), 1007(w), 979(w), 874(w),
836(m), 775(m), 724(w), 665(w) cmÿ1; 1HNMR (300 MHz, CDCl3): d�
0.01, 0.03, 0.05 (3� s, 18 H; SiCH3), 0.82 ± 0.88 (m, 21 H; 11'''-H3,
SiC(CH3)3), 1.19 ± 1.62 (m, 36H; 3-H2 to 12-H2, 2'''-H2 to 4'''-H2, 6'''-H2 to
10'''-H2), 1.65 ± 1.96 (m, 8 H; 3'-H2, 4'-H2, 3''-H2, 4''-H2), 2.14 (s, 3H; CH3-
Ph), 2.40 ± 2.64 (m, 4H; 13-H2, 2-H2), 3.55 ± 3.64 (m, 2 H; 1'''-H, 5'''-H), 3.76
(s, 3 H; OCH3), 3.79 (s, 3H; OCH3), 3.83 ± 4.05 (m, 9H; 5'-H, 2''-H, 5''-H,
2�OCH3), 4.38 (t, J� 7.2 Hz, 1H; 2'-H); 13CNMR (75 MHz, CDCl3): d�
ÿ4.6, ÿ4.5, ÿ4.4, ÿ4.2 (SiCH3), 11.6 (CH3Ph), 14.1 (C-11'''), 18.1, 18.2
(SiC(CH3)3), 25.94, 25.96 (SiC(CH3)3), 21.7 (C-3'''), 22.6 (C-10'''), 23.2, 25.2,
27.0, 27.3, 28.0, 28.6, 29.2, 29.3, 29.47, 29.50, 29.53, 29.6, 29.7, 30.1, 30.3, 31.9
(C-3 to C-13, C-3', C-4', C-3'', C-4'', C-7''' to C-9'''), 32.9 (C-2'''), 37.0, 37.6
(C-4''', C-6'''), 38.2 (C-2), 60.6, 61.0, 61.08, 61.09 (4�OCH3), 72.3 (C-5'''),
74.9 (C-1'''), 81.3, 82.5, 82.8, 83.9 (C-2', C-5', C-2'', C-5''), 124.9, 130.4 (C-2'''',
C-6''''), 144.6, 144.7, 147.65, 147.73 (C-2'''', C-3'''', C-4'''', C-5''''), 212.9
(C�O); HRMS (EI): found: 962.7023 [M]� ; calcd: 962.7062.


(1R,2'R,5'R,2''R,5''R,1'''R,5'''S)-1-[5'-(5''-(1''',5'''-Di-(tert-butyldimethyl-
silyloxy)undecan-1'''yl)tetrahydrofuran-2''-yl)tetrahydrofuran-2'-yl]-13-
(2'''',3'''',4'''',5''''-tetramethoxy-6''''-methylphenyl)tridecan-1-ol (28): L-Se-
lectride (1 mmol mLÿ1 in THF, 300 mL, 300 mmol), that had been precooled
atÿ110 8C, was added to a solution of the ketone 27 (19.2 mg, 19.9 mmol) in
THF (3 mL) at ÿ110 8C,. The mixture was stirred for 1 h, 30 min, during
which period the temperature was allowed to rise to ÿ60 8C. At 0 8C, first
water (5 mL) and then aqueous NaOH (2m, 7 mL) and 30 % H2O2 (7 mL)
were added carefully. The aqueous layer was extracted three times with
MTBE (15 mL). The combined organic layers were washed with saturated
aqueous NaHCO3 (10 mL) and saturated aqueous NaCl (10 mL), and dried
with MgSO4. Removal of the solvents and purification by column
chromatography (6 g silica, PE/MTBE 4:1) afforded alcohol 28 (16.7 mg,
17.3 mmol, 87%) as a colorless oil. The epimeric alcohol (2.3 mg, 2.4 mmol)
was also isolated. The stereoselectivity was determined to be 88:12 by the
products isolated. Major isomer 28 : Rf� 0.22 (silica, PE/MTBE 4:1);
[a]24


D ��6.1 (c� 0.33, CHCl3); IR (film): nÄ� 3398(br m) (OH), 2928(s)/
2856(s) (CH), 1466(m), 1408(m), 1352(w), 1255(m), 1196(w), 1106(w),
1065(m), 880(w), 836(m), 774(m), 723(w) cmÿ1; 1HNMR (300 MHz,
CDCl3): d� 0.01, 0.03, 0.06 (3� s, 18 H; SiCH3), 0.83 ± 0.88 (m, 21H; 11'''-
CH3, SiC(CH3)3), 1.20 ± 1.74 (m, 42 H; 2-H2 to 12-H2, 3'-H', 4'-H', 3''-H', 4''-
H', 2'''-H2 to 4'''-H2, 6'''-H2 to 10'''-H2), 1.82 ± 1.98 (m, 4 H; 3'-H'', 4'-H'', 3''-
H'', 4''-H''), 2.14 (s, 3H; CH3-Ph), 2.44 ± 2.56 (m, 3H; 13-H2 and OH), 3.31 ±
3.39 (m, 1 H; 1-H), 3.55 ± 3.64 (m, 2H; 1'''-H, 5'''-H), 3.74 ± 3.94 (m, 16H; 2'-
H, 5'-H, 2''-H, 5''-H, 4�OCH3); 13CNMR (75 MHz, CDCl3): d�ÿ4.7,
ÿ4.5, ÿ4.4, ÿ4.2 (SiCH3), 11.6 (CH3Ph), 14.1 (C-11'''), 18.1, 18.2
(SiC(CH3)3), 25.9, 26.0 (SiC(CH3)3), 21.7 (C-3'''), 22.6 (C-10'''), 25.2, 25.7,
27.0, 27.4, 28.4, 28.7, 28.8, 29.50, 29.53, 29.65, 29.68, 29.8, 30.1, 30.3, 31.9 (C-3
to C-13, C-3', C-4', C-3'', C-4'', C-7''' to C-9'''), 32.9 (C-2'''), 33.4 (C-2), 37.0,
37.5 (C-4''', C-6'''), 60.6, 61.0, 61.08, 61.09 (4�OCH3), 72.4 (C-5'''), 74.1 (C-
1), 75.0 (C-1'''), 81.65, 81.72, 82.4, 82.9 (C-2', C-5', C-2'', C-5''), 124.9, 130.4
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(C-1'''', C-6''''), 144.6, 144.7, 147.65, 147.73 (C-2'''', C-3'''', C-4'''', C-5'''');
HRMS (EI): found: 964.7226 [M]� ; calcd: 964.7219. Minor isomer: Rf�
0.10 (silica, PE/MTBE 4:1); 1HNMR (300 MHz, CDCl3): d� 0.01, 0.03,
0.04 (3� s, 18H; SiCH3), 0.83 ± 0.88 (m, 21H; 11'''-H3, SiC(CH3)3), 1.18 ±
1.96 (m, 46 H; 2-H2 to 12-H2, 3'-H2, 4'-H2, 3''-H2, 4''-H2, 2'''-H2 to 4'''-H2, 6'''-
H2 to 10'''-H2), 2.14 (s, 3H; CH3-Ph), 2.48 ± 2.56 (m, 3H; 13-H2 and OH),
3.55 ± 3.71 (m, 3 H; 1-H, 1'''-H, 5'''-H), 3.74 ± 4.00 (m, 16 H; 2'-H, 5'-H, 2''-H,
5''-H, 4�OCH3); 13CNMR (75 MHz, CDCl3): d�ÿ4.6, ÿ4.44, ÿ4.38,
ÿ4.3 (SiCH3), 11.6 (CH3Ph), 14.1 (C-11'''), 18.1, 18.2 (SiC(CH3)3), 25.9
(SiC(CH3)3), 21.9 (C-3'''), 22.6 (C-10'''), 25.2, 26.1, 27.0, 28.5, 29.50, 29.54,
29.6, 29.65, 29.68, 29.7, 30.1, 30.4, 31.9 (C-2 to C-13, C-3', C-4', C-3'', C-4'',
C-7''' to C-9'''), 32.4 (C-2'''), 37.0, 37.6 (C-4''', C-6'''), 60.6, 61.0, 61.08, 61.1
(4�OCH3), 71.3 (C-1), 72.4 (C-5'''), 74.5 (C-1'''), 82.2, 82.3, 82.45, 82.51 (C-
2', C-5', C-2'', C-5''), 124.9, 130.4 (C-1'''', C-6''''), 144.7, 147.7 (C-2'''', C-3'''',
C-4'''', C-5'''').


Hydroquinone ± squamocin D dimethyl ether (29): Alcohol 28 (14.8 mg,
15.3 mmol) was dissolved in CH2Cl2 (300 mL). HF (5 % in MeCN, 500 mL)
was added and the mixture was stirred for 1 h, 30 min at 0 8C. The reaction
was quenched with phosphate buffer solution (pH� 7, 2 mL). The aqueous
layer was extracted four times with CHCl3/iPrOH (10 mL). The combined
organic layers were dried with MgSO4. Removal of the solvents in vacuo
and purification by column chromatography (4 g silica, MTBE/MeOH
50:1) afforded triol 29 (8.7 mg, 11.8 mmol, 77%) as a colorless oil. Rf� 0.34
(silica, MTBE/MeOH 50:1); [a]23


D ��5.3 (c� 0.17, CHCl3); IR (film): nÄ�
3402(brm) (OH), 2927(s)/ 2856(s) (CH), 1463(m), 1413(w), 1352(w),
1262(w), 1195(w), 1108(w), 1062(m), 964(w), 878(w), 802(w) cmÿ1;
1HNMR (300 MHz, CDCl3): d� 0.86 (t, J� 6.6 Hz, 3H; 34-H3), 1.20 ±
1.68 (m, 42H; 4-H2 to 14-H2, 17-H', 18-H', 21-H', 22-H', 25-H2 to 27-H2,
29-H2 to 33-H2), 1.88 ± 2.00 (m, 4H; 17-H'', 18-H'', 21-H'', 22-H''), 2.13 (s,
3H; 39-H3), 2.53 (t, J� 6.4 Hz, 2H; 3-H2), 3.33 ± 3.43 (m, 2 H; 15-H, 24-H),
3.54 ± 3.62 (m, 1 H; 28-H), 3.74 ± 3.89 (m, 16H; 16-H, 19-H, 20-H, 23-H, 4�
OCH3); 13CNMR (75 MHz, CDCl3): d� 11.6 (C-39), 14.1 (C-34), 21.7 (C-
26), 22.6 (C-33), 25.6, 27.0, 28.4, 28.9, 29.0, 29.4, 29.5, 29.61, 29.63, 29.67,
29.73, 30.1, 30.3, 31.8 (C-3 to C-13, C-17, C-18, C-21, C-22, C-30 to C-32),
33.2 (C-25), 33.4 (C-14), 37.3, 37.5 (C-27, C-29), 60.6, 61.0, 61.08, 61.09 (4�
OCH3), 71.7 (C-28), 73.9, 74.1 (C-15, C-24), 81.77, 81.84, 83.1, 83.2 (C-16,
C-19, C-20, C-23), 124.9, 130.4 (C-2, C-35), 144.6, 144.7, 147.6, 147.7 (C-1,
C-36, C-37, C-38); HR-MS (EI): found: 736.5492 [M]� ; calcd: 736.5489.


Quinone ± squamocin D (Quinone ± asiminacin): The triol 29 (4.0 mg,
5.4 mmol) and pyridine-2,6-dicarboxylic acid (5.5 mg, 33 mmol) were
dissolved in MeCN (0.4 mL) and water (0.4 mL). CAN (36 mg, 66 mmol)
was added at 0 8C. The reaction mixture was stirred for 4 h. The reaction
was quenched by adding CHCl3/iPrOH (2 mL) and water (1 mL). The
aqueous layer was extracted five times with CHCl3/iPrOH (2 mL). The
combined organic layers were dried with MgSO4. Removal of the solvents
and purification by column chromatography (2 g silica, n-hexane/iPrOH
5:1) afforded quinone ± squamocin D (2.7 mg, 3.8 mmol, 70%) as a yellow
oil. Rf� 0.28 (silica, n-hexane/iPrOH 5:1); [a]22


D ��3.1 (c� 0.13, CHCl3);
1HNMR (300 MHz, CDCl3): d� 0.86 (t, J� 6.6 Hz, 3 H; 34-H3), 1.20 ± 1.67
(m, 42H; 4-H2 to 14-H2, 17-H', 18-H', 21-H', 22-H', 25-H2 to 27-H2, 29-H2 to
33-H2), 1.89 ± 2.10 (m, 4 H; 17-H'', 18-H'', 21-H'', 22-H''), 1.99 (s, 3 H; 39-
H3), 2.42 (t, J� 6.4 Hz, 2H; 3-H2), 3.37 ± 3.53 (m, 2 H; 15-H, 24-H) overlap
with 3.53 ± 3.62 (m, 1 H; 28-H), 3.84 ± 3.98 (m, 10 H; 16-H, 19-H, 20-H, 23-
H, 2�OCH3); 13CNMR (75 MHz, CDCl3): d� 11.9 (CH3 ± 39), 14.1 (C-34),
21.4 (C-26), 22.6 (C-33), 25.4, 25.7, 26.4, 28.67, 28.74, 29.4, 29.5, 29.6, 29.7,
29.9, 31.9 (C-3 to C-13, C-17, C-18, C-21, C-22, C-30 to C-32), 32.6 (C-25),
33.1 (C-14), 36.8, 37.7 (C-27, C-29), 61.2 (OCH3), 71.7 (C-28), 74.4, 74.7 (C-
15, C-24), 81.7, 81.8, 82.9, 83.0 (C-16, C-19, C-20, C-23), 138.7, 143.1, 144.2
(C-2, C-35, C-37, C-38), 184.2, 184.7 (C-1, C-36); HRMS (EI): found:
708.5177 [M� 2�H]� ; calcd: 708.5176.


Compound 35 : This compound was prepared from (3S)-3-(tert-butyldime-
thylsilyloxy)-4-[(5'S)-5'-methyl-2'-oxo-2',5'-dihydro-furan-3'-yl]butanal[6a,b]


by side chain elongation by means of a Wittig reaction. Rf� 0.66 (CHCl3/
MeOH 10:1); 1HNMR (300 MHz, CDCl3): d� 0.85 (t, J� 7.0 Hz, 3H; 14'-
H3), 1.40 (d, J� 7.2 Hz, 3 H; CH3), 1.11 ± 1.52 (m, 20H; 4'-13'-H2), 1.87 ± 2.32
(m, 2 H; 3'-H2), 2.32 ± 2.60 (m, 2 H; 1'-H2), 3.73 ± 3.91 (m, 1H; 2'-H2), 4.93 ±
5.09 (m, 1H; 5-H), 7.10 ± 7.19 (m, 1 H; 4-H); 13CNMR (75 MHz, CDCl3):
d� 14.1 (C-14'), 19.1 (CH3), 22.7, 25.6, 29.3, 29.6, 29.7, 31.9, 33.3, 37.4 (C-
1',3'-13'), 70.0 (C-2'), 77.9 (C-5), 124.2 (C-3), 151.8 (C-4), 174.8 (C-2);
HRMS (EI): found 311.2581 [MÿH]� ; calcd: 311.2586.
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Abstract: A new series of liquid crys-
talline poly(amidoamine) (PAMAM)
dendrimers is described. These dendrim-
ers are made by attaching to the 0-, 1-,
2-, 3-, and 4-generation of PAMAM-
terminal promesogenic units that carry
two decyloxy chains in the 3- and
4-positions of their peripheral aromatic
ring. X-ray diffraction studies show that


all the compounds display a hexagonal
columnar mesophase. A high density of
aliphatic chains imposes a curved inter-
face with the promesogenic units that


forces the molecules to adopt a radial
conformation, and therefore, the colum-
nar structure. A model for the supra-
molecular organization of the different
generations within the columnar meso-
phase is proposed based on the variation
of some of the structural parameters.


Keywords: dendrimers ´
dendromesogens ´ liquid crystals ´
supramolecular chemistry


Introduction


One of the most interesting aspects of polymer chemistry is
the observation of how very weak intermolecular forces,
mainly van der Waals forces or in some cases intermolecular
hydrogen bonds, can determine the unique properties of these
materials.[1] Dendrimeric compounds represent an optimum
testing bench in these types of studies. In these covalent
materials, the molecules are forced to adopt very constrained
and regular structures, and consequently, the different mo-
lecular parts tend to look for the most favorable positions in
order to obtain the most stable structure. In this way, it is
possible to observe in dendrimeric materials a wide variety of
different macromolecular structures that produce original
supramolecular organizations in some cases and/or new and
interesting properties in others.[2]


Among the different types of dendrimeric materials, the
liquid crystal dendrimers or dendromesogens prove to be of


special relevance for structure ± activity relationship studies.
In these compounds, the interaction between the different
mesogenic units could modify to a great extent the molecular
arrangement and consequently the type of mesophase ob-
served.[3±17]


Liquid crystalline dendrimers are also of academic interest
in that they combine two opposite tendencies: the structural
anisotropic units and the isotropic dendritic architecture.
Indeed, the branches radiate from a central core and become
more crowded as they extend out to the periphery; this results
in a spherical morphology (starburst shape in dendrimer
terminology), that is, all branches tend to be isotropically
distributed in space because of entropic forces. However,
mesogenic groups show strong anisotropic interactions be-
tween them, which result in the formation of mesophases
caused by the enthalpic gain. Therefore, this class of materials
represents a nice example of the competition between entropy
and enthalpy within one molecule.


We have recently reported the liquid crystalline properties
of some poly(amidoamine) (PAMAM) dendrimers function-
alized in their terminal groups by one-chain promesogenic
calamitic units.[15] In these compounds, and in contrast to
the starburst structure promoted by the PAMAM-only
dendrimers, the weak interactions between the mesogenic
units make the molecules adopt a cylindrical geometry, which
resembles a heavy thick rodlike structure that induces smectic
phases.


In this paper, we present the results obtained for a series of
homologous PAMAM dendrimers that carry in the terminal
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promesogenic units two decyl-
oxy chains in the 3- and 4-posi-
tions of the peripheral aromatic
ring (Scheme 1). This change
modifies the relationship be-
tween the hard part of the
dendrimer and the soft part,
corresponding to the PAMAM
central structure and the al-
koxy-terminal chains, respec-
tively. As a consequence of this
additional terminal chain, the
molecular interactions are
modified, the formation of the
aforementioned lamellar struc-
ture is then hindered, and the
molecules adopt another con-
formation that induces colum-
nar mesomorphism (Figure 1).


Results and Discussion


Synthesis and characterization :
The dendrimers were synthe-
sized by the condensation of 4-(3',4'-didecyloxybenzoyloxy)-
salicylaldehyde with the terminal amino groups of the
corresponding generation of PAMAM (0, 1, 2, 3, and 4).[15]


All the compounds were isolated as air-stable yellow solids,


which are soluble in solvents such as dichloromethane,
chloroform, and THF, and insoluble in ethanol.


The chemical structures of these compounds have been
established by using 1H, 13C NMR, and IR spectroscopy,
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Scheme 1. Structure of the five generation dendrimers.


Figure 1. Giant rods versus giant discs. Soft parts of the dendrimer (white areas): 1) terminal alkyl chains,
2) central PAMAM groups; hard parts of the dendrimer (gray areas): 3) promesogenic units.
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FAB� mass spectrometry, gel permeation chromatography
(GPC), and elemental analysis. All the above techniques gave
satisfactory results. These results are comparable to those
obtained for the one-terminal chain calamitic homologues
previously described.[15]


IR, 1H, and 13C NMR spectroscopy have proved very useful
in confirming the structure and the purity of these materials.
Evidence for the condensation reactions was provided by the
lack of a signal at d� 195 in the 13C NMR spectra (which
corresponds to the carbonyl of the aldehyde) along with the
total absence of the NH2 signals from the starting compound
in 1H NMR and IR spectra. In addition, the excellent
solubility of these dendrimers in CDCl3 allowed us to
integrate the different peaks in the 1H NMR spectra, and
this confirms in all cases that the expected polymers were
obtained.


The molecular masses of the higher molecular weight
dendrimers (PAMAM-2.0-L16, PAMAM-3.0-L32, and PAMAM-
4.0-L64) could not be measured by the FAB� technique. In
contrast, the lower molecular weight dendrimers (PAMAM-
0.0-L4 and PAMAM-1.0-L8) exhibit a FAB� spectrum that
contains peaks for [M�1]� and [M�Na]� ions. GPC measure-
ments (mobile phase: THF, calibration standard: polystyrene)
confirmed in all cases, the presence of practically monodis-
perse polymers. However, as this is often the case with
dendrimers, a deviation from the calculated molecular weight
was found in the experimental data, even for the low
molecular weight compounds.[18]


Mesomorphic properties : The liquid crystalline properties
and the thermal stability of these compounds have been
studied by polarizing optical microscopy, differential scanning
calorimetry (DSC), thermogravimetry, and X-ray diffraction
(XRD). The thermal and thermodynamic data are summa-
rized in Table 1.


All the dendrimers prepared show liquid crystalline behav-
ior. Under the optical microscope a mesophase appears in all
cases. The texture of the mesophase displayed by these
compounds does not show any characteristic features, al-
though in some cases a pseudo-focal-conic texture was
identified.


Thermogravimetric analysis shows that all dendrimers
remain without any loss of weight below the clearing temper-


ature (Ti), as can be seen in the data of Table 1. As for the
related homologous compounds previously described, these
dendrimers behave as normal polymers, and, in general, the
DSC curves for the first heating scan show the Tm (melting
transition) and the Ti clearly. However, very simple thermo-
grams were obtained, and the glass transition temperature
(Tg) could be observed in the second heating scan after an
annealing process. The Ti temperature could not be clearly
detected (see Table 1), except for the PAMAM-3.0-L32 (in the
second heating scan). The mesophases freeze at low temper-
ature, and it is not possible to observe the crystallization peak,
even at ÿ20 8C.


For the first three generations of dendrimers, two peaks were
detected. These peaks probably correspond to two different
crystalline phase transitions. Surprisingly, the temperature
range of the crystalline form that appears at higher temper-
atures increases with the dendrimer size.


The enthalpies of the crystal-to-mesophase and mesophase-
to-isotropic liquid transitions show very similar values when
the data are normalized to the number of promesogenic units
of each dendrimer. These values are around 21 kJ at Tm and
0.4 kJ at Ti , and this indicates that all the dendrimers show an
identical thermal behavior.


X-ray diffraction studies : Temperature-dependent X-ray
diffraction experiments were carried out for the whole series
of compounds in order to characterize the mesophase
observed by polarizing optical microscopy and by DSC. The
X-ray patterns, obtained in the temperature range given in
Table 1, are qualitatively similar in all cases and are typical of
the hexagonal columnar mesophase, ColH. A diffuse scatter-
ing halo in the wide-angle region centered at around 4.5 �,
corresponding to the liquidlike disorder of the molten chains,
confirmed the liquid crystalline nature of the mesophase. Up
to three and sometimes four sharp small-angle reflections,
corresponding to the reciprocal spacings in the ratios 1,


���
3
p


,���
4
p


, and
���
7
p


, and to the indexation (hk)� (10), (11), (20), and
(21), were observed in the patterns, indicative of a two-
dimensional hexagonal packing of the columns. In Table 2,
some of the main structural parameters of the mesophase are


Table 1. Thermal and thermodynamic data for dendrimers.


TG [8C][a] Mesophase Tg [8C][b] Tm [8C][c] DHTm [KJ molÿ1] DHTm [JP.u.][d] Ti [8C] DHTi [KJmolÿ1] DHTi [JP.u.]


PAMAM-0.0-L4 175 ColH 32 61.9 83.5 o86:4 20.9 o21:3 138.9 1.6 0.4
80.1 2.9 0.4


PAMAM-1.0-L8 200 ColH 45 64.2 160.1 o188:7 20.0 o23:6 162.2 2.3 0.3
117.8 28.6 3.6


PAMAM-2.0-L16 210 ColH 47 58.3 71.0 o339:5 4.4 o21:2 188.2 7.1 0.4
121.1 268.5 16.8


PAMAM-3.0-L32
[e] 200 ColH 29 63.8 727.6 22.7 188.9 13.9 0.4


210[e] 13.8[e] 0.4[e]


PAMAM-4.0-L64 210 ColH 30 52.5 1367.7 21.4 199.0 29.1 0.4


[a] Starting temperature of the loss of weight (onset). [b] The glass transition temperature has been measured in the second heating process. [c] First heating
scan for compounds PAMAM-0.0-L4, PAMAM-1.0-L8, and PAMAM-2.0-L16; the two C-M transitions have been detected. [d] Transition enthalpy
normalized to one promesogenic unit. [e] Data corresponding to the second heating scan. Only for compound PAMAM-3.0-L32 has a Ti been detected in the
second heating scan.
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collected as a function of generation number and temper-
ature.


Supramolecular organization in the mesophase : As it can be
seen from the results presented in Tables 1 and 2, all the
compounds show a ColH phase. However, as explained above,
in the case of the homologous dendrimers with only one
terminal chain in the promesogenic unit, only a SmA
(smectic A) phase was observed.


The grafting of two terminal chains avoids the parallel
disposition of the promesogenic units to produce a smectic
phase and instead forces the molecule to adopt a radial
conformation. In this case, the mesogenic units are radially
arranged around a central moiety to which they are linked by
a variable number of amidoamine units that extend from the
molecule center (Figure 1). The columnar mesophase results
from the stacking of the molecules in their radial conforma-
tion as sketched in Figure 2; the formation of such layer ±


Figure 2. Location of the different partial volumes associated with the
different parts of the molecules, which are packed in columns in the
hexagonal mode. Visualization of the different structural parameters
discussed in the text: s, S, G, hhi, and d10.


block dendrimeric structures is driven by microphase separa-
tion between the incompatible segments of the molecule
(the curly arrangement of the amidoamine units, the con-
centric rigid aromatic belt, and the peripheral soft
crown).[19]


Packing study : In order to understand the molecular arrange-
ment of the different generations within the columnar
mesophase, the variation of some structural parameters was
analyzed as a function of both the temperature and the
generation number, namely the cross-sectional area of the


column, s, and the volumes of the different segments of the
dendrimers. Our methodology consisted of determining the
number of aliphatic chains that radiate out from a slice of
column, and thus to calculate the number of molecules within
this slice. The thickness of the columnar slice, hhi, corresponds
to the repeating unit distance along the columnar axis. In
order to achieve this objective, we based our analysis on a
simple additivity rule for the calculation of the specific
volumes (which has been proved correct in many cases to
date[20]). We also needed to define the cross-sectional area of
the inner rigid part of the column, s0 , and the thickness of a
columnar slice, hhi. These parameters are obtained exper-
imentally (dilatometry and XRD). hhi is determined in the
wide-angle area of the diffraction pattern; however due to a
poor experimental resolution (diffuse halo), it has to be
determined analytically (see also Figure 2 for the visualiza-
tion of these parameters).


If we consider the molecule in its radial conformation (see
above), its different segments were identified on the basis of
their amphipatic character,[19] and the following parts were
differentiated as follows: a branching part, that is, the central
dendrimeric network, a hard-core part, that is, the concentric
central rigid part formed by the aromatic cores of the
promesogenic units, and finally, a chain part, that is, the
terminal alkoxy chains. These three different parts are
characterized by three volumes, Vbr (branching part volume),
Var (hard-core part volume), and Vch (aliphatic chain part
volume), which are calculated separately as a function of
temperature. The molecular volume, Vm, can thus be written
as a sum of elementary volumes [Eq. (1)].


Vm�Vbr�Var�Vch (1)


In Equation (1), Vbr, Var, and Vch are obtained from density
measurements of the elementary constitutive units Vbr� (Mbr/
MCH2)vCH2, Var� (Mar/mar)var, and Vch� (Mch/MCH2)vCH2. Mbr,
Mar, and Mch are the molecular weights of the different parts
of the molecule, respectively, mar is the molecular weight of
one mesogenic unit�s rigid part (mar� 270.22 g molÿ1) and var is
its volume (var� 340 �3 from dilatometry experiments),
MCH2� 14.01 g molÿ1, and vCH2 is the volume of one methylene
group (vCH2� 26.56� 0.02T, with T in 8C, obtained from
dilatometric measurements on liquid paraffin).[21] Note that
the density of the central dendritic network was taken to be
equal to the density of a paraffinic chain.


The volume fraction of the central core of the column, c, is
thus equal to the volume fraction of the dendritic and
aromatic constitutive parts of the molecule and is expressed
in Equation (2).


c�Vbr � Var


Vm


(2)


It is now possible to calculate s0 (Figure 2), which corre-
sponds to a percentage of s (equal to the dimension of the
elementary cell of the hexagonal lattice, Figure 2) [Eq. (3)].


s0� sc� 2���
3
p cd2


10 (3)


Table 2. Structural parameters of the ColH mesophase as a function of
generation number (GN) and temperature (T): d10 is first-order spacing and
s is columnar cross section.


GN T� 80 8C T� 100 8C T� 120 8C
d10 [�] s [�2) d10 [�] s [�2] d10 [�] s [�2]


G0 49.2 2794 46.8 2527 ± ±
G1 56.7 3711 52.5 3178 52.0 3126
G2 53.6 3320 51.5 3065 53.1 3258
G3 60.9 4280 58.2 3912 55.2 3519
G4 56.0 3620 54.9 3483 53.2 3275
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One can now calculate the corresponding perimeter of s0 , G.
From the relationships between circle area and circle perim-
eter, the following expression is obtained [Eq. (4)].


G� 2
��������
pcs
p


(4)


From geometric constraints, the minimum average distance
between aliphatic chains occurs when they are fully stretched
and projected radially from the interface. Thus, hhi can be
estimated on the assumption that the cross-sectional area of
one fully stretched, aliphatic chain, s, is associated to a
domain of influence known as the Wigner ± Seitz cell (Fig-
ure 6),[22, 23] that is, a domain of a particular lattice point that
consists of all points in space, which are closer to this lattice
point than to any other lattice point. The value s is the volume
of one methylene group divided by the length of this group in
the crystallized chain [s� (vCH2/1.27)]. The mean average
distance, or thickness of a slice is hhi� g


���
s
p


(see Appendix),
and the area of a interface of thickness hhi (the radial area of
the slice), S (which is cylindrical because of the symmetry of
the ColH mesophase), is expressed in Equation (5).


S�Ghhi� 2
��������
pcs
p


g
���
s
p � 2g


����������
pcss
p


(5)


The number of chains, Nch , as well as the number of
molecules, Nmol, which can be accommodated within a
columnar slice of the corresponding thickness hhi can thus
be estimated according to the following equations [Eqs. (6a)
and (6b)].


Nch�
S


s
� 2g


��������
pcs


s


r
(6a)


Nmol�
Nch


2NG�3
(6b)


In Equation (6 b), NG is the generation number (NG� 0 ± 4).
The results of these calculations are reported in Table 3. It
appears that, for the molecules G1 to G4, between 30 and
36 chains per columnar slice (4.6 � thick) radiate from the
cores; the exception is G0 where this number is smaller (26 ±
27 chains). In this case, the lateral extension of the dendritic
network is limited by the length of the branches and not by the
bulkiness of the terminal aliphatic chains as in the higher
generations. In the plot in Figure 3, the number of molecules per
slice of column (repeat unit) is shown at different temper-
atures and compared with a theoretical curve fitted with a
fixed value of Nch� 32 chains for every generation (corre-
sponding to one G2 molecule) per repeat unit (dotted line).


Figure 3. Number of molecules versus generation number.


Model : As can be deduced from the data of Tables 2 and 3,
and from Figure 3, more than three molecules of the
dendrimer of the generation 0 (G0) are needed to fill one
columnar slice. In the case of the G1, two molecules are
necessary to carry out this function. In Figure 4, two


Figure 4. Packing mode of the dendrimeric molecules for every
generation.


theoretical models of molecular arrangements are represent-
ed for each of these generations. Models 1 and 2 are two of the
many possibilities for arrangements of the molecules in G0 or
G1, and although they are not the only ones, they should
contribute to some degree. Evidently, this is not a static
system, and diffusion from one slice to another may also
occur; this gives many other intermediate possibilities. In the
G2, a unique molecule is able to fill the ªdiscº, and in G3 and


Table 3. Characteristics of the ColH mesophase as a function of generation number (GN) and temperature (T): N*mol is the theoretical number of molecules
per columnar slice (4.6 � thick), c the volume fraction, Nch the number of chains, and Nmol the number of molecules per columnar slice (4.6 � thick).


GN Calcd T� 80 8C T� 100 8C T� 120 8C
N*mol c Nch Nmol c Nch Nmol c Nch Nmol


G0 4 0.50 27.5 3.4 0.50 26 3.2 ± ± ±
G1 2 0.54 33 2.05 0.54 30 1.9 0.54 30 1.9
G2 1 0.56 32 1.0 0.56 30 1.0 0.54 30 0.9
G3 0.5 0.57 36 0.55 0.56 34 0.5 0.056 32 0.5
G4 0.25 0.57 33 0.25 0.57 32 0.25 0.57 31 0.25
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G4 the molecular size is so enormous that more than one slice
is needed in order to accommodate these molecules in the
columns. Thus, two and four ªdiscsº are necessary for the
molecules of the G3 and G4 generation, respectively.


The general model that could explain the columnar
mesophase is represented in Figure 5. The molecules of the
five generations are arranged in cylindrical columns, in which


Figure 5. Supramolecular organization of the dendrimers within the
columnar mesophase.


the molecules can have several conformations. These columns
interact to form a columnar hexagonal phase similar to the
lyotropic middle phases formed by micelle aggregations.[24]


The formation of intra- and intermolecular hydrogen bonds
between the amido groups helps to maintain a stable aggre-
gation of the central structure, which plays a crucial role in the
behavior of the PAMAM central group. The existence of
these hydrogen bonds has been proved by means of spectro-
scopic methods, like IR and 1H NMR spectroscopy.[14]


The most important trend of these systems is the very small
variation of the intercolumnar spacings, d10, as a function of
the generation number (Table 2). It is worth pointing out that
despite the exponential increase of the dendrimers� molecular
weights, the columnar spacing variations are in between 6 and
8 �, and only 3 � at 120 8C. This clearly means that the
volume expansion of the dendrimers occurs mainly in one
direction, which is the direction parallel to the columnar axis.
The other secondary variation of d10 as a function of temper-
ature may be related to the variation of the tilt angle of the
mesogenic subunits with respect to the columnar axis and/or
to the plane of the hexagonal lattice in order to satisfy both
molecular conformation and geometric constraints; this is in
comparison with the purely radiative arrangement as shown in
Figures 1 and 4.


Conclusion


We have shown in this paper that we have been able to
produce columnar mesophases with dendrimers of high
molecular weight. This has been achieved through proper


chemical design, combined with the role of different types of
intermolecular interactions. Hydrogen bonds between the
amido groups contribute to a rather rigid internal core, which
is always necessary for the formation of columnar mesophas-
es.[25] The interactions between the polarizable promesogenic
units combined with microsegregation effects contribute also
to the stabilization of the columnar core. Finally, a high
density of aliphatic chains imposes a curved interface with the
promesogenic units, and therefore, the columnar structure.
These disordered chains ensure at the same time the gliding of
the columns, one with respect to the other, and thus the
fluidity and the liquid crystalline nature of the phase.


Experimental Section


Techniques : Microanalyses were performed with a Perkin Elmer 240B
microanalyzer. Infrared spectra were obtained with a Perkin Elmer 1600
(FTIR) spectrophotometer in the spectral range nÄ � 400 ± 4000 cmÿ1. 1H
and 13C NMR spectra were recorded on a Varian Unity spectrometer
(300 MHz) in solutions in CDCl3. Mass spectra were obtained with a
VGAutospec spectrometer with positive ion FAB (FAB�). Gel permeation
chromatography (GPC) was carried out in a Waters liquid chromatography
system equipped with a 600E multisolvent delivery system and 996 photo-
diode array detector. Two Ultrastyragel columns (Waters; pore size 500 ±
104 �) were connected in series. THF was used as the mobile phase with a
flow rate of 0.8 mL minÿ1. Calibration was performed with polystyrene
standards. The optical textures of the mesophases were studied with a
Nikon polarizing microscope equipped with a Mettler FP8 hot-stage and an
FP80 central processor. The transition temperatures and enthalpies were
measured by differential scanning calorimetry with a Perkin Elmer DSC-7
instrument operated at a scanning rate of 10 8Cminÿ1 on heating. The
apparatus was calibrated with indium (156.6 8C; 28.4 Jgÿ1) as the standard.
The XRD patterns were obtained with two different experimental setups;
in all cases, the crude powder was filled in Lindemann capillaries
(diameter: 1 mm). For the characterization of the wide-angle region, a
linear monochromatic CuKa1 beam obtained with a sealed-tube generator
(900 W) and a bent quartz monochromator was used. The diffraction
patterns were registered with a curved counter Inel CPS 120. Periodicities
up to 60 � could be measured, and the sample temperature was controlled
within �0.05 8C. The measurements of the periodicities were performed by
using a linear monochromatic CuKa1 beam obtained with a sealed-tube
generator (900 W) and a bent quartz monochromator. The diffraction
patterns were registered on films; the cell parameters were calculated from
the position of the reflection at the smallest Bragg angle, which was in all
cases the most intense. Periodicities up to 90 � could be measured, and the
sample temperature was controlled within �0.3 8C. In each case, exposure
times were varied from 1 to 24 h; the time depended on the compound
under observation and upon the specific reflections that were sought
(weaker reflections clearly have longer exposure times).


General procedure for the condensation of 4-(3',4'-decyloxybenzoyloxy)-
salicylaldehyde with PAMAM dendrimers : Neutral activated grade I
alumina (0.5 g) and then the corresponding poly(amidoamine) were added
to a stirred solution of 4-(3',4'-decyloxybenzoyloxy)salicylaldehyde in
dichloromethane (15 mL). The mixture was refluxed under nitrogen until
the aldehyde had completely reacted (usually after eight to ten hours). The
alumina was filtered off, and the solvent from the filtrate evaporated under
vacuum. The resulting solid was dissolved in hexane and precipitated in
ethanol. Yields were 70 ± 85%.


Characterization : Due to the similarity of the 1H and 13C NMR spectra of
these materials, we only quoted these data for the PAMAM-2.0-L16


dendrimer as a representative example. The data obtained from other
techniques have been quoted for all compounds.


PAMAM-0.0-L4 : IR (Nujol): nÄ � 3289, 3075 (CONÿH), 1727 (OC�O),
1656 (sh, OCÿNH), 1637 cmÿ1 (CH�N); elemental analysis calcd (%) for
C158H240N10O24: C 71.28, H 9.02, N 5.56; found C 71.6, H 8.6, N 5.3; FAB-MS
(NBA matrix): m/z (%): 2684 [M�Na]� .
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PAMAM-1.0-L8 : IR (Nujol): nÄ � 3280, 3076 (CONÿH), 1728 (OC�O), 1656
(sh, OCÿNH), 1635 cmÿ1 (CH�N); elemental analysis calcd (%) for
C334H512N26O52: C 70.11, H 8.97, N 6.36; found C 70.0, H 8.5, N 6.5; FAB-MS
(NBA matrix): m/z (%): 5717 [M�1]� .


PAMAM-2.0-L16 : 1H NMR (300 MHz, RT, CDCl3): d� 13.7 (s, 1H), 8.22 (s,
1H), 7.89 (br s, 1 H), 7.70 (d, J� 9 Hz, 1H), 7.57 (s, 1 H), 7.13 (d, J� 9 Hz,
1H), 6.85 (d, J� 9 Hz, 1H), 6.65 (s, 1H), 6.57 (d, J� 9 Hz, 1 H), 4.00 (t,
4H), 3.64 (br s, 2 H), 3.47 (br s, 2H), 3.20 (br s, 2 H), 2.68 (br s, 2 H), 2.48 (br s,
2H), 2.30 (br s, 2 H), 1.80 (m, 4 H), 1.44 (m, 4H), 1.24 (s, 32H), 0.84 (t, 6H);
13C NMR (300 MHz, RT, CDCl3): d� 173.16, 172.67, 165.83, 164.65, 164.19,
154.69, 154.05, 148.74, 132.79, 124.54, 121.19, 116.27, 114.65, 112.12, 111.98,
110.77, 77.49, 77.07, 76.65, 69.39, 69.07, 57.29, 52.37, 50.12, 40.04, 37.38, 34.04,
31.91, 29.61, 29.58, 29.44, 29.42, 29.35, 29.23, 29.09, 26.05, 25.99, 22.67, 14.09;
IR (Nujol): nÄ � 3286, 3076 (CONÿH), 1728 (OC�O), 1659 (sh, OCÿNH),
1633 cmÿ1 (CH�N); elemental analysis calcd (%) for C686H1056N58O108: C
69.60, H 9.52, N 6.86; found C 69.3, H 8.5, N 6.9.


PAMAM-3.0-L32 : IR (Nujol): nÄ � 3285, 3076 (CONÿH), 1728 (OC�O),
1658 (sh, OCÿNH), 1639 cmÿ1 (CH�N); elemental analysis calcd (%) for
C1390H2144N122O220: C 71.98, H 9.25, N 7.31; found C 72.0, H 9.1, N 7.3.


PAMAM-4.0-L64 : IR (Nujol): nÄ � 3276, 3078 (CONÿH), 1726 (OC�O),
1656 (sh, OCÿNH), 1635 cmÿ1 (CH�N); elemental analysis calcd (%) for
C2798H4320N250O444: C 69.22, H 8.90, N 7.21; found C 69.0, H 8.8, N 7.2.


Appendix


Calculation of hhi and g[26]: In order to estimate hhi, the mean average
distance between two closest adjacent chains, which also represents the
thickness of the repeating columnar slices along the columnar axis, we
considered an aliphatic/aromatic interface. The chains radiate normally
from this interface (at least in its vicinity), and they are densely packed
according to a hexagonal mode (maximum packing). Therefore, at the
interface, by using the cell of a hexagonal Wigner ± Seitz lattice, it is
possible to calculate hhi, which varies between hmin and hmax; hmin is the
shortest distance between two chains, and hmax is the largest distance
(Figure 6). From Figure 6, the following expression can be obtained
[Eq. (7)].
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� 1


cos30
� 2���


3
p (7)


Thus Equation (8) can be obtained, in which q is the angle between h and
hmin.
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Therefore the mean average ratio, h(h/hmini, is given by the following
integration [Eq. (9)].
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For symmetry reasons, the average ratio can be integrated between q1 (08)
and q2 (308), and thus Equation (10) is obtained.
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The area of the hexagonal Wigner ± Seitz lattice, s, is defined by:
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Thus Equation (12 a) is obtained by replacing (11 b) in (10).


hhi� ���
s
p 3


5
4


p
���
2
p Log3� g


���
s
p


(12 a)


and
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Figure 6. Representation of the hexagonal cell of the Wigner ± Seitz lattice
(dotted lines), located on the interface S. Black circles: anchoring points of
the aliphatic chains.
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New Auxiliaries for Copper-Catalyzed Asymmetric Michael Reactions:
Generation of Quaternary Stereocenters at Room Temperature


Jens Christoffers*[a] and Alexander Mann[b]


Abstract: Dialkyl amides of l-valine, l-isoleucine, and l-tert-leucine (2) are excellent
chiral auxiliaries for the construction of quaternary stereocenters at ambient
temperature. Enaminoesters 3, prepared from these auxiliaries 2 and Michael donors
1, undergo a copper-catalyzed asymmetric Michael reaction with methyl vinyl ketone
(MVK, 4) to afford products 5 in 70 ± 90 % yield and 90 ± 99 % ee (enantiomeric
excess). The exclusion of moisture or oxygen is not necessary. The auxiliaries 2 are
readily available by standard procedures. After workup they can be recovered almost
quantitatively.


Keywords: amino acids ´ asymmet-
ric catalysis ´ chiral auxiliaries ´
copper ´ Michael additions


Introduction


The Michael addition is a common and valuable CÿC bond-
forming reaction[1] that has been known for over 100 years.[2]


To achieve enantioselective Michael reactions, a number of
chiral auxiliaries has been utilized since then. Recent
examples were reported by Enders et al.,[3] d�Angelo et al.,[4]


and Koga et al.[5] Pioneering work on the asymmetric catalysis
of the Michael reaction has been performed by Wynberg
et al. ,[6] who applied cinchona alkaloids as chiral Brönstedt-
basic catalysts. Brunner and Hammer,[7] Desimoni et al.,[8] Ito
et al. ,[9] and Pfaltz et al.[10] have investigated chiral metal
complexes in the asymmetric catalysis of the Michael
reaction. In 1995, Shibasaki et al. introduced their hetero-
bimetallic catalysts, which currently define the state-of-the art
in this field.[11]


Since 1996 our group has been searching for a catalyst for
asymmetric Michael reactions following a combinatorial
strategy.[12] We have screened a large number of catalytically
active species generated in situ by a combination of various
chiral ligands[13] with different metal salts. Recently, we were
able to obtain 91 % ee in the conversion of a cyclic b-keto


ester (1 d) and methyl vinyl ketone (4) from a combination of
Ni(OAc)2 ´ 4 H2O with optically active 1,2-diaminocyclohex-
ane.[14] Importantly, this formation of a quaternary stereo-
center[15] was achieved at ambient temperature. This is a
significant improvement compared to established methods:
For example, Shibasaki�s lanthanum sodium binaphtho-
late (LSB) catalyst converts 1 d and 4 with 93 % ee at
ÿ50 8C.[16] Koga et al. were able to obtain 90 % ee at
ÿ100 8C for the same product (5 d ; Scheme 1).[17] However,
the yield of 5 d was always approximately equal to the


Scheme 1. Copper-catalyzed asymmetric Michael reactions of enaminoest-
ers 3xy with MVK (4). Letter x refers to the Michael donor 1 a ± j, letter y to
the auxiliary 2a ± r used in the synthesis of 3 xy. For yields and
enantioselectivities see Table 1 and Table 2. For R, R', R'' in 1 a ± j see
Scheme 2, for R''' and X in 2a ± r see Scheme 3. R, R', R'' in 5a ± j
correspond to 1a ± j in Scheme 2.


amount of the diaminocyclohexane applied. Hence, we had to
face the fact that our ligand was actually serving as an
auxiliary. We learned from these initial experiments and
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designed a new lead structure of chiral auxiliaries for
asymmetric Michael reactions: a primary amine with an
adjacent donor function which can coordinate to a metal
center. We screened a number of chiral auxiliaries together
with fourteen metal salts and three Michael donors (1 a, 1 d,
1 f) following again a combinatorial strategy. As the most
important result, selectivities >90 % ee were obtained by
using Cu(OAc)2 ´ H2O as the metal catalyst.[18] No other metal
compounds, not even CuCl2, CuCl2 ´ 2 H2O, or Cu(OTf)2 gave
enantioselectivities that exceeded the results obtained with
Cu(OAc)2 ´ H2O.


In a preceeding communication[18] we only reported on
three cyclic b-keto esters as Michael donors. Herein work on
cyclic as well as acyclic b-keto esters and b-diketones is
compiled and the number of chiral auxiliaries was enlarged.
Moreover, all selectivities and yields have been optimized and
procedures scaled-up. We are currently focusing on the
application of copper acetate as the catalyst.


Results and Discussion


Synthesis of enaminoesters : The lead structure for a suitable
chiral auxiliary was a primary amine with an additional donor
group. This donor function should not exhibit strong nucle-
ophilicity with respect to conjugate addition to a Michael
acceptor. Nevertheless, it should show great affinity in the
coordination to a copper(ii) center. Consequently, we decided
to focus on primary amines (2, Scheme 3) with an adjacent


Scheme 2. List of Michael donors 1 a ± j.


tertiary amide (2 a ± l), tertiary amine (2 n, 2 p), or a thioether
function (2 m, 2 o, 2 q ± r). Since optically active a-amino acids
are readily available from the chiral pool, we prepared the
auxiliaries from l-valine (2 a ± c, 2 i), l-leucine (2 d, 2 j, 2 m ±
n), l-isoleucine (2 e, 2 k ± l), l-tert-leucine (2 f ± g), l-phenyl-
alanine (2 h, 2 o ± p), l-cysteine (2 q), and l-methionine (2 r).
The synthesis of these auxiliaries is described below. Cyclic
and acyclic b-keto esters as well as cyclic and acyclic
b-diketones were employed as Michael donor molecules
(1, Scheme 2).


Compounds 1 and 2 were then allowed to react to give a set
of enaminoesters 3 xy (Scheme 1). The first letter x indicates
the donor 1 x, the second letter y the auxiliary 2 y. The reaction
was carried out with a catalytic amount of concentrated
hydrochloric acid and molecular sieves in toluene at different
temperatures (23 ± 80 8C, see the Experimental Section for
details). Yields of up to 95 % were obtained for optimized


Scheme 3. List of auxiliaries 2a ± r : primary amines with an additional
thioether, tertiary amine or amide donor function.


reaction conditions. Without optimization, the yields ranged
from 40 ± 95 %. Enaminoesters 3 xy hydrolyzed on SiO2,
therefore, purification had to be performed on basic alumina.
All compounds 3 xy were found as the enamine tautomers
exclusively, the respective imine species were not detectable
by 1HNMR spectroscopy. The enamine moiety is always
stabilized by H bonding to the adjacent carbonyl group
(dNH� 9). The constitution of 3 cb, 3 cg, and 3 cl was estab-
lished by 2 D NMR experiments (HMQC and HMBC) to be
an 1-acetyl-2-amino-cyclohexene. Hence, the amine was
regioselectively converted with the endocyclic carbonyl
group. In the case of 3 jb the same experiments proved that
the amine had reacted with the more electrophilic and
sterically less hindered acetyl moiety. Not all the possible
10� 18 combinations of 3 xy were prepared, but a selection of
33 compounds.


Copper-catalyzed Michael reactions : In primary screening
experiments, enaminoesters 3 dx derived from only one donor
(1 d) and auxiliaries 2 a ± r were converted with MVK (4) and a
varying amount of Cu(OAc)2 ´ H2O (2.5 ± 20 mol%). Without
any copper salt, the conversions were below 5 % within 16 h.
Acetone was employed as the solvent, which had been found
to be optimal in earlier experiments.[18] After the mixture had
been stirred overnight at ambient temperature and protic
hydrolysis, the metal was removed by filtration through SiO2.
A sample of the filtrate was submitted to ee analysis of the
product (5 d) by GC on a chiral column. A selection of the
results is given in Table 1. Amino acid amides 2 a ± l were
suitable auxiliaries for the transformation of 1 d to 5 d with
<40 % ee. Auxiliaries 2 m ± r resulted in enantiomeric ratios
below 40 % ee. Therefore, compounds 2 m ± r were not con-
sidered in further experiments. At this stage of the primary
screening process, the yields of the product 5 d were not
determined. It turned out that the auxiliary 2 b was optimal.
Hence, conversion of 3 db with MVK (4) was scaled up, to
yield �2 g of the product 5 d with 98 % ee and 90 % yield. The
amount of Cu(OAc)2 ´ H2O applied here was 5 mol %. Im-
portantly, after workup the auxiliary 2 b was recovered by
extraction from the aqueous layer in almost quantitative yield.
This material could be directly resubmitted to enamine
formation without any purification.


In further screening experiments, only auxiliaries 2 a ± l
were investigated in combination with different Michael
donors 1. This time yields of the respective Michael products
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were determined. Again, all
experiments were performed
in acetone and at ambient tem-
perature. Selected results are
compiled in Table 2. In general,
the use of amides derived from
l-valine, l-isoleucine, and l-
tert-leucine resulted in excel-
lent enantioselectivities. All
these amino acids have a a-
branching in the alkyl sidechain
in common. Interestingly, the
amide-nitrogen substitution
seemed not to have a significant
influence on the stereoselectiv-
ity. This effect provides an in-
sight into mechanistic details
and will be discussed in detail
later on.


Five-membered ring esters
5 a and 5 b were obtained with
96 ± 98 % ee. The yields were,
however, moderate (41 ± 42 %).
Six-membered ring products
5 c, 5 d, and 5 e were formed in
good yields (80 ± 90 %), while
the optical purity was excellent
only in the cases of the diketone
5 c (95 % ee) and the ethyl ester
5 d (98% ee). Seven-membered
ring methyl ester 5 f and the
acyclic ester 5 h were isolated in
good yields (74 ± 76 %) and ac-
ceptable, respectively excellent,
selectivities (90 % and 96 % ee).
Again, isobutyl congeners 5 g
and 5 i were obtained with low-
er yield and ee. Finally, acyclic
diketone 1 j could not be con-
verted under our standard con-
ditions to give product 5 j in
acceptable quantities (4 ± 8 %
yield). Therefore, the optical
purity of this material was not
determined.


Analysis of enantiomeric
ratios : All enantiomeric ratios
of compounds 5 a ± i were de-
termined by GC on a chiral
column. Prior to the analysis of
optically active materials, suit-
able elution conditions were
elaborated by the application
of racemates of the Michael
products 5 a ± i or derivatives
6 a ± f (Scheme 4). Compounds
5 a ± i were, however, not polar
enough to give baseline resolu-


Table 1. Enantioselectivities obtained in copper-catalyzed reactions of MVK (4) with enaminoesters 3 dx derived
from b-ketoester 1d. In all cases the product was (R)-5 d.[a]


Starting material Cu(OAc)2 ´ H2O[mol %] ee [%] Starting material Cu(OAc)2 ´ H2O[mol %] ee [%]


3da 0 65 3dg 2.5 93
2.5 83 5 93
5 84 10 95


10 85 3dh 5 56
20 85 3di 0 55


3db 0 57 2.5 95
2.5 98 5 96
5 98 10 98


10 98 20 92
20 98 3dj 0 53


3dc 0 55 10 73
2.5 95 20 75
5 95 3dk 0 76


10 94 2.5 93
20 92 5 97


3dd 20 45 10 90
3de 0 70 20 93


2.5 91
5 92


10 92
20 91


3df 0 85
2.5 97
5 96


10 97
20 99


[a] Reaction conditions: acetone, 12 ± 16 h, 23 8C. Yields were not determined.


Table 2. Yields, enantioselectivities, and absolute configurations obtained in copper-catalyzed reactions of MVK
(4) with enaminoesters 3xy.[a]


Product Starting material Cu(OAc)2 ´ H2O [mol %] Yield [%] ee [%] Configuration


5a 3ab 5 42 93 R
10 52 94 R


3af 5 40 � 98 R
10 42 � 98 R
20 42 � 98 R


3al 5 34 � 98 R
10 31 � 98 R


5b 3bb 5 40 96 R
10 41 96 R


5c 3cb 10 70 77 [b]


3cg 10 79 95 [b]


3cl 5 70 86 [b]


10 78 93 [b]


5e 3eb 5 80 86 R
5 f 3 ff 5 75 72 [b]


10 74 74 [b]


3 fg 5 68 77 [b]


10 66 79 [b]


3 fi 5 80 87 [b]


10 76 90 [b]


5g 3gb 5 54 80 [c]


5h 3hb 5 60 92 R
10 74 93 R


3hg 5 74 95 R
10 74 96 R


5 i 3 ib 5 65 74 R
10 69 74 R


5j 3 jb 5 4 ± 8 [d] [d]


[a] Reaction conditions: acetone, 12 ± 16 h, 23 8C. [b] Unknown. [c] Unknown, but equal to 5 f. [d] Not
determined.







Auxiliaries for Cu-Catalyzed Asymmetric Michael Reactions 1014 ± 1027


Chem. Eur. J. 2001, 7, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-1017 $ 17.50+.50/0 1017


Scheme 4. List of derivatives 6a ± f for GC analysis derived from 5a ± i by
intramolecular aldol condensation.


tion of the enantiomers with a temperature gradient. With
isotherm elution, only product 5 a was resolved sufficiently
and ratios up to 98 % ee were determined. Compound 5 d,
which was chosen for the primary screening, could be
analyzed with isotherm elution only up to 90 % ee, since the
absolute error was approximately �2-3% ee. Values exceed-
ing 90 % ee were determined after aldol cyclization of 5 d to
derivative 6 a. The latter was polar enough to give very good
baseline resolution up to ratios of 99 % ee even with a
temperature gradient.


As already mentioned, products 5 c ± i gave no or only very
poor resolution of the enantiomers on our column. However,
the preparation of more polar derivatives 6 a ± f by intra-
molecular aldol condensation of 5 c ± i turned out to be a
generally applicable method for the analysis of these products
(compound 5 c was converted to 6 f, 5 d to 6 a, 5 f to 6 b, 5 g to
6 c, 5 h to 6 d, and 5 i to 6 e ; for preparative details, see
Experimental Section). All derivatives 6 a ± f were analyzed
with a temperature gradient, except 6 c. The latter had to be
transesterified to 6 b before analysis. Isobutyl esters 5 b and 5 e
were also transesterified to the corresponding ethyl esters 5 a
and 5 d, which were then analyzed by GC.


Absolute configurations : The absolute configurations of 5 a,
5 d, and 5 h were determined by comparison of the optical
rotations with literature values. Compounds (ÿ)-5 a[19] and
(�)-5 d[6b] were reported to have R configuration, and (ÿ)-5 h
to have S configuration.[20] The absolute configurations of
isobutyl esters 5 b, 5 e, and 5 i were related to the correspond-
ing ethyl esters by transesterifications. For compound 5 i this
was not carried out directly, but after cyclization to 6 e
followed by transesterification to 6 d. In contrast to an earlier
statement,[14] compound (ÿ)-5 b has decidedly R configura-
tion. For compounds (�)-5 c, (�)-5 f and (�)-5 g, the absolute
configurations are still unknown. By transesterification of 6 c,
derived from (�)-5 g, to 6 b it was shown, that (�)-5 f and (�)-
5 g possess the same absolute configuration. The use of
auxiliaries derived from natural l-amino acids leads exclu-
sively to products with R configuration, as shown in Table 1
and Table 2.


Mechanistic considerations : In the classic base-catalyzed
Michael reaction, the b-dicarbonyl donor 1 is deprotonated
prior to the reaction with the electrophile to give a planar
intermediate dionato anion. The negative charge is delocal-
ized over the nucleophilic carbon center and the two carbonyl
oxygen atoms. At least for Ni-, Co-, Cu-, and Fe-catalyzed
processes, the intermediate dionato anion coordinates to the


metal center as a chelating ligand.[21] Dionato ± metal com-
plexes of this sort are not nucleophilic enough to be alkylated
at the central carbon atom by a Michael acceptor. Commonly,
the acceptor, for example 4, needs further activation by
coordination of the carbonyl moiety to a Lewis acid. The
metal center of the dionato complex can act as this Lewis acid
to form a metal template that maintains the donor and
acceptor in close proximity and activating both by coordina-
tion.


We propose a template reaction of such a kind for the
copper-catalyzed conversion of enamino esters 3 xy with
MVK (4) (Scheme 5). The acetate counterion of the CuII


Scheme 5. Mechanistic proposal for the copper-catalyzed asymmetric
Michael reaction of enaminoesters 3 xy. Compound 7 was isolated.


cation deprotonates the acidified (dNH� 9) enamino proton to
give an aza-diketonate, which coordinates to the copper
center as a chelating ligand. The choice of the counterion
seems to be crucial for the enantioselectivity of the reaction.
Cu(OTf)2, CuCl2, or CuCl2 ´ 2 H2O, which do not have
sufficient Brönstedt basicity, all give lower ee values than
Cu(OAc)2 ´ H2O.


After coordination of the aza-diketonate to the copper
center, the additional donor function D, being a carboxylic
amide, leads to diastereofacial differentiation of the Si and Re
faces of the Michael donor. Another chelate ring is formed
which makes the enaminoester anion a tridentate ligand
bound on one face of the octahedral coordination polyhedron.
Coordination of D from the upper Si face (Scheme 5) results
in a pseudoequatorial arrangement of the alkyl residue on the
amino acid (R in Scheme 1) in the five-membered chelate
ring. Coordination from the lower Re face would place the
alkyl group into a pseudoaxial conformation, which is
evidently disfavored due to diaxial strain with one of the
other ligands (L, which is presumably water or solvent).
Interestingly, this strain seems to be distinct with alkyl
residues that contain a-branching, namely iPr, sBu, and tBu.
This hypothesis is strongly supported by the fact that
selectivities >90 % ee are observed with auxiliaries derived
from l-valine, l-isoleucine, and l-tert-leucine only.


Without activation by a Lewis acid, the conversion of MVK
(4) with the enamines 3 xy is very slow at ambient temper-
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ature.[22] Consequently, the acceptor needs to be activated by
coordination to the Lewis-acidic copper center. With the
additional donor function D coordinating from the Si face of
the aza-dionate, the MVK (4) must coordinate at the opposite
Re face. After activation, 4 reacts from this Re face with the
aza-dionate to result exclusively in products 5 a ± i with R
configuration. After the conjugate addition, p-electron den-
sity cannot be delocalized over the quaternary carbon center.
Therefore, a copper ± chelate complex no longer exhibits
particular thermodynamic stability. The enolate moiety of the
former MVK (4) deprotonates the next equivalent of the
enaminoester 3 xy. The primary product is an imine, which is
hydrolyzed to the product 5 upon aqueous protic workup. This
imine 7 was isolated in one case (Scheme 5).


In addition to the correct choice of the central metal, the
counterion, and the stereogenic alkyl group in the auxiliary
(a-branching is required), the additional donor function D is
an important parameter. Only carboxylic amides result in high
selectivities. The use of thioethers or tertiary amines has not
been successful. We presume that the carbonyl oxygen is the
coordinating donor atom rather than the amide nitrogen
atom, since yields and selectivities are nearly independent of
the nitrogen substituents. We are presently seeking a struc-
tural proof of the tridentate coordination of enaminoesters
3 xy to copper(ii) centers.


Although the role of CuII in activating the substrate is
evident from the yields, one aspect remains puzzling and
cannot be explained by the mechanistic interpretation dis-
cussed above: the chiral auxiliary can also exert lower, but still
considerable, stereocontrol without the presence of copper. In
this case the mechanistic proposal from d�Angelo et al.[4]


might be applicable.


Synthesis of auxiliaries : Amino acid amides 2 a ± l, most of
which have already been reported in the literature, are
accessible on a large scale by standard transformations from
common starting materials (Scheme 6). The amino function


Scheme 6. Synthesis of chiral auxiliaries. For yields see the Experimental
Section. Reagents and conditions: a) DCC, HNR'2, CH2Cl2, 23 8C; b) TFA,
CH2Cl2, 23 8C; c) for 11 m and 11 o : NaSEt, DMF, 23 8C; for 11n and 11p :
HNMe2, pyridine, 0! 23 8C; d) TFA, CH2Cl2, 23 8C. Letters a ± p in 9 a ± l
and 11 m ± p correspond to compounds 2a ± p.


had to be protected prior to amide formation. We have chosen
the tert-butyl carbamate. Different protocols for N-Boc
protections of amino acids are found in the literature. Our
favorable procedure to prepare 8 a ± f was the conversion of


the respective amino acid with one equivalent of Boc2O and
one equivalent of Na2CO3 in MeOH/H2O (1:1; 16 h, 23 8C)
without 4-dimethylaminopyridine (DMAP). After removal of
the solvents and acidification with citric acid, the mixtures
were extracted with CH2Cl2 to furnish the protected amino
acids 8 a ± f. Residual tert-butyl alcohol was removed in high
vacuum (5 h). The yields were nearly quantitative in all cases.
The crude products could be submitted to amide formation
without further purification. Compounds 8 a ± f were activated
with DCC and converted with the respective secondary amine
to give the amides 9 a ± l in 50 ± 95 % yield. We never applied
catalytic amounts of DMAP in order to avoid epimerization.
After deprotection with trifluoroacetic acid (TFA), com-
pounds 2 a ± l were obtained by Kugelrohr distillation as
generally pure materials. Handling and storage required
exclusion of moisture and air, since the amines are all very
hygroscopic and sensitive to CO2.


Compounds 2 m ± p were prepared from N-protected and
O-activated l-leucinol and l-phenylalaninol (10 a and 10 b).
Nucleophilic substitution with NaSEt and HNMe2/pyridine
proceeded with 82 ± 94 % yield (11 m ± p). Deprotection with
TFA followed by Kugelrohr distillation yielded amines 2 m ±
p, which are hygroscopic and sensitive to CO2.


Future work : Herein we have reported on the highly
enantioselective construction of quaternary stereocenters at
room temperature by copper-catalyzed Michael reactions.
The chiral information provided by l-valine, l-isoleucine, and
l-tert-leucine dialkylamides was used stoichiometrically. As
mentioned above, the auxiliaries are readily accessible.
Moreover they can be almost quantitatively recovered from
the reaction mixtures. Despite these facts, the final aim has to
be to use them catalytically. To close a catalytic cycle from the
reactions shown in Scheme 5, the in situ formation of
enamines 3 xy and the in situ hydrolysis of imines, such as 7,
has to be performed. Both reactions, however, are presently
catalyzed by Brönstedt acids, which is not compatible with the
catalysis of the Michael reaction. Therefore, a careful control
of Brönstedt basicity is crucial for the success of the latter, as
outlined in the mechanistic considerations. Consequently, the
key to the catalysis is to be found in conditions for enamine
formation and imine hydrolysis, which do not affect the
Michael reaction. We are currently working on the solution to
this problem.


Experimental Section


General : Column chromatography was accomplished on Merck silica gel
(Type 60, 0.063 ± 0.200 mm) or ICN alumina (Al2O3 90, activity II ± III)
with tert-butyl methyl ether (MTB) and hexanes (PE) as solvents. 1HNMR
spectra were recorded on Bruker DRX 500 (500 MHz), AM 400
(400 MHz), and AC 200 (200 MHz) spectrometers. 13CNMR spectra were
recorded on Bruker DRX 500 (125 MHz) and AC200 (50 MHz) spectro-
meters, assignments were made with DEPT experiments. The constitutions
of compounds 3 cb, 3 cg, 3 cl, and 3 jb were additionally confirmed by
HMQC and HMBC experiments. MS spectra were obtained with a Varian
MAT 711 and MAT 955Q (high resolution). IR spectra were recorded on a
Nicolet Magna IR 750. Elemental analyses were obtained with an Analytik
Jena Vario EL. Melting points were measured with a Leica Galen III and
are uncorrected. Chiral GC analysis was performed with a Packard437A
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with FI detection, a Shimadzu C-R6a integrator, and a Macherey ± Nagel
column FS-LIPODEXE (25 m, 0.25 mm) with nitrogen carrier gas. HNMe2


was purchased from Fluka and cooled below 0 8C before use. Starting
materials 1 a, 1 c, 1d, and 1 f were commercially available and used as
purchased. Compounds 1b,[23] 1 e, 1g,[24] 1 h ± i,[25] 2q ´ HCl,[26] 2 r ´ HCl,[27]


8a ± f,[28] and 10 a,[29] 10 b[30] were prepared according to literature protocols.
Synthesis of 1 j[31] and 5 i, j[32] followed adapted literature procedures. The
racemates of 5a, b, 5 d,e, 5 h,[33] 5 c,[14] 5 e, 5g[24] and derivatives 6a,b,[14]


6d,[20] 6 f[14] have been reported earlier. Spectral data of the following
compounds were in accordance with the literature: 2a,[34] 2b,[35] 2 d,[36] 2e,[37]


2h,[38] 2 i,[39] 2 j,[40] 2 k,[41] 2 l,[37] 2 p,[42] 9a,[36] 9d,[36] 9e,[37] 9h,[43] 9 i,[44] 9j,[45]


9 l,[37] 11o.[46] Experimental details on the synthesis and characterization of
the following compounds are given in the Supporting Information: 2 a,b,
d,e, h ± l, p, 9 a, d,e, h, j, l and 11 o.


2-Methyl-1-phenylbutane-1,3-dione (1 j): Iodomethane (1.65 mL, 3.76 g,
26.5 mmol) was added to a mixture of benzoylacetone (2.15 g, 13.3 mmol),
nBu4NF ´ 3 H2O (4.18 g, 13.3 mmol), and CH2Cl2 (5 mL). After stirring
overnight at ambient temperature, the mixture was transferred onto a SiO2


column and eluted with MTB/PE (1:5, Rf� 0.39) to yield the product 1j
(1.73 g, 9.82 mmol, 74%) as a colorless oil. 1HNMR (200 MHz, CDCl3)
shows a mixture of keto and enol tautomers (ratio �9:1), keto isomer: d�
1.42 (d, J� 7.2 Hz, 3 H), 2.23 (s, 3 H), 4.47 (q, J� 7.0 Hz, 1 H), 7.43 ± 7.60 (m,
3H), 7.94 ± 7.99 (m, 2 H); enol tautomer: d� 1.93 (s, 3H), 2.26 (s, 3 H), 7.43 ±
7.60 (m, 5H), 16.5 (s, 1 H); 13CNMR (50 MHz, CDCl3): d� 13.51 (CH3),
27.85 (CH3), 56.61 (CH), 128.57 (2CH), 128.79 (2 CH), 133.60 (CH), 135.83
(C), 197.26 (C�O), 204. 94 (C�O); IR (ATR): nÄ � 1716, 1673, 691 cmÿ1; MS
(EI, 70 eV): m/z (%): 175 (14) [MÿH]� , 133 (100), 105 (80), 77 (90); HR-
MS: C11H12O2 (176.22): calcd: 175.0756; found: 175.0759 [MÿH]� .


General procedure 1 (GP 1) for the synthesis of auxiliaries 2 a ± p : To a
solution of the respective N-Boc-protected compound 9 a ± l and 11m ± p in
CH2Cl2 was added trifluoroacetic acid (�2.3 equiv) and the reaction
mixture was stirred for 14 ± 24 h at 23 8C. All volatile materials were
removed in vacuo. The residue was dissolved in water and treated with
KOH (10 % aqueous solution) at 0 8C. The resulting mixture was extracted
with CH2Cl2 and the combined organic layers were dried over MgSO4.
After filtration and evaporation of the solvent, the crude product was
purified by Kugelrohr distillation (1 mbar). The amines 2 a ± p are very
hygroscopic and sensitive to CO2 and were therefore stored under nitrogen.
Details for compounds 2a, b, d,e, h ± l, and p are given in the Supporting
Information.


l-Valine diallylamide (2 c): Deprotection of 9c (6.000 g, 20.24 mmol)
yielded 2 c after Kugelrohr distillation (125 8C, oven temperature) as a
colorless oil (2.786 g, 14.05 mmol, 70%). [a]23


D ��7.0 (c� 5.7 in CHCl3);
1HNMR (200 MHz, CDCl3): d� 0.93 (d, J� 6.8 Hz, 3H), 0.95 (d, J�
6.7 Hz, 3H), 1.77 (br s, 2 H), 1.76 ± 1.96 (m, 1H), 3.34 (d, J� 5.9 Hz, 1H),
3.68 ± 4.07 (m, 3 H), 4.18 ± 4.32 (m, 1H), 5.15 ± 5.26 (m, 4 H), 5.66 ± 5.89 (m,
2H); 13CNMR (50 MHz, CDCl3): d� 16.97 (CH3), 20.15 (CH3), 32.23 (CH),
47.96 (CH2), 48.81 (CH2), 56.67 (CH), 116.89 (CH2), 117.27 (CH2), 133.16
(2CH), 175.39 (C�O); IR (ATR): nÄ� 1641 cmÿ1; MS (EI, 70 eV): m/z (%):
197 (23) [M�H]� , 98 (18), 72 (100); HR-MS: C11H20N2O (196.29): calcd:
197.1654; found: 197.1651 [M�H]� .


l-tert-Leucine dimethylamide (2 f): Deprotection of 9 f (4.450 g,
17.22 mmol) yielded 2 f after Kugelrohr distillation (120 8C, oven temper-
ature) as a colorless solid (2.611 g, 16.50 mmol, 96%). M.p. 34 ± 35 8C;
[a]23


D ��107 (c� 6.4 in CHCl3); 1HNMR (200 MHz, CDCl3): d� 0.95 (s,
9H), 1.55 (s, 2 H), 2.94 (s, 3 H), 3.06 (s, 3 H), 3.51 (s, 1 H); 13CNMR (50 MHz,
CDCl3): d� 26.26 (3CH3), 35.32 (C), 35.55 (CH3), 38.04 (CH3), 57.63 (CH),
174.62 (C�O); IR (ATR): nÄ� 1636 cmÿ1; MS (EI, 70 eV): m/z (%): 159 (63)
[M�H]� , 86 (100), 72 (18); HR-MS: C8H18N2O: calcd: 158.1419; found:
158.1420 [M]� ; elemental analysis calcd (%) for C8H18N2O (158.24): C
60.72, H 11.47, N 17.70; found: C 60.64, H 11.69, N 17.46.


l-tert-Leucine diethylamide (2 g): Deprotection of 9 g (4.950 g, 17.28 mmol)
yielded 2g after Kugelrohr distillation (120 8C, oven temperature) as a
colorless oil (2.730 g, 14.65 mmol, 85%). [a]23


D ��89.9 (c� 5.75 in CHCl3);
1HNMR (200 MHz, CDCl3): d� 0.98 (s, 9H), 1.12 (t, J� 7.0 Hz, 3 H), 1.18
(t, J� 7.0 Hz, 3 H), 1.54 (br s, 2H), 2.98 ± 3.29 (m, 2H), 3.38 (s, 1H), 3.49 ±
3.80 (m, 2H); 13CNMR (50 MHz, CDCl3): d� 12.99 (CH3), 14.73 (CH3),
26.41 (3CH3), 35.13 (C), 40.35 (CH2), 42.39 (CH2), 57.75 (CH), 173.80
(C�O); IR (ATR): nÄ� 1633 cmÿ1; MS (EI, 70 eV): m/z (%): 187 (3)


[M�H]� , 129 (13), 101 (14), 86 (100), 74 (26), 72 (43), 69 (36), 56 (16); HR-
MS: C10H22N2O (186.30): calcd: 187.1810; found: 187.1814 [M�H]� .


(S)-2-Amino-1-(ethylsulfanyl)-4-methylpentane (2m): Deprotection of
11m (840 mg, 3.21 mmol) yielded 2m after Kugelrohr distillation (90 8C,
oven temperature) as a colorless oil (403 mg, 2.50 mmol, 78%). [a]23


D ��41
(c� 7.9 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.90 (d, J� 6.7 Hz,
3H), 0.92 (d, J� 6.7 Hz, 3H), 1.23 ± 1.29 (m, 2H), 1.26 (t, J� 7.6 Hz, 3H),
1.59 (s, 2H), 1.69 ± 1.80 (m, 1 H), 2.34 (dd, J� 13.0, 8.6 Hz, 1H), 2.54 (q, J�
7.5 Hz, 2 H), 2.68 (dd, J� 13.1, 3.9 Hz, 1 H), 2.90 ± 2.97 (m, 1 H); 13CNMR
(50 MHz, CDCl3): d� 14.94 (CH3), 22.06 (CH3), 23.34 (CH3), 24.98 (CH),
26.41 (CH2), 41.04 (CH2), 46.54 (CH2), 48.27 (CH); IR (ATR): nÄ� 2955,
2927, 2913, 2869, 1366 cmÿ1; MS (EI, 70 eV): m/z (%): 161 (1) [M]� , 104
(13), 86 (100), 75 (7); HR-MS: C8H19NS (161.31): calcd: 161.1238; found:
161.1237.


(S)-2-Amino-1-(dimethylamino)-4-methylpentane (2 n): Deprotection of
11n (803 mg, 3.29 mmol) yielded 2n after Kugelrohr distillation (95 8C,
oven temperature) as a colorless oil (394 mg, 2.73 mmol, 83%). [a]23


D �
�37.0 (c� 9.60 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.89 (d, J�
7.0 Hz, 3 H), 0.91 (d, J� 6.9 Hz, 3 H), 1.11 ± 1.24 (m, 2H), 1.69 ± 1.80 (m,
1H), 2.06 (dd, J� 12.0, 3.8 Hz, 1H), 2.12 ± 2.19 (m, 1H), 2.15 (br s, 2 H), 2.22
(s, 6H), 2.90 ± 2.98 (m, 1 H); 13CNMR (50 MHz, CDCl3): d� 22.01 (CH3),
23.49 (CH3), 24.63 (CH), 44.91 (CH2), 45.81 (2CH3), 46.19 (CH), 67.17
(CH2); IR (ATR): nÄ� 2958, 1745, 1684, 1202, 1177, 1132 cmÿ1; MS (EI,
70 eV): m/z (%): 144 (3) [M]� , 86 (50), 70 (6), 59 (88), 58 (100); HR-MS:
C8H20N2 (144.26): calcd: 144.1626; found: 144.1619.


(S)-2-Amino-1-(ethylsulfanyl)-3-phenylpropane (2o): Deprotection of 11o
(450 mg, 1.52 mmol) yielded 2o as a colorless oil (294 mg, 1.51 mmol,
99%), which could be used without further purification. [a]23


D ��32.0 (c�
5.0 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.24 (t, J� 7.3 Hz, 3 H), 1.16
(br s, 2 H), 2.44 (dd, J� 13.2, 8.3 Hz, 1 H), 2.55 (q, J� 7.3 Hz, 2H), 2.61 (dd,
J� 13.3, 8.1 Hz, 1H), 2.72 (dd, J� 13.0, 4.2 Hz, 1 H), 2.84 (dd, J� 13.3,
5.2 Hz, 1 H), 3.12 ± 3.19 (m, 1 H), 7.19 ± 7.24 (m, 3H), 7.28 ± 7.34 (m, 2H);
13CNMR (50 MHz, CDCl3): d� 14.89 (CH3), 26.45 (CH2), 39.67 (CH2),
43.51 (CH2), 52.03 (CH), 126.40 (CH), 128.51 (2CH), 129.24 (2CH), 138.85
(C); IR (ATR): nÄ� 2924, 1453, 746, 700 cmÿ1; MS (EI, 70 eV): m/z (%): 196
(3) [M�H]� , 179 (18), 120 (100), 104 (31), 91 (23), 77 (6), 75 (16); HR-MS:
C11H17NS (195.33): calcd: 196.1160; found: 196.1162.


General procedure 2 (GP 2) for the synthesis of enamines 3xy : A mixture
of b-dicarbonyl compound 1x, auxiliary 2 y, and molecular sieves (4 �)
under nitrogen in toluene was treated with a catalytic amount of
concentrated HCl (1 drop). After stirring for 12 ± 14 h at 60 ± 65 8C (unless
otherwise stated), the reaction mixture was filtered and the residue washed
with CH2Cl2. All volatile materials were removed in vacuo and the residue
was chromatographed on Al2O3 90 (activity II ± III, eluent: MTB/PE) to
yield the title compound.


N-(2-Ethoxycarbonyl-1-cyclopentenyl)-l-valine diethylamide (3 ab): Oxo-
ester 1a (453 mg, 2.90 mmol), auxiliary 2 b (500 mg, 2.90 mmol), and
molecular sieves (2.5 g) in toluene (5 mL) were converted according to
GP 2 to yield 3ab after chromatography (MTB/PE� 2:1, Rf� 0.45) as a
colorless solid (691 mg, 2.23 mmol, 77 %). M.p. 52 ± 56 8C; [a]23


D ��95 (c�
5.2 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.97 (d, J� 6.9 Hz, 3H),
0.97 (d, J� 6.8 Hz, 3 H), 1.11 (t, J� 7.1 Hz, 3 H), 1.20 (t, J� 7.1 Hz, 3H), 1.27
(t, J� 7.1 Hz, 3 H), 1.77 ± 1.84 (m, 2 H), 1.97 ± 2.05 (m, 1 H), 2.38 ± 2.47 (m,
1H), 2.49 ± 2.58 (m, 3H), 3.09 ± 3.18 (m, 1H), 3.20 ± 3.29 (m, 1 H), 3.37 ± 3.44
(m, 1 H), 3.58 ± 3.67 (m, 1 H), 3.93 (dd, J� 9.9, 6.0 Hz, 1 H), 4.10 ± 4.22 (m,
2H), 7.72 (br s, 1 H); 13CNMR (50 MHz, CDCl3): d� 12.90 (CH3), 14.66
(CH3), 14.73 (CH3), 17.53 (CH3), 19.81 (CH3), 20.91 (CH2), 29.30 (CH2),
32.66 (CH), 32.79 (CH2), 40.19 (CH2), 41.54 (CH2), 58.55 (CH2), 59.98
(CH), 94.29 (C), 161.81 (C), 167.86 (C�O), 170.60 (C�O); IR (ATR): nÄ�
1661, 1598, 1262 cmÿ1; MS (EI, 70 eV): m/z (%): 310 (7) [M]� , 265 (7), 210
(65), 164 (100), 116 (10), 100 (15), 72 (25); HR-MS: C17H30N2O3: calcd:
310.2256; found: 310.2251; elemental analysis calcd (%) for C17H30N2O3


(310.42): C 65.77, H 9.74, N 9.02; found: C 65.88, H 9.60, N 9.23.


N-(2-Ethoxycarbonyl-1-cyclopentenyl)-l-tert-leucine dimethylamide
(3af): Oxoester 1a (296 mg, 1.90 mmol), auxiliary 2 f (300 mg, 1.90 mmol),
and molecular sieves (1.5 g) in toluene (5 mL) were converted according to
GP 2 to yield 3 af after chromatography (MTB/PE� 2:1, Rf� 0.18) as a
colorless solid (260 mg, 0.877 mmol, 46 %). M.p. 59 ± 60 8C; [a]23


D ��160
(c� 5.4 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.03 (s, 9H), 1.28 (t,
J� 7.1 Hz, 3H), 1.77 ± 1.85 (m, 2H), 2.39 (pent, J� 7.8 Hz, 1 H), 2.49 ± 2.59
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(m, 3 H), 2.97 (s, 3H), 3.09 (s, 3H), 4.06 (d, J� 10.3 Hz, 1 H), 4.10 ± 4.23 (m,
2H), 7.85 (br s, 1 H); 13CNMR (50 MHz, CDCl3): d� 14.71 (CH3), 20.79
(CH2), 26.42 (3CH3), 29.35 (CH2), 32.73 (CH2), 35.68 (CH3), 36.07 (C),
37.97 (CH3), 58.62 (CH2), 60.47 (CH), 94.35 (C), 161.31 (C), 167.81 (C�O),
171.41 (C�O); IR (ATR): nÄ� 1659, 1598, 1264, 1098 cmÿ1; MS (EI, 70 eV):
m/z (%): 296 (13) [M]� , 251 (7), 239 (13), 224 (64), 193 (30), 178 (100), 165
(24), 130 (15), 122 (8), 101 (13), 86 (54), 72 (25), 69 (20); HR-MS:
C16H28N2O3: calcd: 296.2100; found: 296.2103; elemental analysis calcd
(%) for C16H28N2O3 (296.38): C 64.83, H 9.45, N 9.02; found: C 64.44, H
9.63, N 9.38.


N-(2-Ethoxycarbonyl-1-cyclopentenyl)-l-isoleucine piperidide (3al): Oxo-
ester 1 a (520 mg, 3.33 mmol), auxiliary 2 l (600 mg, 3.03 mmol), and
molecular sieves (2.5 g) in toluene (7 mL) were converted according to
GP 2 to yield 3al after chromatography (MTB/PE� 2:1, Rf� 0.56) as a
colorless solid (802 mg, 2.38 mmol, 79 %). M.p. 69 ± 70 8C; [a]23


D ��173
(c� 8.5 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.89 (t, J� 7.3 Hz, 3H),
0.95 (d, J� 6.7 Hz, 3H), 1.10 ± 1.20 (m, 1H), 1.27 (t, J� 7.1 Hz, 3 H), 1.50 ±
1.85 (m, 10 H), 2.35 ± 2.45 (m, 1 H), 2.46 ± 2.55 (m, 3H), 3.38 ± 3.47 (m, 2H),
3.56 ± 3.62 (m, 2H), 4.04 (dd, J� 9.7, 6.6 Hz, 1H), 4.12 ± 2.20 (m, 2 H), 7.72
(br s, 1 H); 13CNMR (50 MHz, CDCl3): d� 11.49 (CH3), 14.70 (CH3), 16.03
(CH3), 20.78 (CH2), 24.26 (CH2), 24.48 (CH2), 25.58 (CH2), 26.60 (CH2),
29.24 (CH2), 32.60 (CH2), 38.67 (CH), 43.17 (CH2), 46.62 (CH2), 58.53
(CH2), 59.42 (CH), 94.33 (C), 162.13 (C), 167.98 (C�O), 170.13 (C�O); IR
(ATR): nÄ� 1639, 1601, 1564, 1442, 1258 cmÿ1; MS (EI, 70 eV): m/z (%): 336
(3) [M]� , 224 (38), 178 (100), 150 (8), 122 (13), 94 (8), 69 (15); HR-MS:
C19H32N2O3: calcd: 336.2413; found: 336.2419; elemental analysis calcd
(%) for C19H32N2O3 (336.47): C 65.77, H 9.74, N 9.02; found: C 65.88, H
9.60, N 9.23.


N-(2-Isobutoxycarbonyl-1-cyclopentenyl)-l-valine diethylamide (3bb):
Oxoester 1b (570 mg, 3.09 mmol), auxiliary 2b (533 mg, 3.09 mmol) and
molecular sieves (3 g) in toluene (5 mL) were converted according to GP2
for 24 h at 80 8C to yield 3 bb after chromatography (MTB/PE� 1:1, Rf�
0.45) as a colorless solid (668 mg, 1.97 mmol, 64%). M.p. 45 ± 47 8C; [a]23


D �
�94.8 (c� 12.3 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.94 (d, J�
6.7 Hz, 6H), 0.97 (d, J� 6.8 Hz, 3 H), 0.98 (d, J� 6.7 Hz, 3H), 1.11 (t, J�
7.0 Hz, 3 H), 1.20 (t, J� 7.1 Hz, 3H), 1.81 (pent, J� 7.6 Hz, 2H), 1.90 ± 2.06
(m, 2H), 2.43 (pent, J� 7.8 Hz, 1H), 2.49 ± 2.59 (m, 3H), 3.11 ± 3.20 (m,
1H), 3.21 ± 3.30 (m, 1H), 3.37 ± 3.46 (m, 1H), 3.57 ± 3.66 (m, 1 H), 3.83 ± 3.95
(m, 3 H), 7.70 (br s, 1H); 13CNMR (50 MHz, CDCl3): d� 12.90 (CH3), 14.66
(CH3), 17.63 (CH3), 19.24 (CH3), 19.27 (CH3), 19.80 (CH3), 20.86 (CH2),
27.93 (CH), 29.29 (CH2), 32.68 (CH), 32.80 (CH2), 40.18 (CH2), 41.54 (CH2),
60.06 (CH), 68.97 (CH2), 94.36 (C), 161.71 (C), 167.94 (C�O), 170.62
(C�O); IR (ATR): nÄ� 1662, 1598, 1261 cmÿ1; MS (EI, 70 eV): m/z (%): 338
(13) [M]� , 265 (14), 238 (100), 221 (9), 186 (7), 182 (9), 164 (100), 136 (7),
122 (7), 100 (8), 91 (11), 72 (9), 69 (10); HR-MS: C19H34N2O3: calcd:
338.2569; found: 338.2570; elemental analysis calcd (%) for C19H34N2O3


(338.49): C 67.42, H 10.12, N 8.28; found: C 67.42, H 10.01, N 8.38.


N-(2-Acetyl-1-cyclohexenyl)-l-valine diethylamide (3cb): Diketone 1 c
(688 mg, 4.91 mmol), auxiliary 2b (650 mg, 3.77 mmol), and molecular
sieves (2 g) in toluene (4 mL) were converted according to GP2 at 23 8C to
yield 3 cb after chromatography (MTB/PE� 3:1, Rf� 0.24) as a colorless
resin (504 mg, 1.71 mmol, 45 %). [a]23


D ��201 (c� 2.8 in CHCl3); 1HNMR
(500 MHz, CDCl3): d� 1.00 (d, J� 6.8 Hz, 3 H), 1.03 (d, J� 6.8 Hz, 3H),
1.10 (t, J� 7.0 Hz, 3 H), 1.16 (t, J� 7.0 Hz, 3 H), 1.55 ± 1.67 (m, 4H), 2.03 ±
2.17 (m, 2H), 2.08 (s, 3H), 2.28 ± 2.36 (m, 3H), 3.17 ± 3.25 (m, 1 H), 3.29 ±
3.43 (m, 2H), 3.46 ± 3.54 (m, 1H), 4.11 (dd, J� 8.3, 6.5 Hz, 1 H), 11.79 (br d,
J� 7.8 Hz); 13CNMR (125 MHz, CDCl3): d� 12.76 (CH3), 14.41 (CH3),
18.13 (CH3), 19.95 (CH3), 21.88 (CH2), 22.94 (CH2), 26.09 (CH2), 26.67
(CH2), 27.72 (CH3), 31.92 (CH), 40.26 (CH2), 41.39 (CH2), 59.49 (CH),
101.05 (C), 159.82 (C), 170.27 (C�O), 196.69 (C�O); IR (ATR): nÄ� 1643,
1602, 1564, 1260 cmÿ1; MS (EI, 70 eV): m/z (%): 294 (15) [M]� , 251 (5), 208
(7), 194 (100), 176 (8), 166 (6), 150 (23), 136 (8), 125 (6), 114 (5), 100 (10), 84
(23), 72 (68); HR-MS: C17H30N2O2: calcd: 294.2307; found: 294.2309.


N-(2-Acetyl-1-cyclohexenyl)-l-tert-leucine diethylamide (3 cg): Diketone
1c (361 mg, 2.58 mmol), auxiliary 2 g (480 mg, 2.58 mmol), and molecular
sieves (3 g) in toluene (4 mL) were converted according to GP2 at 23 8C to
yield 3cg after chromatography (MTB/PE� 3:1, Rf� 0.25) as a colorless
solid (206 mg, 0.668 mmol, 23 %). M.p. 86 ± 87 8C; [a]23


D ��97 (c� 5.6 in
CHCl3); 1HNMR (500 MHz, CDCl3): d� 1.05 (s, 9H), 1.11 (t, J� 7.1 Hz,
3H), 1.18 (t, J� 7.1 Hz, 3H), 1.56 ± 1.65 (m, 4H), 2.08 (s, 3 H), 2.13 ± 2.21 (m,
1H), 2.31 ± 2.39 (m, 3H), 3.06 ± 3.14 (m, 1H), 3.30 ± 3.37 (m, 1 H), 3.51 ± 3.58


(m, 1 H), 3.64 ± 3.71 (m, 1 H), 4.25 (d, J� 9.4 Hz, 1H), 11.99 (br d, J�
9.4 Hz, 1 H); 13CNMR (125 MHz, CDCl3): d� 12.71 (CH3), 14.38 (CH3),
21.95 (CH2), 22.99 (CH2), 26.13 (CH2), 26.64 (CH2), 26.95 (3 CH3), 27.75
(CH3), 36.12 (C), 39.75 (CH2), 42.06 (CH2), 59.01 (CH), 100.76 (C), 158.78
(C), 169.58 (C�O), 196.53 (C�O); IR (ATR): nÄ� 1640, 1602, 1564,
1263 cmÿ1; MS (EI, 70 eV): m/z (%): 308 (6) [M]� , 251 (12), 208 (100),
150 (23), 95 (5), 81 (7), 69 (10); HR-MS: C18H32N2O2: calcd: 308.2464;
found: 308.2466; elemental analysis calcd (%) for C18H32N2O2 (308.46): C
70.09, H 10.46, N 9.08; found: C 69.62, H 10.04, N 9.01.


N-(2-Acetyl-1-cyclohexenyl)-l-isoleucine piperidide (3cl): Diketone 1 c
(763 mg, 5.45 mmol), auxiliary 2 l (900 mg, 4.54 mmol), and molecular
sieves (3 g) in toluene (6 mL) were converted according to GP2 at 45 8C to
yield 3cl after chromatography (MTB/PE� 3:1, Rf� 0.31) as a colorless
solid (1.13 g, 3.52 mmol, 77 %). M.p. 77ÿ 78 8C; [a]23


D ��335 (c� 6.6 in
CHCl3); 1HNMR (500 MHz, CDCl3): d� 0.89 (t, J� 7.4 Hz, 3 H), 0.98 (d,
J� 6.8 Hz, 3H), 1.20 ± 1.31 (m, 1H), 1.49 ± 1.73 (m, 11H), 1.76 ± 1.86 (m,
1H), 2.08 (s, 3H), 2.12 ± 2.20 (m, 1H), 2.27 ± 2.35 (m, 3 H), 3.43 ± 3.52 (m,
2H), 3.52 ± 3.60 (m, 2H), 4.20 (t, J� 7.7 Hz, 1 H), 11.82 (br d, J� 8.0 Hz,
1H); 13CNMR (50 MHz, CDCl3): d� 11.38 (CH3), 16.10 (CH3), 21.88
(CH2), 22.91 (CH2), 24.50 (CH2), 24.88 (CH2), 25.74 (CH2), 26.06 (CH2),
26.53 (CH2), 26.59 (CH2), 27.67 (CH3), 38.05 (CH), 43.41 (CH2), 46.52
(CH2), 59.13 (CH), 101.07 (C), 160.05 (C), 169.75 (C�O), 196.69 (C�O); IR
(ATR): nÄ� 1639, 1601, 1564, 1442, 1259 cmÿ1; MS (EI, 70 eV): m/z (%): 320
(5) [M]� , 238 (6), 208 (100), 190 (6), 150 (11), 136 (8), 112 (19), 84 (8), 69
(21); HR-MS: C19H32N2O2 (320.48): calcd: 320.2464; found: 320.2467.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-valine dimethylamide (3 da): Di-
ketone 1 d (2.360 g, 13.87 mmol), auxiliary 2a (2.000 g, 13.87 mmol), and
molecular sieves (6 g) in toluene (10 mL) were converted according to GP2
to yield 3da after chromatography (MTB/PE� 3:1, Rf� 0.30) as a colorless
solid (3.470 g, 11.71 mmol, 84 %). M.p. 56 8C; [a]23


D ��104 (c� 10.9 in
CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.98 (d, J� 6.8 Hz, 3 H), 1.02 (d,
J� 6.8 Hz, 3H), 1.24 (t, J� 7.1 Hz, 3H), 1.45 ± 1.66 (m, 4H), 1.98 ± 2.10 (m,
2H), 2.18 ± 2.31 (m, 3H), 2.96 (s, 3 H), 3.07 (s, 3 H), 4.07 ± 4.18 (m, 3H), 9.27
(br d, J� 9.0 Hz, 1H); 13CNMR (50 MHz, CDCl3): d� 14.60 (CH3), 18.31
(CH3), 19.67 (CH3), 22.34 (CH2), 22.53 (CH2), 23.91 (CH2), 26.73 (CH2),
31.96 (CH), 35.96 (CH3), 36.95 (CH3), 58.02 (CH), 58.70 (CH2), 91.43 (C),
157.23 (C), 170.53 (C�O), 172.19 (C�O); IR (ATR): nÄ� 1647, 1593,
1231 cmÿ1; MS (EI, 70 eV): m/z (%): 296 (16) [M]� , 251 (6), 224 (86), 207
(7), 178 (100), 150 (7), 81 (8), 72 (8); HR-MS: C16H28N2O3: calcd: 296.2100;
found: 296.2101; elemental analysis calcd (%) for C16H28N2O3 (296.41): C
64.83, H 9.52, N 9.45; found: C 64.86, H 9.61, N 9.55.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-valine diethylamide (3 db): Oxo-
ester 1 d (3.082 g, 18.11 mmol), auxiliary 2b (2.600 g, 15.09 mmol), and
molecular sieves (8 g) in toluene (15 mL) were converted according to GP2
to yield 3db after chromatography (MTB/PE� 1:1, Rf� 0.43) as a colorless
solid (4.478 g, 13.80 mmol, 91 %). M.p. 58 8C; [a]23


D ��112 (c� 5.9 in
CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.99 (d, J� 6.8 Hz, 3 H), 1.01 (d,
J� 6.7 Hz, 3H), 1.10 (t, J� 7.1 Hz, 3 H), 1.18 (t, J� 7.1 Hz, 3 H), 1.25 (t, J�
7.1 Hz, 3H), 1.47 ± 1.65 (m, 4H), 1.98 ± 2.14 (m, 2H), 2.20 ± 2.32 (m, 3H),
3.13 ± 3.22 (m, 1 H), 3.26 ± 3.35 (m, 1H), 3.37 ± 3.47 (m, 1 H), 3.52 ± 3.61 (m,
1H), 4.09 (dd, J� 9.0, 2.8 Hz, 1 H), 4.10 ± 4.18 (m, 2H), 9.30 (br d, J�
9.0 Hz, 1H); 13CNMR (50 MHz, CDCl3): d� 12.80 (CH3), 14.52 (CH3),
14.62 (CH3), 18.03 (CH3), 19.92 (CH3), 22.33 (CH2), 22.60 (CH2), 23.94
(CH2), 26.85 (CH2), 32.34 (CH), 40.18 (CH2), 41.40 (CH2), 58.25 (CH),
58.69 (CH2), 91.20 (C), 157.38 (C), 170.52 (C�O), 170.94 (C�O); IR (ATR):
nÄ� 1648, 1593, 1232 cmÿ1; MS (EI, 70 eV): m/z (%): 324 (4) [M]� , 224 (73),
178 (100), 129 (6), 111 (7), 100 (8), 72 (88); HR-MS: C18H32N2O3: calcd:
324.2413; found: 324.2417; elemental analysis calcd (%) for C18H32N2O3


(324.46): C 66.63, H 9.94, N 8.63; found: C 66.58, H 10.17, N 8.64.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-valine diallylamide (3 dc): Oxo-
ester 1 d (1.327 g, 7.795 mmol), auxiliary 2c (1.530 g, 7.795 mmol), and
molecular sieves (4.5 g) in toluene (8 mL) were converted according to
GP 2 to yield 3dc after chromatography (MTB/PE� 3:1, Rf� 0.69) as a
colorless solid (928 mg, 2.66 mmol, 34 %). M.p. 45 ± 46 8C; [a]23


D ��90.8
(c� 10.2 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.99 (d, J� 6.7 Hz,
3H), 1.01 (d, J� 6.8 Hz, 3 H), 1.25 (t, J� 7.1 Hz, 3H), 1.46 ± 1.63 (m, 4H),
2.00 ± 2.13 (m, 2H), 2.16 ± 2.29 (m, 3 H), 3.70 (dd, J� 14.9, 6.5 Hz, 1H), 3.86
(dd, J� 17.3, 5.0 Hz, 1H), 4.01 (dd, J� 17.4, 4.6 Hz, 1H), 4.09 ± 4.21 (m,
3H), 4.28 (dd, J� 14.7, 5.4 Hz, 1H), 5.08 ± 5.25 (m, 4H), 5.69 ± 5.81 (m, 2H),
9.33 (br d, J� 9.4 Hz, 1 H); 13CNMR (50 MHz, CDCl3): d� 14.63 (CH3),
17.68 (CH3), 20.01 (CH3), 22.31 (CH2), 22.62 (CH2), 23.97 (CH2), 26.90
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(CH2), 32.31 (CH), 47.96 (CH2), 48.76 (CH2), 57.90 (CH), 58.74 (CH2), 91.45
(C), 117.39 (CH2), 117.60 (CH2), 133.01 (CH), 133.08 (CH), 157.28 (C),
170.52 (C�O), 171.86 (C�O); IR (ATR): nÄ� 1650, 1593, 1232 cmÿ1; MS
(EI, 70 eV): m/z (%): 348 (10) [M]� , 303 (6), 238 (6), 224 (92), 178 (100),
150 (6), 136 (6), 124 (5), 108 (5), 96 (5), 81 (16), 72 (12); HR-MS:
C20H32N2O3: calcd: 348.2413; found: 348.2413; elemental analysis calcd
(%) for C20H32N2O3 (348.49): C 68.93, H 9.26, N 8.04; found: C 68.92, H
9.51, N 8.04.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-leucine dimethylamide (3dd): Oxo-
ester 1 d (1.076 g, 6.320 mmol), auxiliary 2 d (1.000 g, 6.320 mmol), and
molecular sieves (2.5 g) in toluene (7 mL) were converted according to
GP 2 to yield 3 dd after chromatography (MTB/PE� 1:1, Rf� 0.24) as a
colorless solid (1.324 g, 4.266 mmol, 68 %). M.p. 87 ± 89 8C; [a]23


D ��127
(c� 4.6 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.93 (d, J� 6.7 Hz,
3H), 0.95 (d, J� 6.8 Hz, 3 H), 1.25 (t, J� 7.1 Hz, 3 H), 1.45 (ddd, J� 13.7,
9.3, 4.2 Hz, 1H), 1.50 ± 1.58 (m, 2H), 1.59 ± 1.69 (m, 3 H), 1.81 ± 1.89 (m,
1H), 2.01 ± 2.09 (m, 1H), 2.19 ± 2.32 (m, 3H), 2.95 (s, 3H), 3.07 (s, 3H),
4.09 ± 4.16 (m, 2H), 4.37 (ddd, J� 9.7, 8.7, 4.2 Hz, 1H), 9.09 (br d, J� 8.5 Hz,
1H); 13CNMR (50 MHz, CDCl3): d� 14.60 (CH3), 21.59 (CH3), 22.32
(CH2), 22.48 (CH2), 23.32 (CH3), 23.85 (CH2), 24.65 (CH), 26.53 (CH2),
36.17 (CH3), 36.64 (CH3), 42.19 (CH2), 51.46 (CH), 58.73 (CH2), 91.93 (C),
157.32 (C), 170.55 (C�O), 172.95 (C�O); IR (ATR): nÄ� 1651, 1597,
1230 cmÿ1; MS (EI, 70 eV): m/z (%): 310 (8) [M]� , 265 (5), 252 (8), 238 (87),
192 (100), 150 (9), 122 (5), 81 (11), 72 (17); HR-MS: C17H30N2O3 (310.44):
calcd: 310.2256; found: 310.2255.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-isoleucine dimethylamide (3de):
Oxoester 1 d (538 mg, 3.16 mmol), auxiliary 2 e (500 mg, 3.16 mmol), and
molecular sieves (2 g) in toluene (6 mL) were converted according to GP2
to yield 3de after chromatography (MTB, Rf� 0.49) as a colorless oil
(701 mg, 2.26 mmol, 71 %). [a]23


D ��124 (c� 5.9 in CHCl3); 1HNMR
(400 MHz, CDCl3): d� 0.90 (t, J� 7.5 Hz, 3 H), 0.96 (d, J� 6.8 Hz, 3H),
1.15 ± 1.26 (m, 1H), 1.25 (t, J� 7.1 Hz, 3 H), 1.48 ± 1.58 (m, 2H), 1.58 ± 1.66
(m, 2 H), 1.70 (ddd, J� 13.4, 7.4, 3.1 Hz, 1H), 1.74 ± 1.84 (m, 1H), 2.03 ± 2.11
(m, 1H), 2.20 ± 2.31 (m, 3H), 2.97 (s, 3 H), 3.08 (s, 3H), 4.09 ± 4.15 (m, 2H),
4.17 (dd, J� 9.2, 7.1 Hz, 1H), 9.25 (br d, J� 9.1 Hz, 1 H); 13CNMR
(50 MHz, CDCl3): d� 11.41 (CH3), 14.61 (CH3), 15.83 (CH3), 22.36
(CH2), 22.54 (CH2), 23.91 (CH2), 24.71 (CH2), 26.73 (CH2), 36.05 (CH3),
36.99 (CH3), 38.49 (CH), 57.55 (CH), 58.73 (CH2), 91.42 (C), 157.34 (C),
170.57 (C�O), 172.35 (C�O); IR (ATR): nÄ� 1648, 1593, 1231 cmÿ1; MS
(EI, 70 eV): m/z (%): 310 (8) [M]� , 252 (7), 238 (86), 207 (6), 192 (100), 179
(6), 111 (7), 101 (9), 86 (50), 81 (9), 72 (23), 69 (15); HR-MS: C17H30N2O3:
calcd: 310.2256; found: 310.2254; elemental analysis calcd (%) for
C17H30N2O3 (310.44): C 65.77, H 9.74, N 9.02; found: C 65.70, H 9.66, N 9.12.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-tert-leucine dimethylamide (3df):
Oxoester 1 d (1.291 g, 7.583 mmol), auxiliary 2 f (1.200 g, 7.583 mmol), and
molecular sieves (3 g) in toluene (8 mL) were converted according to GP2
to yield 3df after chromatography (MTB, Rf� 0.50) as a colorless solid
(1.457 g, 4.693 mmol, 62%). M.p. 104 8C; [a]23


D ��194 (c� 5.8 in CHCl3);
1HNMR (400 MHz, CDCl3): d� 1.05 (s, 9 H), 1.25 (t, J� 7.1 Hz, 3H), 1.48 ±
1.58 (m, 2 H), 1.58 ± 1.67 (m, 2H), 1.99 ± 2.08 (m, 1 H), 2.23 ± 2.34 (m, 3H),
2.97 (s, 3 H), 3.11 (s, 3H), 4.10 ± 4.19 (m, 2H), 4.24 (d, J� 9.9 Hz, 1 H), 9.45
(br d, J� 9.8 Hz, 1H); 13CNMR (50 MHz, CDCl3): d� 14.61 (CH3), 22.43
(CH2), 22.55 (CH2), 23.97 (CH2), 26.66 (3 CH3), 26.76 (CH2), 35.74 (CH3),
35.96 (C), 37.90 (CH3), 57.75 (CH), 58.72 (CH2), 91.27 (C), 156.47 (C),
170.41 (C�O), 171.67 (C�O); IR (ATR): nÄ� 1647, 1635, 1591, 1253, 1239,
1094, 1058 cmÿ1; MS (EI, 70 eV): m/z (%): 310 (10) [M]� , 253 (18), 238 (88),
207 (29), 192 (100), 179 (21), 136 (11), 111 (14), 101 (17), 86 (60), 72 (28), 69
(21); HR-MS: C17H30N2O3: calcd: 310.2256; found: 310.2249; elemental
analysis calcd (%) for C17H30N2O3 (310.44): C 65.77, H 9.74, N 9.02; found:
C 65.94, H 9.76, N 9.16.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-tert-leucine diethylamide (3dg):
Oxoester 1 d (749 mg, 4.40 mmol), auxiliary 2 g (820 mg, 4.40 mmol), and
molecular sieves (2.5 g) in toluene (6 mL) were converted according to
GP 2 to yield 3dg after chromatography (MTB/PE� 2:1, Rf� 0.56) as a
colorless solid (1.26 g, 3.72 mmol, 84%). M.p. 72 ± 73 8C; [a]23


D ��126 (c�
5.40 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.04 (s, 9 H), 1.11 (t, J�
7.1 Hz, 3H), 1.19 (t, J� 7.1 Hz, 3 H), 1.25 (t, J� 7.1 Hz, 3 H), 1.48 ± 1.59 (m,
2H), 1.59 ± 1.66 (m, 2 H), 2.06 ± 2.15 (m, 1 H), 2.24 ± 2.36 (m, 3 H), 3.01 ± 3.10
(m, 1 H), 3.25 ± 3.34 (m, 1H), 3.53 ± 3.63 (m, 1 H), 3.69 ± 3.78 (m, 1 H), 4.09 ±
4.21 (m, 2H), 4.21 (d, J� 10.0 Hz, 1 H), 9.47 (br d, J� 9.9 Hz, 1H);
13CNMR (50 MHz, CDCl3): d� 12.73 (CH3), 14.48 (CH3), 14.65 (CH3),


22.40 (CH2), 22.69 (CH2), 24.04 (CH2), 26.82 (CH2), 26.88 (3CH3), 36.34
(C), 39.69 (CH2), 42.06 (CH2), 57.96 (CH), 58.73 (CH2), 90.96 (C), 156.47
(C), 170.26 (C�O), 170.35 (C�O); IR (ATR): nÄ� 1649, 1590, 1237, 1222,
1097 cmÿ1; MS (EI, 70 eV): m/z (%): 338 (7) [M]� , 293 (6), 281 (13), 238
(100), 207 (13), 192 (83), 136 (8), 130 (14), 100 (13), 86 (21), 69 (13); HR-
MS: C19H34N2O3: calcd: 338.2569; found: 338.2569; elemental analysis
calcd (%) for C19H34N2O3 (338.49): C 67.42, H 10.12, N 8.28; found: C 67.35,
H 10.26, N 8.26.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-phenylalanine dimethylamide
(3dh): Oxoester 1d (651 mg, 3.82 mmol), auxiliary 2 h (735 mg, 3.82 mmol),
and molecular sieves (2 g) in toluene (5 mL) were converted according to
GP 2 to yield 3 dh after chromatography (MTB/PE� 1:1, Rf� 0.13) as a
colorless wax (1.15 g, 3.33 mmol, 87 %). Crystallization from PE gave
colorless needles. M.p. 102 8C; [a]23


D �ÿ25 (c� 6.9 in CHCl3); 1HNMR
(400 MHz, CDCl3): d� 1.27 (t, J� 7.1 Hz, 3H), 1.43 ± 1.59 (m, 4H), 1.93 ±
2.06 (m, 2H), 2.20 ± 2.26 (m, 2H), 2.67 (s, 3H), 2.89 (s, 3 H), 2.94 (dd, J�
13.2, 7.0 Hz, 1H), 3.04 (dd, J� 13.2, 7.3 Hz, 1 H), 4.15 (q, J� 7.1 Hz, 2H),
4.52 (dt, J� 8.8, 7.2 Hz, 1H), 7.19 ± 7.31 (m, 5H), 9.38 (br d, J� 9.1 Hz, 1H);
13CNMR (50 MHz, CDCl3): d� 14.61 (CH3), 22.25 (CH2), 22.56 (CH2),
23.86 (CH2), 26.41 (CH2), 35.81 (CH3), 36.51 (CH3), 41.37 (CH2), 53.79
(CH), 58.79 (CH2), 92.04 (C), 126.85 (CH), 128.43 (2 CH), 129.39 (2CH),
137.16 (C), 156.26 (C), 170.36 (C�O), 171.71 (C�O); IR (ATR): nÄ� 1648,
1585, 1229, 1175, 1094, 1061 cmÿ1; MS (EI, 70 eV): m/z (%): 344 (16) [M]� ,
299 (6), 272 (49), 253 (28), 226 (90), 207 (20), 198 (16), 179 (24), 131 (9), 120
(100), 103 (27), 101 (34), 91 (62), 77 (23), 73 (58), 65 (12); HR-MS:
C20H28N2O3: calcd: 344.2100; found: 344.2101; elemental analysis calcd (%)
for C20H28N2O3 (344.45): C 69.74, H 8.19, N 8.13; found: C 69.44, H 7.84, N
8.15.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-valine piperidide (3 di): Oxoester
1d (924 mg, 5.43 mmol), auxiliary 2 i (1.00 g, 5.43 mmol), and molecular
sieves (2.5 g) in toluene (6 mL) were converted according to GP2 to yield
3di after chromatography (MTB/PE� 4:1, Rf� 0.41) as a colorless solid
(1.64 g, 4.88 mmol, 90 %). M.p. 88 8C; [a]23


D ��169 (c� 7.0 in CHCl3);
1HNMR (400 MHz, CDCl3): d� 1.00 (d, J� 6.7 Hz, 3H), 1.03 (d, J�
6.7 Hz, 3H), 1.25 (t, J� 7.0 Hz, 3 H), 1.46 ± 1.68 (m, 10H), 1.96 ± 2.15 (m,
1H), 2.05 ± 2.13 (m, 1H), 2.19 ± 2.32 (m, 3H), 3.42 ± 3.52 (m, 2 H), 3.52 ± 3.61
(m, 2H), 4.09 ± 4.18 (m, 3H), 9.29 (br d, J� 8.8 Hz, 1 H); 13CNMR
(50 MHz, CDCl3): d� 14.63 (CH3), 18.40 (CH3), 19.90 (CH3), 22.36
(CH2), 22.59 (CH2), 23.92 (CH2), 24.55 (CH2), 25.72 (CH2), 26.65 (CH2),
26.76 (CH2), 31.95 (CH), 43.27 (CH2), 46.54 (CH2), 58.42 (CH), 58.72
(CH2), 91.33 (C), 157.52 (C), 170.39 (C�O), 170.60 (C�O); IR (ATR): nÄ�
1647, 1593, 1230 cmÿ1; MS (EI, 70 eV): m/z (%): 336 (3) [M]� , 224 (59), 178
(61), 141 (9), 111 (14), 91 (21), 84 (22), 72 (100); HR-MS: C19H32N2O3:
calcd: 336.2413; found: 336.2411; elemental analysis calcd (%) for
C19H32N2O3 (336.47): C 67.82, H 9.59, N 8.33; found: C 67.78, H 9.53, N 8.52.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-leucine pyrrolidide (3 dj): Oxo-
ester 1d (924 mg, 5.43 mmol), auxiliary 2 j (1.00 g, 5.43 mmol), and
molecular sieves (2.5 g) in toluene (8 mL) were converted according to
GP 2 to yield 3dj after chromatography (MTB/PE� 1:1, Rf� 0.23) as a
colorless solid (1.59 g, 6.24 mmol, 87%). M.p. 83 ± 84 8C; [a]23


D ��125 (c�
4.4 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.92 (d, J� 6.6 Hz, 3H),
0.95 (d, J� 6.6 Hz, 3H), 1.25 (t, J� 7.0 Hz, 3 H), 1.41 ± 1.72 (m, 6 H), 1.78 ±
1.87 (m, 3 H), 1.93 ± 2.00 (m, 2 H), 2.02 ± 2.11 (m, 1 H), 2.17 ± 2.30 (m, 3H),
3.38 ± 3.55 (m, 4H), 4.08 ± 4.15 (m, 2H), 4.15 ± 4.21 (m, 1 H), 9.09 (br d, J�
9.0 Hz, 1 H); 13CNMR (50 MHz, CDCl3): d� 14.58 (CH3), 21.62 (CH3),
22.31 (CH2), 22.49 (CH2), 23.24 (CH3), 23.80 (2 CH2), 24.62 (CH), 26.44
(CH2), 26.56 (CH2), 42.00 (CH2), 45.79 (CH2), 46.36 (CH2), 53.48 (CH),
58.72 (CH2), 91.61 (C), 157.46 (C), 170.56 (C�O), 171.52 (C�O); IR (ATR):
nÄ� 1649, 1596, 1231 cmÿ1; MS (EI, 70 eV): m/z (%): 336 (5) [M]� , 238 (28),
192 (67), 186 (34), 130 (64), 101 (17), 86 (100), 81 (18), 72 (34), 69 (28); HR-
MS: C19H32N2O3: calcd: 336.2413; found: 336.2422; elemental analysis
calcd (%) for C19H32N2O3 (336.47): C 67.82, H 9.59, N 8.33; found: C 67.27,
H 9.69, N 8.65.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-isoleucine pyrrolidide (3dk): Oxo-
ester 1 d (1.107 g, 6.501 mmol), auxiliary 2 k (1.198 g, 6.501 mmol), and
molecular sieves (2.5 g) in toluene (8 mL) were converted according to
GP 2 to yield 3 dk after chromatography (MTB/PE� 4:1, Rf� 0.31) as a
colorless solid (1.126 g, 3.347 mmol, 51%). M.p. 70 8C; [a]23


D ��188 (c�
4.6 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.90 (t, J� 7.4 Hz, 3 H), 0.96
(d, J� 6.8 Hz, 3H), 1.15 ± 1.24 (m, 1H), 1.25 (t, J� 7.1 Hz, 3H), 1.47 ± 1.58
(m, 2H), 1.58 ± 1.67 (m, 2 H), 1.72 (ddd, J� 10.7, 7.6, 3.2 Hz, 1 H), 1.79 ± 1.87
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(m, 3 H), 1.91 ± 1.99 (m, 2H), 2.09 (dt, J� 16.5, 7.0 Hz, 1 H), 2.21 ± 2.32 (m,
3H), 3.43 ± 3.58 (m, 4H), 3.97 (dd, J� 9.0, 7.5 Hz, 1H), 4.10 ± 4.16 (m, 2H),
9.25 (br d, J� 9.0 Hz, 1 H); 13CNMR (50 MHz, CDCl3): d� 11.32 (CH3),
14.57 (CH3), 15.75 (CH3), 22.33 (CH2), 22.52 (CH2), 23.79 (CH2), 23.88
(CH2), 24.86 (CH2), 26.39 (CH2), 26.78 (CH2), 38.23 (CH), 46.06 (CH2),
46.19 (CH2), 58.67 (CH2), 59.70 (CH), 91.10 (C), 157.41 (C), 170.53 (C�O),
170.81 (C�O); IR (ATR): nÄ� 1647, 1592, 1231 cmÿ1; MS (EI, 70 eV): m/z
(%): 336 (3) [M]� , 238 (57), 205 (5), 192 (100), 164 (5), 136 (6), 98 (8), 81
(20), 69 (13); HR-MS: C19H32N2O3: calcd: 336.2413; found: 336.2419;
elemental analysis calcd (%) for C19H32N2O3 (336.47): C 67.82, H 9.59, N
8.33; found: C 67.86, H 9.57, N 8.47.


(S)-Ethyl 2-[1-(ethylsulfanyl)methyl-3-methylbutylamino]-1-cyclohexene-
carboxylate (3 dm): Oxoester 1d (514 mg, 3.02 mmol), auxiliary 2 m
(487 mg, 3.02 mmol), and molecular sieves (1.5 g) in toluene (7 mL) were
converted according to GP2 at 23 8C to yield 3dm as a yellowish resin
(943 mg, 3.01 mmol, 100 %), which was used without further purification.
[a]23


D ��135 (c� 6.4 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.89 (d,
J� 6.5 Hz, 3H), 0.92 (d, J� 6.6 Hz, 3H), 1.24 (t, J� 7.3 Hz, 3 H), 1.26 (t, J�
7.2 Hz, 3 H), 1.37 ± 1.46 (m, 1 H), 1.47 ± 1.52 (m, 1H), 1.52 ± 1.61 (m, 3H),
1.63 ± 1.77 (m, 3H), 2.24 ± 2.33 (m, 2 H), 2.37 ± 2.46 (m, 1 H), 2.50 ± 2.65 (m,
4H), 3.56 ± 3.67 (m, 1H), 4.11 (q, J� 7.1 Hz, 2H), 8.94 (br d, J� 9.0 Hz,
1H); 13CNMR (50 MHz, CDCl3): d� 14.65 (CH3), 14.89 (CH3), 22.07
(CH3), 22.43 (CH2), 22.76 (CH2), 23.30 (CH3), 23.91 (CH2), 24.84 (CH),
26.68 (CH2), 27.21 (CH2), 39.42 (CH2), 44.80 (CH2), 50.38 (CH), 58.61
(CH2), 89.84 (C), 158.54 (C), 170.89 (C�O); IR (ATR): nÄ� 1647, 1597,
1227 cmÿ1; MS (EI, 70 eV): m/z (%): 313 (6) [M]� , 268 (5), 238 (72), 192
(100), 186 (13), 150 (5), 130 (18), 111 (7), 101 (5), 86 (51), 75 (9), 57 (27);
HR-MS: C17H31NO2S (313.50): calcd: 313.2076; found: 313.2077.


(S)-Ethyl 2-[1-(dimethylamino)methyl-3-methylbutylamino]-1-cyclohexe-
necarboxylate (3dn): Oxoester 1d (354 mg, 2.08 mmol), auxiliary 2n
(300 mg, 2.08 mmol), and molecular sieves (0.5 g) in toluene (4 mL) were
converted according to GP 2 at 23 8C to yield 3 dn as a yellowish resin
(531 mg, 1.79 mmol, 86%), which was used without further purification.
[a]23


D ��4.8 (c� 5.6 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.87 (d,
J� 6.6 Hz, 3H), 0.91 (d, J� 6.6 Hz, 3 H), 1.25 (t, J� 7.0 Hz, 3H), 1.27 ± 1.32
(m, 2 H), 1.48 ± 1.56 (m, 3H), 1.62 ± 1.68 (m, 2H), 2.18 ± 2.36 (m, 6 H), 2.36 (s,
6H), 3.50 ± 3.60 (m, 1 H), 4.10 (q, J� 7.1 Hz, 2H), 8.85 (br d, J� 10.0 Hz,
1H); 13CNMR (50 MHz, CDCl3): d� 14.63 (CH3), 22.04 (CH3), 22.42
(CH2), 22.74 (CH2), 23.37 (CH3), 23.86 (CH2), 24.62 (CH), 26.47 (CH2),
43.86 (CH2), 46.07 (2CH3), 48.39 (CH), 58.49 (CH2), 66.30 (CH2), 89.31 (C),
158.94 (C), 170.88 (C�O); IR (ATR): nÄ� 1647, 1597, 1229 cmÿ1; MS (EI,
70 eV): m/z (%): 296 (7) [M]� , 238 (88), 192 (100), 178 (8), 150 (8), 111 (9),
81 (8), 58 (59); HR-MS: C17H32N2O2 (296.45): calcd: 296.2464; found:
296.2466.


(S)-Ethyl 2-[1-benzyl-2-(ethylsulfanyl)ethylamino]-1-cyclohexenecarboxy-
late (3do): Oxoester 1d (209 mg, 1.23 mmol), auxiliary 2 o (240 mg,
1.23 mmol), and molecular sieves (0.5 g) in toluene (4 mL) were converted
according to GP2 at 23 8C to yield 3 do (359 mg, 1.03 mmol, 84%) as a
yellowish resin, which was used without further purification. [a]23


D �ÿ99
(c� 6.0 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.23 (t, J� 7.3 Hz, 3H),
1.27 (t, J� 7.1 Hz, 3 H), 1.36 ± 1.55 (m, 4H), 1.78 ± 1.87 (m, 1 H), 2.17 ± 2.25
(m, 3H), 2.51 ± 2.58 (m, 2 H), 2.64 (d, J� 6.2 Hz, 2 H), 2.73 (dd, J� 13.5,
7.8 Hz, 1H), 2.95 (dd, J� 13.5, 5.5 Hz, 1 H), 3.72 ± 3.82 (m, 1 H), 4.13 (q, J�
7.0 Hz, 2H), 7.15 ± 7.33 (m, 5H), 9.12 (br d, J� 10.0 Hz, 1H); 13CNMR
(50 MHz, CDCl3): d� 14.64 (CH3), 14.86 (CH3), 22.27 (CH2), 22.62 (CH2),
23.88 (CH2), 26.49 (CH2), 27.16 (CH2), 37.96 (CH2), 42.53 (CH2), 54.23
(CH), 58.67 (CH2), 90.19 (C), 126.42 (CH), 128.35 (2 CH), 129.44 (2CH),
138.34 (C), 158.37 (C), 170.83 (C�O); IR (ATR): nÄ� 1645, 1595, 1244, 1222,
1176 cmÿ1; MS (EI, 70 eV): m/z (%): 347 (25) [M]� , 302 (10), 286 (8), 272
(96), 256 (59), 226 (100), 210 (44), 198 (10), 179 (8), 120 (33), 117 (11), 91
(25), 75 (13); HR-MS: C20H29NO2S (347.52): calcd: 347.1919; found:
347.1919.


(S)-Ethyl 2-[1-benzyl-2-(dimethylamino)ethylamino]-1-cyclohexenecar-
boxylate (3dp): Oxoester 1d (209 mg, 1.23 mmol), auxiliary 2p (219 mg,
1.23 mmol), and molecular sieves (0.5 g) in toluene (4 mL) were converted
according to GP2 at 23 8C to yield 3 dp (345 mg, 1.04 mmol, 85%) as a
yellowish resin, which was used without further purification. [a]23


D �ÿ220
(c� 4.3 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.26 (t, J� 7.1 Hz, 3H),
1.37 ± 1.51 (m, 3H), 1.63 ± 1.81 (m, 1H), 2.08 ± 2.40 (m, 6 H), 2.26 (s, 6H),
2.61 (dd, J� 13.5, 8.1 Hz, 1 H), 2.93 (dd, J� 13.5, 4.5 Hz, 1 H), 3.64 ± 3.82
(m, 1H), 4.11 (q, J� 7.2 Hz, 2H), 7.12 ± 7.32 (m, 5H), 9.01 (br d, J� 10.0 Hz,


1H); 13CNMR (50 MHz, CDCl3): d� 14.59 (CH3), 22.18 (CH2), 22.54
(CH2), 23.80 (CH2), 26.27 (CH2), 41.67 (CH2), 45.94 (2 CH3), 52.09 (CH),
58.49 (CH2), 64.75 (CH2), 89.72 (C), 126.17 (CH), 128.15 (2 CH), 129.50
(2CH), 138.55 (C), 158.81 (C), 170.76 (C�O) cmÿ1; MS (EI, 70 eV): m/z
(%): 330 (5) [M]� , 272 (58), 226 (88), 198 (6), 111 (11), 91 (17), 83 (8), 58
(100); HR-MS: C20H30N2O2 (330.47): calcd: 330.2307; found: 330.2307.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-(S)-methyl-l-cysteine ethylester
(3dq): To a suspension of (S)-methyl-l-cysteine ethyl ester hydrochloride
(2q ´ HCl) (350 mg, 1.75 mmol) and oxoester 1 d (298 mg, 1.75 mmol) in
toluene (5 mL) were added NEt3 (177 mg, 1.75 mmol) and molecular sieves
(1.5 g). The mixture was stirred for 14 h at 23 8C. After filtration all volatile
materials were removed in vacuo to yield 3 dq as a colorless viscous oil
(464 mg, 1.47 mmol, 84%), which was used without further purification.
[a]23


D ��0.56 (c� 5.4 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.26 (t,
J� 7.2 Hz, 3 H), 1.28 (t, J� 7.1 Hz, 3 H), 1.51 ± 1.60 (m, 2H), 1.60 ± 1.69 (m,
2H), 2.16 (s, 3 H), 2.19 ± 2.33 (m, 4 H), 2.83 ± 2.94 (m, 2 H), 4.13 (q, J�
7.1 Hz, 2H), 4.21 (q, J� 7.1 Hz, 2H), 4.25 ± 4.31 (m, 1 H), 9.30 (br d, J�
9.7 Hz, 1H); 13CNMR (50 MHz, CDCl3): d� 14.16 (CH3), 14.55 (CH3),
16.51 (CH3), 22.20 (CH2), 22.47 (CH2), 23.86 (CH2), 26.45 (CH2), 37.69
(CH2), 55.36 (CH), 58.93 (CH2), 61.48 (CH2), 93.01 (C), 156.74 (C), 170.62
(C�O), 171.54 (C�O); IR (ATR): nÄ� 1741, 1652, 1598, 1231, 1175,
1062 cmÿ1; MS (EI, 70 eV): m/z (%): 315 (29) [M]� , 270 (11), 254 (75),
242 (15), 208 (100), 196 (28), 180 (15), 170 (6), 152 (13), 147 (7), 61 (7); HR-
MS: C15H25NO4S (315.43): calcd: 315.1504; found: 315.1511.


N-(2-Ethoxycarbonyl-1-cyclohexenyl)-l-methionine ethylester (3 dr): Ac-
cording to the procedure given above for compound 3dq, l-methionine
ethyl ester hydrochloride (2r ´ HCl) (600 mg, 2.81 mmol) and oxoester 1d
(478 mg, 2.81 mmol) were converted in toluene (7 mL) in the presence of
NEt3 (284 mg, 2.81 mmol) and molecular sieves (1.5 g) to yield 3dr as a
yellowish viscous oil (781 mg, 2.37 mmol, 84%), which was used without
further purification. [a]23


D �ÿ8.6 (c� 4.9 in CHCl3); 1HNMR (400 MHz,
CDCl3): d� 1.26 (t, J� 7.1 Hz, 6H), 1.50 ± 1.68 (m, 4H), 1.72 ± 1.86 (m, 2H),
1.93 ± 2.04 (m, 1 H), 2.09 (s, 3 H), 2.14 ± 2.32 (m, 3H), 2.57 ± 2.65 (m, 2H),
4.12 (q, J� 7.1 Hz, 2 H), 4.16 ± 4.22 (m, 2H), 4.27 ± 4.34 (m, 1H), 9.10 (br d,
J� 9.4 Hz, 1H); 13CNMR (125 MHz, CDCl3): d� 12.28 (CH3), 14.65
(CH3), 15.32 (CH3), 22.28 (CH2), 22.58 (CH2), 23.91 (CH2), 26.50 (CH2),
30.31 (CH2), 32.49 (CH2), 53.60 (CH), 58.96 (CH2), 61.35 (CH2), 92.70 (C),
157.86 (C), 170.85 (C�O), 172.90 (C�O); IR (ATR): nÄ� 1739, 1650, 1601,
1235, 1172, 1097 cmÿ1; MS (EI, 70 eV): m/z (%): 329 (38) [M]� , 284 (13),
256 (53), 210 (83), 208 (37), 177 (8), 168 (14), 162 (46), 111 (35), 104 (28), 83
(36), 69 (30), 61 (92), 55 (100); HR-MS: C16H27NO4S (329.46): calcd:
329.1661; found: 329.1661.


N-(2-Isobutoxycarbonyl-1-cyclohexenyl)-l-valine diethylamide (3eb):
Oxoester 1 e (806 mg, 4.06 mmol), auxiliary 2 b (700 mg, 4.06 mmol), and
molecular sieves (2 g) in toluene (6 mL) were converted according to GP2
to yield 3 eb after chromatography (MTB/PE� 1:1, Rf� 0.43) as a colorless
solid (623 mg, 1.77 mmol, 43%). M.p. 94 ± 96 8C; [a]23


D ��135 (c� 5.2 in
CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.93 (d, J� 6.7 Hz, 6 H), 0.99 (d,
J� 6.8 Hz, 3 H), 1.02 (d, J� 6.8 Hz, 3H), 1.10 (t, J� 7.1 Hz, 3H), 1.18 (t, J�
7.1 Hz, 3H), 1.49 ± 1.66 (m, 4 H), 1.88 ± 1.98 (m, 1H), 1.98 ± 2.06 (m, 1H),
2.06 ± 2.14 (m, 1 H), 2.23 ± 2.34 (m, 3H), 3.14 ± 3.23 (m, 1 H), 3.27 ± 3.36 (m,
1H), 3.36 ± 3.45 (m, 1 H), 3.51 ± 3.60 (m, 1 H), 3.82 (dd, J� 10.6, 6.6 Hz,
1H), 3.87 (dd, J� 10.6, 6.7 Hz, 1H), 4.09 (dd, J� 9.1, 5.1 Hz, 1H), 9.32
(br d, J� 9.0 Hz, 1H); 13CNMR (50 MHz, CDCl3): d� 12.81 (CH3), 14.52
(CH3), 18.06 (CH3), 19.28 (2CH3), 19.97 (CH3), 22.34 (CH2), 22.62 (CH2),
23.88 (CH2), 26.83 (CH2), 27.88 (CH), 32.29 (CH), 40.18 (CH2), 41.39 (CH2),
58.39 (CH), 69.12 (CH2), 91.31 (C), 157.48 (C), 170.60 (C�O), 170.95
(C�O); IR (ATR): nÄ� 1649, 1591, 1231 cmÿ1; MS (EI, 70 eV): m/z (%): 352
(5) [M]� , 279 (5), 252 (86), 196 (6), 178 (100), 91 (6), 81 (8), 69 (8); HR-MS:
C20H36N2O3: calcd: 352.2726; found: 352.2726; elemental analysis calcd
(%) for C20H36N2O3 (352.52): C 68.14, H 10.29, N 7.95; found: C 67.91, H
9.81, N 8.07.


N-(2-Methoxycarbonyl-1-cycloheptenyl)-l-tert-leucine dimethylamide
(3 ff): Oxoester 1 f (538 mg, 3.16 mmol), auxiliary 2 f (500 mg, 3.16 mmol),
and molecular sieves (2 g) in toluene (5 mL) were converted according to
GP 2 to yield 3 ff after chromatography (MTB/PE� 1:3, Rf� 0.31) as a
colorless solid (214 mg, 0.689 mmol, 22%). M.p. 89 8C; [a]23


D ��220 (c�
3.9 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.06 (s, 9H), 1.36 ± 1.77 (m,
6H), 2.33 ± 2.44 (m, 3 H), 2.57 (ddd, J� 15.3, 8.5, 1.8 Hz, 1 H), 2.97 (s, 3H),
3.11 (s, 3 H), 3.67 (s, 3H), 4.31 (d, J� 9.2 Hz, 1H), 9.78 (br d, J� 8.8 Hz,
1H); 13CNMR (50 MHz, CDCl3): d� 24.91 (CH2), 26.00 (CH2), 26.75
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(3CH3), 28.12 (CH2), 29.01 (CH2), 31.71 (CH2), 35.87 (CH3), 39.91 (CH),
37.84 (CH3), 50.55 (CH3), 59.41 (CH), 95.50 (C), 164.98 (C), 160.72 (C�O),
171.44 (C�O); IR (ATR): nÄ� 1636, 1580, 1276, 1261, 1206, 1096, 1085 cmÿ1;
MS (EI, 70 eV): m/z (%): 310 (26) [M]� , 279 (8), 253 (38), 238 (85), 221
(73), 206 (100), 193 (38), 150 (20), 120 (10), 95 (42), 93 (23), 91 (26), 81 (21),
72 (72), 69 (38); HR-MS: C17H30N2O3: calcd: 310.2256; found: 310.2253;
elemental analysis calcd (%) for C17H30N2O3 (310.44): C 65.77, H 9.74, N
9.02; found: C 65.41, H 10.07, N 9.08.


N-(2-Methoxycarbonyl-1-cycloheptenyl)-l-tert-leucine diethylamide
(3 fg): Oxoester 1 f (503 mg, 2.95 mmol), auxiliary 2g (550 mg, 2.95 mmol),
and molecular sieves (2 g) in toluene (5 mL) were converted according to
GP 2 to yield 3 fg after chromatography (MTB/PE� 2:1, Rf� 0.45) as a
colorless solid (252 mg, 0.744 mmol, 25%). M.p. 97 8C; [a]23


D ��120 (c�
5.8 in CHCl3); 1HNMR (200 MHz, CDCl3): d� 1.03 (s, 9 H), 1.11 (t, J�
7.1 Hz, 3 H), 1.17 (t, J� 7.1 Hz, 3H), 1.30 ± 1.78 (m, 6 H), 2.36 (ddd, J� 15.3,
9.2, 1.9 Hz, 1H), 2.40 ± 2.48 (m, 2H), 2.58 (ddd, J� 15.3, 8.0, 2.0 Hz, 1H),
2.93 ± 3.11 (m, 1H), 3.15 ± 3.34 (m, 1H), 3.50 ± 3.86 (m, 2 H), 3.67 (s, 3H),
4.26 (d, J� 9.6 Hz, 1H), 9.86 (br d, J� 9.0 Hz, 1H); 13CNMR (50 MHz,
CDCl3): d� 12.82 (CH3), 14.42 (CH3), 25.52 (CH2), 26.17 (CH2), 26.82
(3CH3), 28.17 (CH2), 28.71 (CH2), 31.79 (CH2), 36.32 (C), 40.05 (CH2),
42.16 (CH2), 50.50 (CH3), 59.19 (CH), 95.01 (C), 164.81 (C), 170.06 (C�O),
170.51 (C�O); IR (ATR): nÄ� 1642, 1585, 1253 cmÿ1; MS (EI, 70 eV): m/z
(%): 338 (9) [M]� , 281 (11), 249 (21), 238 (100), 221 (8), 206 (87); HR-MS:
C19H34N2O3: calcd: 338.2569; found: 338.2569; elemental analysis calcd
(%) for C19H34N2O3 (338.49): C 67.42, H 10.12, N 8.28; found: C 67.38, H
10.03, N 8.38.


N-(2-Methoxycarbonyl-1-cycloheptenyl)-l-valine piperidide (3 fi): Oxo-
ester 1 f (508 mg, 2.99 mmol), auxiliary 2i (550 mg, 2.99 mmol), and molecular
sieves (2 g) in toluene (5 mL) were converted according to GP2 to yield 3 fi
after chromatography (MTB/PE� 2:1, Rf� 0.36) as a colorless solid
(328 mg, 0.975 mmol, 33%). M.p. 72 ± 73 8C; [a]23


D ��252 (c� 6.6 in
CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.00 (d, J� 6.7 Hz, 3 H), 1.04 (d,
J� 6.7 Hz, 3 H), 1.35 ± 1.74 (m, 12 H), 2.01 ± 2.10 (m, 1H), 2.35 ± 2.43 (m,
3H), 2.53 (ddd, J� 15.3, 8.5, 1.8 Hz, 1H), 3.42 ± 3.55 (m, 3 H), 3.56 ± 3.65 (m,
1H), 3.66 (s, 3 H), 4.18 (t, J� 7.6 Hz, 1 H), 9.64 (br d, J� 7.9 Hz, 1H);
13CNMR (50 MHz, CDCl3): d� 18.71 (CH3), 19.83 (CH3), 24.53 (CH2),
25.12 (CH2), 25.67 (CH2), 25.96 (CH2), 26.60 (CH2), 28.18 (CH2), 29.17
(CH2), 31.78 (CH2), 31.88 (CH), 43.34 (CH2), 46.48 (CH2), 50.48 (CH3),
60.14 (CH), 95.37 (C), 165.87 (C), 170.21 (C�O), 170.80 (C�O); IR (ATR):
nÄ� 1640, 1591, 1438, 1251, 1205 cmÿ1; MS (EI, 70 eV): m/z (%): 336 (9)
[M]� , 256 (5), 224 (92), 192 (100), 164 (5), 137 (6), 129 (23), 101 (8), 95 (14),
86 (67), 81 (18), 69 (45); HR-MS: C19H32N2O3: calcd: 336.2413; found:
336.2420; elemental analysis calcd (%) for C19H32N2O3 (336.47): C 67.82, H
9.59, N 8.33; found: C 67.85, H 9.48, N 8.50.


N-(2-Isobutoxycarbonyl-1-cycloheptenyl)-l-valine diethylamide (3gb):
Oxoester 1 g (863 mg, 4.06 mmol), auxiliary 2 b (500 mg, 2.90 mmol), and
molecular sieves (2.5 g) in toluene (6 mL) were converted according to
GP 2 to yield 3gb after chromatography (MTB/PE� 1:2, Rf� 0.43) as a
colorless solid (410 mg, 1.12 mmol, 39 %). M.p. 103 ± 104 8C; [a]23


D ��140
(c� 10.0 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.93 (d, J� 6.6 Hz,
6H), 0.99 (d, J� 6.8 Hz, 3H), 1.02 (d, J� 6.8 Hz, 3H), 1.11 (t, J� 7.1 Hz,
3H), 1.17 (t, J� 7.1 Hz, 3 H), 1.36 ± 1.75 (m, 6 H), 1.85 ± 2.00 (m, 1 H), 2.01 ±
2.10 (m, 1 H), 2.38 ± 2.45 (m, 3 H), 2.57 (ddd, J� 15.1, 8.5, 1.7 Hz, 1H),
3.16 ± 3.25 (m, 1 H), 3.27 ± 3.37 (m, 1H), 3.37 ± 3.47 (m, 1 H), 3.48 ± 3.57 (m,
1H), 3.83 (dd, J� 10.6, 6.7 Hz, 1 H), 3.87 (dd, J� 10.6, 6.6 Hz, 1 H), 4.11
(dd, J� 8.2, 6.8 Hz, 1 H), 9.64 (br d, J� 8.3 Hz, 1H); 13CNMR (50 MHz,
CDCl3): d� 12.83 (CH3), 14.42 (CH3), 18.46 (CH3), 19.28 (2CH3), 19.82
(CH3), 25.22 (CH2), 26.03 (CH2), 27.90 (CH), 28.11 (CH2), 29.06 (CH2),
31.78 (CH2), 32.30 (CH), 40.36 (CH2), 41.42 (CH2), 60.11 (CH), 69.13
(CH2), 95.62 (C), 165.21 (C), 170.44 (C�O), 170.83 (C�O); IR (ATR): nÄ�
1635, 1581, 1251 cmÿ1; MS (EI, 70 eV): m/z (%): 366 (8) [M]� , 293 (5), 266
(97), 252 (9), 210 (8), 192 (100), 178 (11), 165 (8), 150 (13), 138 (7), 95 (15),
81 (13), 69 (17); HR-MS: C21H38N2O3 (366.54): calcd: 366.2882; found:
366.2881.


N-(2-Ethoxycarbonyl-1-methyl-1-propenyl)-l-valine diethylamide (3hb):
Oxoester 1 h (502 mg, 3.48 mmol), auxiliary 2b (600 mg, 3.48 mmol), and
molecular sieves (2.5 g) in toluene (5 mL) were converted according to
GP 2 to yield 3 hb after chromatography (MTB/PE� 1:1, Rf� 0.35) as a
colorless resin (444 mg, 1.49 mmol, 43%). [a]23


D ��167 (c� 5.40 in
CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.00 (d, J� 6.9 Hz, 3 H), 1.02 (d,
J� 7.0 Hz, 3H), 1.11 (t, J� 7.0 Hz, 3 H), 1.19 (t, J� 7.1 Hz, 3H), 1.26 (t, J�


7.2 Hz, 3H), 1.78 (s, 3H), 3.19 (s, 3 H), 2.00 ± 2.10 (m, 1H), 3.15 ± 3.24 (m,
1H), 3.26 ± 3.36 (m, 1H), 3.38 ± 3.47 (m, 1 H), 3.51 ± 3.61 (m, 1H), 4.10 (dd,
J� 8.8, 6.3 Hz, 1 H), 4.10 ± 4.17 (m, 2H), 9.59 (br d, J� 8.9 Hz, 1H);
13CNMR (50 MHz, CDCl3): d� 12.83 (CH3), 12.95 (CH3), 14.52 (CH3),
14.65 (CH3), 15.84 (CH3), 18.10 (CH3), 19.89 (CH3), 32.34 (CH), 40.26
(CH2), 41.45 (CH2), 58.78 (CH2), 59.78 (CH), 88.37 (C), 157.34 (C), 170.74
(C�O), 170.83 (C�O); IR (ATR): nÄ� 1646, 1590, 1247, 1105 cmÿ1; MS (EI,
70 eV): m/z (%): 299 (1) [M�H]� , 209 (7), 198 (19), 181 (5), 152 (100), 124
(8), 110 (6), 96 (6), 70 (7); HR-MS: C16H30N2O3 (298.43): calcd: 298.2256;
found: 298.2255.


N-(2-Ethoxycarbonyl-1-methyl-1-propenyl)-l-tert-leucine diethylamide
(3hg): Oxoester 1 h (542 mg, 3.76 mmol), auxiliary 2g (700 mg, 3.76 mmol),
and molecular sieves (2.5 g) in toluene (5 mL) were converted according to
GP 2 to yield 3hg after chromatography (MTB/PE� 2:1, Rf� 0.56) as a
colorless solid (717 mg, 2.29 mmol, 61%). M.p. 81 8C; [a]23


D ��136 (c� 5.7
in CHCl3); 1HNMR (400 MHz, CDCl3): d� 1.03 (s, 9 H), 1.11 (t, J� 7.0 Hz,
3H), 1.19 (t, J� 7.1 Hz, 3H), 1.26 (t, J� 7.2 Hz, 3 H), 1.78 (s, 3H), 1.92 (s,
3H) 3.00 ± 3.09 (m, 1H), 3.22 ± 3.32 (m, 1 H), 3.54 ± 3.64 (m, 1 H), 3.69 ± 3.79
(m, 1 H), 4.10 ± 4.19 (m, 2 H), 4.21 (d, J� 9.8 Hz, 1 H), 9.75 (d, J� 9.7 Hz,
1H); 13CNMR (50 MHz, CDCl3): d� 12.78 (CH3), 13.07 (CH3), 14.51
(CH3), 14.66 (CH3), 15.73 (CH3), 26.82 (3CH3), 36.41 (C), 39.87 (CH2),
42.12 (CH2), 58.80 (CH2), 59.45 (CH), 88.13 (C), 156.35 (C), 170.13 (C�O),
170.50 (C�O); IR (ATR): nÄ� 1635, 1580, 1250, 1096 cmÿ1; MS (EI, 70 eV):
m/z (%): 312 (8) [M]� , 267 (9), 255 (22), 212 (100), 209 (43), 181 (9), 166
(91), 110 (7), 100 (16), 86 (10), 72 (15); HR-MS: C17H32N2O3: calcd:
312.2413; found: 312.2420; elemental analysis calcd (%) for C17H32N2O3


(312.45): C 65.35, H 10.32, N 8.97; found: C 65.32, H 10.49, N 8.96.


N-(2-Isobutoxycarbonyl-1-methyl-1-propenyl)-l-valine diethylamide
(3 ib): Oxoester 1 i (720 mg, 4.18 mmol), auxiliary 2 b (600 mg, 3.48 mmol),
and molecular sieves (2.5 g) in toluene (5 mL) were converted according to
GP 2 to yield 3 ib after chromatography (MTB/PE� 1:1, Rf� 0.43) as a
colorless solid (702 mg, 2.15 mmol, 62%). M.p. 39 8C; [a]23


D ��123 (c� 6.1
in CHCl3); 1HNMR (500 MHz, CDCl3): d� 0.92 (d, J� 6.7 Hz, 6H), 0.99
(d, J� 6.9 Hz, 3 H), 1.01 (d, J� 6.9 Hz, 3H), 1.10 (t, J� 7.1 Hz, 3H), 1.17 (t,
J� 7.1 Hz, 3H), 1.78 (s, 3H), 1.89 (s, 3H), 1.87 ± 1.96 (m, 1 H), 2.01 ± 2.08 (m,
1H), 3.14 ± 3.23 (m, 1H), 3.26 ± 3.35 (m, 1H), 3.37 ± 3.46 (m, 1 H), 3.50 ± 3.58
(m, 1H), 3.83 (dd, J� 10.5, 6.6 Hz, 1 H), 3.86 (dd, J� 10.6, 6.7 Hz, 1H), 4.08
(dd, J� 8.7, 6.4 Hz, 1 H), 9.60 (br d, J� 8.5 Hz, 1H); 13CNMR (125 MHz,
CDCl3): d� 12.80 (CH3), 12.82 (CH3), 14.48 (CH3), 15.77 (CH3), 18.07
(CH3), 19.26 (2CH3), 19.88 (CH3), 27.87 (CH), 32.25 (CH), 40.23 (CH2),
41.40 (CH2), 59.82 (CH), 69.19 (CH2), 88.43 (C), 157.37 (C), 170.79 (C�O),
170.80 (C�O); IR (ATR): nÄ� 1645, 1591, 1244, 1106, 1088 cmÿ1; MS (EI,
70 eV): m/z (%): 326 (9) [M]� , 253 (11), 226 (100), 209 (6), 170 (19), 152
(88), 100 (8), 72 (9); HR-MS: C18H34N2O3: calcd: 326.2569; found:
326.2630; elemental analysis calcd (%) for C18H34N2O3 (326.50): C 66.22,
H 10.50, N 8.58; found: C 66.00, H 10.21, N 8.72.


N-(1,2-Dimethyl-3-oxo-3-phenyl-1-propenyl)-l-valine diethylamide (3 jb):
Diketone 1 j (640 mg, 3.63 mmol), auxiliary 2b (626 mg, 3.63 mmol), and
molecular sieves (2.5 g) in toluene (5 mL) were converted according to
GP 2 to yield 3jb after chromatography (MTB/PE� 1:1, Rf� 0.11) as a
colorless solid (550 mg, 1.66 mmol, 50 %). M.p. 128 ± 129 8C; [a]23


D ��257
(c� 6.3 in CHCl3); 1HNMR (500 MHz, CDCl3): d� 1.05 (d, J� 6.8 Hz,
3H), 1.09 (d, J� 6.8 Hz, 3H), 1.12 (t, J� 7.0 Hz, 3H), 1.19 (t, J� 7.0 Hz,
3H), 1.81 (s, 3 H), 1.99 (s, 3H), 2.12 ± 2.19 (m, 1 H), 3.21 ± 3.28 (m, 1H),
3.34 ± 3.46 (m, 2 H), 3.48 ± 3.56 (m, 1H), 4.23 (t, J� 7.2 Hz, 1H), 7.27 ± 7.34
(m, 3H), 7.38 ± 7.42 (m, 2H), 12.74 (br d, J� 7.3 Hz, 1H); 13CNMR
(125 MHz, CDCl3): d� 12.76 (CH3), 14.37 (CH3), 16.25 (CH3), 16.57
(CH3), 18.16 (CH3), 19.92 (CH3), 31.81 (CH), 40.36 (CH2), 41.47 (CH2),
61.21 (CH), 98.24 (C), 127.10 (2CH), 127.61 (2CH), 128.30 (CH), 143.14
(C), 163.66 (C), 169.78 (C�O), 193.34 (C�O); IR (ATR): nÄ� 1644, 1590,
1576, 1546, 1227, 1003 cmÿ1; MS (EI, 70 eV): m/z (%): 330 (3) [M]� , 230
(100), 186 (6), 105 (95), 100 (7), 77 (16), 72 (9); HR-MS: C20H30N2O2


(330.47): calcd: 330.2307; found: 330.2306.


rac-Isobutyl 2-acetyl-2-methyl-5-oxohexanoate (5 i): MVK (4, 0.50 mg,
0.70 mmol) was added to a mixture of donor 1 i (60 mg, 0.35 mmol) and
FeCl3 ´ 6H2O (7.1 mg, 0.026 mmol) in CH2Cl2 (1 mL). After the mixture had
been stirred for 12 h at 23 8C, all volatile materials were removed in vacuo
and the residue was chromatographed on SiO2 (MTB/PE� 1:4, Rf� 0.12)
to afford 5 i as a colorless oil (71 mg, 0.29 mmol, 84%). 1HNMR (200 MHz,
CDCl3): d� 0.92 (d, J� 6.7 Hz, 6 H), 1.34 (s, 3H), 2.83 ± 2.25 (m, 3H), 2.13
(s, 3 H), 2.16 (s, 3H), 2.39 (dd, J� 6.3, 2.2 Hz, 1H), 2.44 (dd, J� 6.6, 3.5 Hz,
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1H), 4.27 ± 4.33 (m, 2H); 13CNMR (125 MHz, CDCl3): d� 18.96 (2 CH3),
19.26 (CH3), 26.18 (CH3), 27.59 (CH3), 28.37 (CH2), 29.87 (CH), 38.56
(CH2), 58.70 (C), 71.51 (CH2), 172.63 (C�O), 205.26 (C�O), 207.25 (C�O);
IR (ATR): nÄ� 1712 cmÿ1; MS (EI, 70 eV): m/z (%): 242 (1) [M]� , 200 (44),
143 (8), 126 (29), 116 (8), 98 (100), 87 (22), 69 (11), 57 (27); HR-MS:
C13H22O4 (242.32): calcd: 242.1518; found: 242.1521.


rac-2-Acetyl-2-methyl-1-phenylhexane-1,5-dione (5 j): MVK (4, 590 mg,
8.43 mmol) was added to a mixture of donor 1 j (928 mg, 5.72 mmol) and
FeCl3 ´ 6H2O (71 mg, 0.26 mmol) in CH2Cl2 (2 mL). After stirring for 12 h
at 23 8C, all volatile materials were removed in vacuo and the residue was
chromatographed on SiO2 (MTB/PE� 1:1, Rf� 0.24) to afford 5j as a
colorless solid (800 mg, 3.44 mmol, 60%). M.p. 71 8C; 1HNMR (200 MHz,
CDCl3): d� 1.41 (s, 3 H), 2.08 (s, 3H), 2.09 (s, 3H), 2.14 ± 2.42 (m, 4H),
7.36 ± 7.56 (m, 3H), 7.72 ± 7.78 (m, 2 H); 13CNMR (50 MHz, CDCl3): d�
19.70 (CH3), 26.80 (CH3), 28.64 (CH2), 29.61 (CH3), 37.67 (CH2), 63.40 (C),
128.44 (2CH), 128.47 (2CH), 132.87 (CH), 135.17 (C), 198.57 (C�O),
206.89 (C�O), 207.60 (C�O); IR (ATR): nÄ� 1712, 1671 cmÿ1; MS (EI,
70 eV): m/z (%): 204 (6) [M�HÿCOMe]� , 147 (16), 105 (100); elemental
analysis calcd (%) for C15H18O3 (246.31): C 73.15, H 7.37; found: C 72.84, H
7.01.


General procedure 3 (GP 3) for the asymmetric synthesis of Michael
products 5 : Enaminoester 3 and Cu(OAc)2 ´ H2O were stirred in acetone
(1 mL per 0.2 ± 0.3 mmol 3) at 23 8C for 1 h. MVK (4) (2 equiv) was added
and the mixture was stirred for a further 12 ± 14 h at 23 8C. All volatile
materials were removed in vacuo and the residue was treated with 1n HCl.
The mixture was stirred vigorously for 2 ± 3 h at 0 8C and subsequently
extracted with MTB. After washing (saturated aqueous NaHCO3) and
drying (MgSO4) of the combined extracts, the solvent was evaporated and
the residue chromatographed on SiO2. The ee values were determined by
GC on a chiral column.


(R)-Ethyl 2-oxo-1-(3-oxobutyl)cyclopentanecarboxylate [(R)-5 a]: Ac-
cording to GP3, enamine 3af (55 mg, 0.19 mmol) and Cu(OAc)2 ´ H2O
(1.9 mg, 0.0093 mmol) were converted to give (R)-5 a (17 mg, 0.076 mmol,
40%) as a colorless oil (MTB/PE� 1:2, Rf� 0.13). [a]23


D �ÿ6.3 (c� 6.2 in
CHCl3, 98 % ee material); chiral GC: isotherm elution at 115 8C, t(S)�
32.9 min, t(R)� 34.7 min.


(R)-Isobutyl 2-oxo-1-(3-oxobutyl)cyclopentanecarboxylate [(R)-5 b]: Ac-
cording to GP3, enamine 3bb (90 mg, 0.27 mmol) and Cu(OAc)2 ´ H2O
(2.6 mg, 0.013 mmol) were converted to give (R)-5 b (27 mg, 0.11 mmol,
40%) as a colorless oil (MTB/PE� 1:4, Rf� 0.19). [a]23


D �ÿ5.0 (c� 6.4 in
CHCl3, 96 % ee material); enantiomeric excess and configuration of (R)-5b
were determined after transesterification to (R)-5 a.


(�)-2-Acetyl-2-(3-oxobutyl)cyclohexanone (5c): According to GP3, en-
amine 3 cg (80 mg, 0.26 mmol) and Cu(OAc)2 ´ H2O (5.2 mg, 0.026 mmol)
were converted to give (�)-5c (43 mg, 0.20 mmol, 79%) as a colorless oil
(MTB/PE� 1:1, Rf� 0.19). [a]23


D ��161 (c� 13.0 in CHCl3, 95 % ee
material); the enantiomeric excess of (�)-5c was determined after
derivatization to 6 f.


(R)-Ethyl 2-oxo-1-(3-oxobutyl)cyclohexanecarboxylate [(R)-5 d]: Accord-
ing to GP 3, (R)-5 d was obtained as a colorless oil (MTB/PE� 1:2, Rf�
0.19). [a]23


D ��94 (c� 4.3 in CHCl3, 99% ee material); chiral GC: isotherm
elution at 115 8C, t(S)� 114.2 min, t(R)� 120.8 min; the enantiomeric
excess of (R)-5d was also checked after conversion to 6 a according to GP4.


(R)-Isobutyl 2-oxo-1-(3-oxobutyl)cyclohexanecarboxylate [(R)-5 e]: Ac-
cording to GP 3, enamine 3 eb (80 mg, 0.23 mmol) and Cu(OAc)2 ´ H2O
(2.3 mg, 0.011 mmol) were converted to give (R)-5 e (49 mg, 0.18 mmol,
80%) as a colorless oil (MTB/PE� 1:4, Rf� 0.15). [a]23


D ��81 (c� 5.4 in
CHCl3, 86 % ee material); enantiomeric excess and configuration of (R)-5e
were determined after transesterification to (R)-5 d.


(�)-Methyl 2-oxo-1-(3-oxobutyl)cycloheptanecarboxylate (5 f): According
to GP 3, enamine 3 fi (70 mg, 0.21 mmol) and Cu(OAc)2 ´ H2O (4.2 mg,
0.021 mmol) were converted to give (�)-5 f (38 mg, 0.16 mmol, 76%) as a
colorless oil (MTB/PE� 1:2, Rf� 0.19). [a]23


D ��29 (c� 7.5 in CHCl3,
90% ee material); the enantiomeric excess of (�)-5 f was determined after
derivatization to 6 b according to GP4.


(�)-Isobutyl 2-oxo-1-(3-oxobutyl)cycloheptanecarboxylate (5g): Accord-
ing to GP3, enamine 3gb (90 mg, 0.25 mmol) and Cu(OAc)2 ´ H2O (2.5 mg,
0.012 mmol) were converted to give (�)-5g (38 mg, 0.13 mmol, 54%) as a
colorless oil (MTB/PE� 1:4, Rf� 0.14). [a]23


D ��26 (c� 6.5 in CHCl3,


80% ee material); the enantiomeric excess of (�)-5g was determined after
transesterification to 5 f and derivatization to 6 b according to GP 4.


(R)-Ethyl 2-acetyl-2-methyl-5-oxohexanoate [(R)-5 h]: According to GP3,
enamine 3hg (100 mg, 0.320 mmol) and Cu(OAc)2 ´ H2O (6.4 mg,
0.032 mmol) were converted to give (R)-5h (51 mg, 0.24 mmol, 74 %) as
a colorless oil (MTB/PE� 1:2, Rf� 0.14). [a]23


D ��9.02 (c� 13.3 in CHCl3,
96% ee material), Ref. [17] [a]22


D ��8.38 (c� 12.9 in CHCl3, 87 % ee
material), Ref. [20] [a]22


D �ÿ8.32 [c� 13.0 in CHCl3, 86 % ee material, (S)-
5h]; the enantiomeric excess of (R)-5h was determined after conversion
into 6d according to GP 4. 1HNMR (400 MHz, CDCl3): d� 1.26 (t, J�
7.1 Hz, 3 H), 1.33 (s, 3 H), 2.02 (ddd, J� 15.8, 9.8, 6.1 Hz, 1 H), 2.09 ± 2.18 (m,
1H), 2.13 (s, 3 H), 2.15 (s, 3H), 2.38 ± 2.44 (m, 2H), 4.15 ± 4.22 (m, 2H);
C11H18O4 (214.26).


(R)-Isobutyl 2-acetyl-2-methyl-5-oxohexanoate [(R)-5 i]: According to
GP 3, enamine 3 ib (100 mg, 0.306 mmol) and Cu(OAc)2 ´ H2O (3.0 mg,
0.015 mmol) were converted to give (R)-5 i (48 mg, 0.20 mmol, 65%) as a
colorless oil (MTB/PE� 1:4, Rf� 0.12). [a]23


D ��4.8 (c� 6.1 in CHCl3,
74% ee material). The enantiomeric excess of (R)-5 i was determined after
conversion into 6 e according to GP4, the configuration established after
transesterification of 6e into 6d.


Upscaling procedure: synthesis of (R)-5 d from 3db : Cu(OAc)2 ´ H2O
(83.1 mg, 0.416 mmol) was added to a solution of enamine 3db (2.700 g,
8.322 mmol) in acetone (25 mL). The mixture was stirred at ambient
temperature until all solids had been dissolved (45 min). MVK (4, 1.39 mL,
16.6 mmol) was added and the mixture was stirred for additional 22 h at
ambient temperature. (R)-5d was isolated according to GP3 (MTB/PE�
1:2, Rf� 0.19) as a colorless oil (1.801 g, 7.495 mmol, 90%) with 98 % ee
(determined after transformation to 6a). The auxiliary 2 b was recovered
from the combined aqueous layers: after addition of KOH (aqueous
solution, 5%) at 0 8C (pH 12 ± 13), extraction with CH2Cl2, drying of the
combined organic layers with MgSO4, and filtration, evaporation of the
solvent gave 2b (1.376 g, 7.989 mmol, 96%), which was pure by 1H and
13CNMR spectroscopy. The auxiliary could be reused directly without loss
of selectivity.


Transesterification of 5 b to 5 a and 5 e to 5 d : To a solution of isobutyl ester
5b or 5 e (0.080 ± 0.15 mmol) in absolute EtOH (�0.1 mol Lÿ1) was added
Ti(OEt)4 (2 equiv). The mixture was stirred for 6 h at 80 8C in a tightly
closed reaction flask, and subsequently poured into 1n HCl. After
extraction with MTB, the combined organic layers were washed with
saturated NaHCO3 solution and dried over MgSO4 followed by filtration.
The solvent was evaporated and the residue was directly analyzed by chiral
GC without purification. The conversions achieved with this method were
between 15 ± 50 %. Moreover, a number of unspecified decomposition
products were formed.


Transesterification of 6 c to 6 b and 6 e to 6 d : To a solution of isobutyl ester
6c or 6 e (0.080 ± 0.15 mmol) in absolute MeOH (for 6c) or EtOH (for 6e)
(�0.1 mol Lÿ1), were added 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
(0.5 equiv) and LiBr (5 equiv). The mixture was stirred for 72 h at 50 8C
in a tightly closed reaction flask. The workup procedure was carried out as
given above for the transesterification of compounds 5 b and 5e. The
conversions achieved with this method were between 50 % and 70%; no
byproducts were detected.


General procedure 4 (GP 4) for the synthesis of derivatives 6a ± e : A
solution of the respective Michael product 5 in MTB (�0.15 mmol mLÿ1)
was treated with pyrrolidine (0.85 equiv) and acetic acid (0.85 equiv). The
reaction mixture was stirred for 14 h at 23 8C, the solvent was evaporated
and the residue was chromatographed on SiO2 to give compounds 6a ± e.


Ethyl bicyclo[4.4.0]dec-1-en-3-one-6-carboxylate (6a): According to GP4,
compound 5 d (100 mg, 0.416 mmol) was converted to 6 a (colorless oil,
49 mg, 0.22 mmol, 53%, MTB/PE� 1:4, Rf� 0.14). [a]23


D ��258 [c� 5.70
in CHCl3, 99 % ee material, (R)-6a]; chiral GC: gradient elution from
115 8C to 160 8C with 0.5 Kminÿ1, t(S)� 58.9 min, t(R)� 62.7 min.


Methyl bicyclo[5.4.0]undec-7-en-9-one-1-carboxylate (6b): According to
GP 4, compound 5 f (38 mg, 0.16 mmol) was converted to 6 b (colorless oil,
18 mg, 0.081 mmol, 51%, MTB/PE� 1:4, Rf� 0.12). Chiral GC: gradient
elution from 115 8C to 160 8C with 0.33 Kminÿ1, t1� 94.5 min, t2� 98.0 min.


Isobutyl bicyclo[5.4.0]undec-7-en-9-one-1-carboxylate (6c): According to
GP 4, compound 5g (85 mg, 0.30 mmol) was converted to 6c (yellowish oil,
40 mg, 0.15 mmol, 50%, MTB/PE� 1:4, Rf� 0.20). 1HNMR (200 MHz,
CDCl3): d� 0.90 (d, J� 6.7 Hz, 6 H), 1.18 ± 1.42 (m, 3 H), 1.70 ± 2.16 (m,
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7H), 2.20 ± 2.58 (m, 5H), 3.89 (d, J� 6.4 Hz, 2H), 5.98 (s, 1H); 13CNMR
(50 MHz, CDCl3): d� 18.88 (2 CH3), 23.71 (CH2), 27.60 (CH), 30.26 (CH2),
30.76 (CH2), 33.15 (CH2), 34.82 (CH2), 35.79 (CH2), 37.14 (CH2), 51.03 (C),
71.22 (CH2), 129.32 (CH), 167.22 (C), 173.95 (C�O), 198.82 (C�O); IR
(ATR): nÄ� 1722, 1672 cmÿ1; MS (EI, 70 eV): m/z (%): 264 (46) [M]� , 212
(10), 208 (29), 184 (8), 180 (37), 163 (100), 152 (31), 135 (18), 121 (21), 107
(11), 91 (26), 79 (21), 77 (19), 67 (15), 57 (42); HR-MS: C16H24O3 (264.36):
calcd: 264.1725; found: 264.1727.


(R)-Ethyl 1,6-dimethyl-3-oxocyclohexene-6-carboxylate (6 d): According
to GP4, compound 5h (169 mg, 0.789 mmol) was converted to 6d
(colorless oil, 136 mg, 0.693 mmol, 89%, MTB/PE� 1:2, Rf� 0.24).
[a]23


D ��129 [c� 10.2 in CHCl3, 96 % ee material, (R)-6d], Ref. [20]
[a]23


D �ÿ 106.5 [c� 11.5 in CHCl3, 86% ee material, (S)-6 d]; chiral GC:
gradient elution from 85 8C to 115 8C with 0.4 Kminÿ1, t(S)� 84.7 min,
t(R)� 87.5 min.


(R)-Isobutyl 1,6-dimethyl-3-oxocyclohexene-6-carboxylate (6e): Accord-
ing to GP4, compound 5 i (30 mg, 0.13 mmol) was converted to 6e
(colorless oil, 26 mg, 0.12 mmol, 93%, MTB/PE� 1:4, Rf� 0.16). Chiral
GC: isotherm elution at 95 8C for 30 min, then gradient elution from 95 8C
to 110 8C with 0.25 Kminÿ1, t(S)� 125.4 min, t(R)� 130.5 min. 1HNMR
(200 MHz, CDCl3): d� 0.92 (d, J� 6.8 Hz, 6H), 1.44 (s, 3 H), 1.84 ± 2.04 (m,
2H), 1.97 (d, J� 1.3 Hz, 3H), 2.35 ± 2.57 (m, 3H), 3.86 ± 3.97 (m, 2 H), 5.92
(q, J� 1.1 Hz, 1 H); 13CNMR (50 MHz, CDCl3): d� 19.03 (2CH3), 21.10
(CH3), 22.45 (CH3), 27.71 (CH), 34.30 (CH2), 34.40 (CH2), 47.38 (C), 71.50
(CH2), 128.12 (CH), 161.44 (C), 174.06 (C�O), 198.27 (C�O); IR (ATR):
nÄ� 1727, 1677, 1254, 1176 cmÿ1; MS (EI, 70 eV): m/z (%): 224 (21) [M]� ,
196 (6), 140 (22), 123 (74), 112 (26), 109 (35), 95 (43), 79 (15), 67 (24), 57
(100); HR-MS: C13H20O3 (224.30): calcd: 224.1421; found: 224.1421.


4-Methylspiro[5.5]undec-3-en-2,7-dione (6 f): Compound 5c was treated
with the threefold volume of conc. H2SO4. The mixture was stirred for 14 h
at 23 8C, ice was added and the resulting mixture extracted with MTB. The
combined organic layers were washed with NaHCO3 (saturated aqueous
solution) and dried over MgSO4 followed by filtration. After evaporation
of the solvent, the residue containing 6 f was directly analyzed by chiral GC
without further purification. Chiral GC: gradient elution from 100 8C to
140 8C with 0.25 Kminÿ1, t1� 97.5 min, t2� 115.1 min.


N-[2-Ethoxycarbonyl-2-(3-oxobutyl)cyclohexylidene]-l-valine diethyl-
amide (7): Cu(OAc)2 ´ H2O (3.4 mg, 0.017 mmol) was added to a solution
of enamine 3 db (110 mg, 0.339 mmol) in acetone (1.5 mL). The mixture
was stirred at 23 8C until the metal salt was completely dissolved (30 min)
then MVK (60 mL, 0.7 mmol) was added. After 14 h, all volatile materials
were removed in vacuo and the residue was chromatographed on
alumina 90 (II ± III) (MTB/PE� 1:1, Rf� 0.26) to yield 7 as a colorless oil
(92 mg, 0.23 mmol, 69%). [a]23


D ��30.8 (c� 6.00 in CHCl3); 1HNMR
(500 MHz, C6D6): d� 0.99 (t, J� 7.0 Hz, 3H), 1.05 (t, J� 7.1 Hz, 3H), 1.10
(d, J� 6.6 Hz, 3 H), 1.12 (t, J� 7.0 Hz, 3 H), 1.22 (d, J� 6.7 Hz, 3 H), 1.29 ±
1.41 (m, 2H), 1.50 ± 1.65 (m, 3H), 1.89 (s, 3H), 2.00 ± 2.08 (m, 1H), 2.20
(ddd, J� 13.8, 10.6, 5.3 Hz, 1H), 2.41 ± 2.54 (m, 3 H), 2.58 (ddd, J� 14.4,
10.0, 4.7 Hz, 1H), 2.71 (ddd, J� 16.8, 10.6, 4.7 Hz, 1H), 2.83 (dt, J� 13.9,
4.3 Hz, 1H), 3.28 ± 3.36 (m, 3 H), 3.49 ± 3.57 (m, 1 H), 4.04 ± 4.09 (m, 2H),
4.26 (d, J� 9.0 Hz, 1H); 13CNMR (125 MHz, CDCl3): d� 12.64 (CH3),
14.06 (CH3), 14.40 (CH3), 19.54 (CH3), 19.61 (CH3), 22.76 (CH2), 26.79
(CH2), 28.31 (CH2), 29.60 (CH2), 29.83 (CH3), 31.81 (CH), 36.32 (CH2),
39.27 (CH2), 39.80 (CH2), 40.71 (CH2), 56.71 (C), 60.66 (CH2), 71.79 (CH),
170.93 (C), 171.92 (C), 173.97 (C), 208.64 (C�O); IR (ATR): nÄ� 1718, 1631,
1219 cmÿ1; MS (EI, 70 eV): m/z (%): 394 (2) [M]� , 351 (5), 324 (5), 294 (72),
224 (39), 220 (9), 194 (14), 178 (38), 170 (30), 151 (28), 142 (29), 124 (22),
100 (25), 95 (17), 81 (25), 72 (100); HR-MS: C22H38N2O4: calcd: 394.2832;
found: 394.2827; elemental analysis calcd (%) for C22H38N2O4 (394.55): C
66.97, H 9.71, N 7.10; found: C 66.19, H 9.63, N 6.87.


General procedure 5 (GP 5) for the synthesis of N-Boc-protected amino
acid amides 9 a ± l : To a solution of N-Boc-protected amino acid 8 a ± f in
CH2Cl2 was added dicyclohexylcarbodiimide (DCC) in small portions at
0 8C, followed by addition of the respective amine dissolved in CH2Cl2. The
mixture was stirred overnight at 23 8C, filtered through SiO2 (eluent:
MTB), and all volatile materials were removed in vacuo. The residue was
chromatographed on SiO2 (eluent: MTB/PE) to give the title compounds
9a ± l. Details for 9a, d, e, h ± j, and l are given in the Supporting
Information.


N-(tert-Butyloxycarbonyl)-l-valine diethylamide (9b): N-Boc-l-valine
(8a) (13.00 g, 59.84 mmol) and DCC (14.20 g, 68.82 mmol) in CH2Cl2


(40 mL) were converted according to GP 5 with HNEt2 (6.128 g,
83.78 mmol) in CH2Cl2 (10 mL) to yield 9b after chromatography (MTB/
PE� 1:2, Rf� 0.25) as a colorless viscous oil (10.46 g, 38.40 mmol, 64%).
[a]23


D �ÿ6.0 (c� 5.3 in CHCl3); 1HNMR (200 MHz, CDCl3): d� 0.91 (d,
J� 6.6 Hz, 3H), 0.94 (d, J� 6.6 Hz, 3H), 1.11 (t, J� 7.1 Hz, 3 H), 1.22 (t, J�
7.1 Hz, 3H), 1.42 (s, 9 H), 1.96 ± 2.06 (m, 1 H), 3.08 ± 3.24 (m, 1H), 3.27 ± 3.52
(m, 2 H), 3.52 ± 3.70 (m, 1 H), 4.36 (dd, J� 9.4, 6.6 Hz, 1 H), 5.25 (br d, J�
9.4 Hz, 1H); 13CNMR (50 MHz, CDCl3): d� 12.93 (CH3), 14.57 (CH3),
17.48 (CH3), 19.56 (CH3), 28.32 (3CH3), 32.08 (CH), 40.18 (CH2), 41.98
(CH2), 54.94 (CH), 79.29 (C), 155.73 (C�O), 171.41 (C�O); IR (ATR): nÄ�
1706, 1637, 1174 cmÿ1; MS (EI, 70 eV): m/z (%): 272 (4) [M]� , 199 (32), 172
(61), 129 (13), 116 (83), 100 (78), 72 (100), 57 (91); HR-MS: C14H28N2O3:
calcd: 272.2100; found: 272.2103; elemental analysis calcd (%) for
C14H28N2O3 (272.39): C 61.73, H 10.36, N 10.28; found: C 61.54, H 10.02,
N 10.29.


N-(tert-Butyloxycarbonyl)-l-valine diallylamide (9 c): N-Boc-l-valine (8a)
(4.400 g, 20.25 mmol) and DCC (4.806 g, 23.29 mmol) in CH2Cl2 (20 mL)
were converted according to GP5 with diallylamine (2.361 g, 24.30 mmol)
in CH2Cl2 (5 mL) to yield 9c after chromatography (MTB/PE� 1:4, Rf�
0.21) as a colorless viscous oil (5.582 g, 18.83 mmol, 93%). [a]23


D �ÿ3.21
(c� 13.4 in CHCl3); 1HNMR (400 MHz, CDCl3): d� 0.90 (d, J� 6.9 Hz,
3H), 0.94 (d, J� 6.8 Hz, 3H), 1.42 (s, 9 H), 1.92 ± 2.01 (m, 1 H), 3.87 (dd, J�
15.2, 5.9 Hz, 1 H), 3.95 (dd, J� 16.7, 4.8 Hz, 1 H), 3.99 (dd, J� 14.5, 5.7 Hz,
1H), 4.09 (dd, J� 15.3, 5.5 Hz, 1 H), 4.39 (dd, J� 9.4, 6.3 Hz, 1 H), 5.09 ±
5.24 (m, 5H), 5.68 ± 5.84 (m, 2 H); 13CNMR (50 MHz, CDCl3): d� 17.10
(CH3), 19.53 (CH3), 28.09 (3CH3), 31.47 (CH), 47.37 (CH2), 49.56 (CH2),
54.94 (CH), 79.06 (C), 117.12 (CH2), 117.40 (CH2), 132.57 (CH), 132.68
(CH), 155.48 (C�O), 171.99 (C�O); IR (ATR): nÄ� 1707, 1638, 1172 cmÿ1;
MS (EI, 70 eV): m/z (%): 296 (16) [M]� , 240 (8), 223 (74), 197 (6), 180 (6),
172 (81), 153 (12), 124 (55), 116 (100), 96 (25), 81 (12), 72 (73), 57 (98); HR-
MS: C16H28N2O3 (296.41): calcd: 296.2100; found: 296.2103.


N-(tert-Butyloxycarbonyl)-l-tert-leucine dimethylamide (9 f): N-Boc-l-
tert-leucine (8 e) (6.000 g, 25.94 mmol) and DCC (6.155 g, 29.83 mmol) in
CH2Cl2 (35 mL) were converted according to GP 5 with HNMe2 (4.4 mL,
65 mmol) in CH2Cl2 (10 mL) to yield 9 f after chromatography (MTB/PE�
1:1, Rf� 0.26) as a colorless solid (4.612 g, 17.85 mmol, 69 %). M.p. 38 8C;
[a]23


D ��34 (c� 4.9 in CHCl3); 1HNMR (200 MHz, CDCl3): d� 0.97 (s,
9H), 1.42 (s, 9H), 2.96 (s, 3H), 3.13 (s, 3H), 4.52 (d, J� 9.7 Hz, 1H), 5.33
(br d, J� 9.7 Hz, 1 H); 13CNMR (50 MHz, CDCl3): d� 25.92 (3CH3), 27.88
(3CH3), 34.98 (CH3), 35.26 (C), 37.81 (CH3), 55.31 (CH), 78.67 (C), 155.18
(C�O), 171.34 (C�O); IR (ATR): nÄ� 1713, 1642, 1494, 1366, 1172 cmÿ1;
MS (EI, 70 eV): m/z (%): 258 (2) [M]� , 186 (58), 146 (52), 130 (87), 128 (5),
101 (14), 86 (100), 72 (62), 57 (99); HR-MS: C13H26N2O3: calcd: 258.1943;
found: 258.1938; elemental analysis calcd (%) for C13H26N2O3 (258.36): C
60.44, H 10.14, N 10.84; found: C 59.64, H 9.96, N 10.80.


N-(tert-Butyloxycarbonyl)-l-tert-leucine diethylamide (9g): N-Boc-l-tert-
leucine (8e) (6.500 g, 28.10 mmol) and DCC (6.668 g, 32.32 mmol) in
CH2Cl2 (40 mL) were converted according to GP5 with HNEt2 (3.289 g,
44.97 mmol) in CH2Cl2 (10 mL) to yield 9 g after chromatography (MTB/
PE� 1:2, Rf� 0.33) as a colorless solid (5.081 g, 17.74 mmol, 63 %). M.p.
55 8C; [a]23


D �ÿ 12 (c� 5.9 in CHCl3); 1HNMR (200 MHz, CDCl3): d� 0.98
(s, 9 H), 1.12 (t, J� 7.2 Hz, 3 H), 1.21 (t, J� 7.2 Hz, 3 H), 1.42 (s, 9 H), 2.91 ±
3.10 (m, 1H), 3.14 ± 3.33 (m, 1H), 3.55 ± 3.86 (m, 2 H), 4.45 (d, J� 9.9 Hz,
1H), 5.29 (br d, J� 9.7 Hz, 1 H); 13CNMR (50 MHz, CDCl3): d� 12.96
(CH3), 14.47 (CH3), 26.44 (3 CH3), 28.31 (3CH3), 35.71 (C), 40.19 (CH2),
42.77 (CH2), 55.77 (CH), 79.30 (C), 155.59 (C�O), 170.95 (C�O); IR
(ATR): nÄ� 1715, 1638, 1497, 1365, 1173 cmÿ1; MS (EI, 70 eV): m/z (%): 286
(2) [M]� , 213 (12), 186 (28), 174 (15), 130 (66), 100 (33), 86 (100), 72 (19), 57
(78); HR-MS: C15H30N2O3: calcd: 286.2256; found: 286.2252; elemental
analysis calcd (%) for C15H30N2O3 (286.41): C 62.90, H 10.56, N 9.78; found:
C 62.73, H 10.53, N 9.92.


N-(tert-Butyloxycarbonyl)-l-isoleucine pyrrolidide (9k): N-Boc-l-isoleu-
cine (8 c) (5.220 g, 22.57 mmol) and DCC (5.122 g, 24.83 mmol) in CH2Cl2


(30 mL) were converted according to GP5 with pyrrolidine (2.087 g,
29.34 mmol) in CH2Cl2 (10 mL) to yield 9k after chromatography (MTB/
PE� 1:2, Rf� 0.07) as a colorless solid (4.481 g, 15.76 mmol, 70%). M.p.
51 8C; [a]23


D �ÿ 1.3 (c� 6.05 in CHCl3); 1HNMR (200 MHz, CDCl3): d�
0.88 (t, J� 7.2 Hz, 3 H), 0.92 (d, J� 6.7 Hz, 3H), 0.99 ± 1.20 (m, 1 H), 1.42 (s,
9H), 1.49 ± 1.77 (m, 2H), 1.79 ± 2.03 (m, 4H), 3.34 ± 3.60 (m, 3H), 3.61 ± 3.77
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(m, 1H), 4.26 (dd, J� 9.4, 7.1 Hz, 1H), 5.21 (br d, J� 9.7 Hz, 1 H); 13CNMR
(50 MHz, CDCl3): d� 11.28 (CH3), 15.58 (CH3), 24.19 (CH2), 26.01 (CH2),
26.89 (CH2), 28.35 (3CH3), 37.99 (CH), 45.74 (CH2), 46.71 (CH2), 56.37
(CH), 79.32 (C), 155.76 (C�O), 170.91 (C�O); IR (ATR): nÄ� 1706, 1637,
1437, 1171 cmÿ1; MS (EI, 70 eV): m/z (%): 284 (2) [M]� , 228 (12), 224 (14),
211 (8), 186 (28), 143 (14), 130 (100), 98 (25), 86 (58), 74 (16), 70 (45), 57
(63); HR-MS: C15H28N2O3: calcd: 284.2100; found: 286.2101; elemental
analysis calcd (%) for C15H28N2O3 (284.40): C 63.35, H 9.92, N 9.85; found:
C 62.96, H 10.11, N 10.37.


tert-Butyl (S)-N-[1-(ethylsulfanylmethyl)-3-methylbutyl]carbamate (11m):
To a solution of tosylate 10a (1.400 g, 3.769 mmol) in DMF (5 mL) under
nitrogen was added dropwise NaSEt (80 %, 566 mg, 5.38 mmol) in DMF
(6 mL). The mixture was stirred for 16 h at 23 8C. Water was added and the
resulting solution was extracted with MTB. The combined organic layers
were washed with H2O (twice) and brine, dried with MgSO4, filtered, and
concentrated in vacuo. The residue was purified by chromatography on
SiO2 (MTB/PE� 1:15, Rf� 0.14) to afford 11 m as a colorless oil (608 mg,
2.33 mmol, 86 %). [a]23


D ��23 (c� 5.5 in CHCl3); 1HNMR (200 MHz,
CDCl3): d� 0.92 (d, J� 6.4 Hz, 6H), 1.25 (t, J� 7.3 Hz, 3 H), 1.30 ± 1.46 (m,
2H), 1.44 (s, 9H), 1.58 ± 1.74 (m, 1 H), 2.56 (q, J� 7.3 Hz, 2 H), 2.63 ± 2.69
(m, 2H), 3.61 ± 4.06 (br m, 1H), 4.52 (br s, 1H); 13CNMR (50 MHz, CDCl3):
d� 14.92 (CH3), 22.12 (CH3), 23.10 (CH3), 24.91 (CH), 26.92 (CH2), 28.41
(3CH3), 37.67 (CH2), 43.15 (CH2), 48.20 (CH), 79.14 (C), 155.41 (C�O); IR
(ATR): nÄ� 2959, 1696, 1366, 1170 cmÿ1; MS (EI, 70 eV): m/z (%): 261 (3)
[M]� , 186 (18), 144 (8), 130 (42), 101 (8), 86 (63), 75 (13), 57 (100); HR-MS:
C13H27NO2S: calcd: 261.1763; found: 261.1765; elemental analysis calcd
(%) for C13H27NO2S (261.43): C 59.73, H 10.41, N 5.36; found: C 59.75, H
10.57, N 5.50.


tert-Butyl (S)-N-[1-(dimethylaminomethyl)-3-methylbutyl]carbamate
(11 n): To a solution of 10 a (500 mg, 1.35 mmol) in pyridine (1.5 mL) was
added HNMe2 (0.64 mL, 9.4 mmol) in one portion at 0 8C. The mixture was
stirred for 16 h at 23 8C. KOH was added (10 % in water, 20 mL) and the
mixture was extracted with CH2Cl2. The combined organic layers were
dried with MgSO4, filtered, and all volatile materials were removed in
vacuo. The residue was chromatographed on SiO2 (MTB/MeOH� 4:1,
Rf� 0.2 ± 0.4) to afford 11n as a colorless solid (310 mg, 1.27 mmol, 94%).
M.p. 98 ± 99 8C; [a]23


D �ÿ8.7 (c� 3.9 in CHCl3); 1HNMR (400 MHz,
CDCl3): d� 0.88 (d, J� 6.6 Hz, 6H), 1.27 ± 1.41 (m, 2H), 1.44 (s, 9H),
1.64 ± 1.72 (m, 1 H), 2.16 ± 2.34 (m, 2 H), 2.24 (s, 6H), 3.50 ± 3.93 (br m, 1H),
4.49 (br s, 1 H); 13CNMR (50 MHz, CDCl3): d� 22.24 (CH3), 23.16 (CH3),
24.73 (CH), 28.39 (3 CH3), 43.25 (CH2), 45.77 (2 CH3), 47.09 (CH), 64.13
(CH2), 79.00 (C), 155.77 (C�O); IR (ATR): nÄ� 1699, 1528, 1174,
1164 cmÿ1; MS (EI, 70 eV): m/z (%): 244 (12) [M]� , 171 (49), 130 (6), 105
(5), 101 (5), 86 (21), 84(11), 72 (7), 59 (69), 58 (100), 57 (100); HR-MS:
C13H28N2O2: calcd: 244.2151; found: 244.2149; elemental analysis calcd (%)
for C13H28N2O2 (244.38): C 63.89, H 11.55, N 11.46; found: C 63.81, H 11.78,
N 11.47.


tert-Butyl (S)-N-[1-(ethylsulfanylmethyl)-2-phenylethyl]carbamate (11 o):
see Supporting Information.


tert-Butyl (S)-N-[1-benzyl-2-(dimethylamino)ethyl]carbamate (11 p): Ac-
cording to the procedure given above for compound 11 n, tosylate 10b
(500 mg, 1.23 mmol) was converted with HNMe2 (0.59 mL, 8.63 mmol) in
pyridine (2 mL) for 60 h to afford 11p after chromatography on SiO2


(MTB/MeOH� 8:1, Rf� 0.10 ± 0.25) as a colorless solid (283 mg,
1.02 mmol, 82 %). M.p. 68 ± 70 8C; [a]23


D ��33 (c� 4.7 in CHCl3); 1HNMR
(400 MHz, CDCl3): d� 1.42 (s, 9H), 2.15 (dd, J� 13.9, 7.6 Hz, 1 H), 2.21 (s,
6H), 2.23 ± 2.30 (m, 1 H), 2.82 (dd, J� 13.5, 6.5 Hz, 1H), 2.87 ± 2.97 (m,
1H), 3.56 ± 4.02 (br m, 1H), 4.70 (br s, 1H), 7.16 ± 7.24 (m, 3 H), 7.25 ± 7.32
(m, 2H); 13CNMR (125 MHz, CDCl3): d� 28.38 (3CH3), 38.96 (CH2),
45.50 (2CH3), 49.43 (CH), 61.79 (CH2), 79.14 (C), 126.23 (CH), 128.24
(2CH), 129.67 (2CH), 137.93 (C), 155.71 (C�O); IR (ATR): nÄ� 1709, 1496,
1365, 1248, 1172, 701 cmÿ1; MS (EI, 70 eV): m/z (%): 278 (5) [M]� , 205 (11),
161 (5), 120 (5), 91 (11), 58 (100); HR-MS: C16H26N2O2: calcd: 278.1994;
found: 278.1989; elemental analysis calcd (%) for C16H26N2O2 (278.39): C
69.03, H 9.41, N 10.06; found: C 68.53, H 9.44, N 10.20.
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Multimode-Photochromism Based on Strongly Coupled
Dihydroazulene and Diarylethene


Thomas Mrozek,[a] Helmut Görner,*[b] and Jörg Daub*[a]


Abstract: Synthesis and photophysical/
photochemical investigations of 1,8a-
dihydro-2,3-bis(2,5-dimethy-3-thienyl)-
azulene-1,1-dicarbonitrile (1 A) and
1,8a-dihydro-2,3-diphenylazulene-1,1-di-
carbonitrile (2 A) are reported. The
photoprocesses and thermal reactions
of systems 1 and 2 were studied by time-
resolved and steady-state techniques
under various conditions. The dihydroa-
zulene (DHA) ± dithienylethene (DTE)
conjugate 1 A is photochemically con-


verted into the dihydrothienobenzothio-
phene (DHB) isomer 1 C and the vinyl-
heptafulvene (VHF) isomer 1 B. System
2 exhibits exclusively DHA/VHF photo-
chromism. For both systems the VHF
form thermally reverts back into the
DHA form. Their rate constant (kB!A)


increases with the solvent polarity and
the relaxation kinetics proceed by
means of an activation barrier of 65 ±
80 kJ molÿ1; kB!A and the activation
parameters of the isomerisation reac-
tions are rather similar. The photosta-
tionary state of the 1 A! 1 B and 1 A!
1 C photoisomerisation is sensitive to the
irradiation wavelength. The concept of
cycloswitching is discussed.


Keywords: cycloswitching ´ diaryl-
ethenes ´ dihydroazulenes ´ elec-
tron transfer ´ photochromism


Introduction


Photochromism is an impor-
tant tool in molecular switch-
ing and stands for the rever-
sible interconversion between
two entities (subunits) P1 and
P2, whereby at least one reac-
tion pathway has to be photo-
chemical.[1] Interest in photo-
chromism has received in-
creased attention owing to
potential application in ener-
gy and information processing
at the molecular level[2, 3] as
well as its involvement in biological processes such as colour
vision.[4] Practical applications are also well established, as for
example in optical transmission[5a] or in holography.[5b] Photo-
chromism is also widely utilised from the molecular level up to
complete devices, representative examples are: molecular
switching of host/guest aggregates,[5c,d] of polymers,[6] of sol ±
gel thin films,[7] and pigment ± protein complexes involved in


proton pumping, vision or photomorphogenesis.[8] Organic
chemistry has brought forth a number of photochromes many
of which are involved in multimode or multifold switching. [9]


Biphotochromic systems which are comprised of two
photodynamic systems P1


!!P2 and Q1
!!Q2 are attractive


candidates to continuously run cyclic multistate-switching
since they may lead to four-step switching between the entities
P1 ± Q1/P1 ± Q2/P2 ± Q2/P2 ± Q1 (Scheme 1). The thermal, pho-
tochemical and photophysical properties should be selectively
controllable by substituents and by the electronic coupling of
the two switching units.


This report deals with multistate switching of two covalently
merged biphotochromic systems which differ in the mode of
back and forward reactions: six-electron rearrangement versus
ten-electron rearrangement and photochemical/photochemi-
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Scheme 1. Left: Graph indicating a cyclic four-state switching system. Compounds 1A and 2A as potential
candidates for cyclic multistate switching.
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cal interconversion versus photochemical/thermal intercon-
version. Dihydroazulene (DHA)/vinylheptafulvene (VHF) pho-
tochromism,[10±15] that is, Q1/Q2 as a ten-electron rearrange-
ment, is driven by a photochemical forward and a thermal
back reaction. Dithienylethene (DTE)/dihydrothienobenzo-
thiophene (DHB) photochromism,[16±20] that is P1/P2, is
established by two photochemical reactions and represents a
six-electron rearrangement. Since the two substructures in 1 A
have one double bond in common they exemplify a strongly
coupled system which with proper functionalisation may
accomplish cyclic multistate-switching (Scheme 2). The syn-


theses, photochemical and photophysical properties of 1 A will
be described. For comparison, 1,8a-dihydro-2,3-diphenylazu-
lene-1,1-dicarbonitrile (2 A) is included as a possible two-fold
photochrome containing DHA/VHF, respectively diphenyl-
ethene (DPE)/dihydrophenanthrene (DHP) photochromism.


Results


Steady-state photocolouration : The DTE/DHA isomer 1 A is
colourless in all solvents used and has its main absorption at
around 340 nm. Continuous irradiation, lirr� 254, 313 or
366 nm, or pulsed excitation, lexc� 248, 308 or 354 nm, of 1 A
in acetonitrile yields spectra with two maxima, one at 360 nm,
the other (lcol) at 510 nm and a minimum around 420 nm
(Figure 1a, Table 1).


The maximum ratio of absorbances at 360 nm (A I
360� after


excitation at 308 nm, and at 340 nm prior to irradiation (A 0
340�


is A I
360/A 0


340� 1.5. The spectral changes depend on solvents:
On irradiation in ethanol the change of the absorption
spectrum is similar to irradiation in acetonitrile, while in the
case of the less polar toluene a small increase around 310 nm
is observed, in addition to the above mentioned spectral
changes (Figure 2a). This effect is more pronounced in
methylcyclohexane (MCH) (Figure 3 a or cyclohexane,[20]


where the same two broad bands at 360 nm and around
500 nm were found for low conversion of 1 A upon irradiation
at 254 ± 366 nm. With higher conversion, however, a strong
peak at 305 nm appears and the absorption in the visible range
increases with its band blue-shifted. The ratio of absorbances
at 305 nm after excitation at 308 nm, and at 340 nm prior to
irradiation is A I


305/A 0
340� 1.4. IR spectroscopy of 1 A in


cyclohexane (nÄ � 2247 cmÿ1) shows the appearance of a
C�N absorption at lower wavenumber (nÄ � 2222 cmÿ1) upon


Abstract in German: Die Synthese sowie die Ergebnisse der
photophysikalischen und photochemischen Untersuchungen
von 1,8a-Dihydro-2,3-bis(2,5-dimethyl-3-thienyl)azulen-1,1-
dicarbonitril (1A) und 1,8a-Dihydro-2,3-diphenylazulen-1,1-
dicarbonitril (2A) werden berichtet. Die photochemischen
Prozesse und thermische Reaktionen von 1 und 2 wurden
durch zeitaufgelöste und stationäre Methoden untersucht.
Dihydroazulen (DHA)-Dithienylethen (DTE) 1A lagert sich
unter photochemischer Reaktionsführung in Dihydrothieno-
benzothiophen (DHB) (1C) und Vinylheptafulven (VHF)
(1B) um. Verbindung 2 zeigt ausschliesslich die DHA/VHF
Photochromie. Die VHF-Isomere beider Systeme werden
jeweils thermisch in das entsprechende DHA-Isomer umge-
wandelt. Die diesbezügliche Geschwindigkeitskonstante
(kB!A) erhöht sich mit steigender Lösungsmittelpolarität. Die
Aktivierungsbarrieren betragen jeweils 65 ± 80 kJ molÿ1. Der
photostationäre Zustand der 1A!1B beziehungsweise
1A! 1C Photoisomerisierung hängt von der Wellenlänge
des eingestrahlten Lichtes ab. Das Konzept des ¹mehrstufigen
und zyklischen Schaltensª wird vorgestellt und diskutiert.


Scheme 2. Cyclic multistate switching of system 1.
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Figure 2. Spectra of 1 A in toluene; same conditions (except for lexc�
248 nm) as in Figure 1.


irradiation which subsequently disappears because of a
thermal back reaction (B!A).


The absorption spectrum of 2 A (lmax� 340 nm) after
irradiation shows new maxima at 313 nm and lcol� 455, 475


Figure 3. Spectra of 1A in MCH, otherwise the same conditions as in
Figure 1.


and 495 nm in MCH, toluene (Figure 4a and ethanol, respec-
tively (Table 1). The ratio of absorbances at 313 nm after and
at 340 nm prior to irradiation is A I


313/A I
340� 1.8 for lexc�


308 nm. Two isosbestic points at 340 ± 350 and 390 ± 400 nm
in various solvents, for example, at 344 and 400 nm in toluene,
are indicative for only one photoproduct, intuitively the


Figure 4. a) Absorption spectrum of 2A in toluene at 25 8C after excitation
at 308 nm (intervals of 10 s, 100 s for last spectrum); b) transient absorption
spectra in MCH at 50 ns (open) and 10 ms (full) after the 308 nm pulse (and
signals after <1 ms (�) and 1 ms (�) for lexc� 248 nm).


VHF form 2 B (otherwise a second product should have the
same molar absorption coefficients at the two isosbestic
points).


As a rough measure of the process of photocolouration of
1 A and 2 A, the absorption at lcol (A I) can be used. A I


increases linearly with irradiation time (tirr) with a curved
dependence that approaches a maximum value in all solvents.
The photoinduced A I value for 1 partly reverts back when the
light is removed (see below) and reaches a residual final value
(Ae), Ae� 0.3 ± 0.5�A I. Repeated continuous irradiation at
366 nm (or pulsed excitation at 308 nm) and subsequent
relaxation leads to virtually the same spectrum as that after


Table 1. Characteristic absorption maxima and quantum yields of isomer-
isation.[a]


System Solvent lB [nm] lC [nm] FA!B
[b] FA!C


[c]


1 cyclohexane/MCH 305, 460 362, 500 0.15 0.12
toluene 315, 480 360, 495 0.10 0.10
acetonitrile 305, 500 360, 510 0.1 0.09
ethanol 313, 510 360,512 0.1 0.08


2 cyclohexane/MCH 306, 455 0.30
toluene 313, 475 0.30
acetonitrile 315, 485 0.25
ethanol 316, 495 0.25


3[d] toluene 459 0.6


[a] From light-induced changes of the absorption spectrum, lirr� 366 nm
unless indicated otherwise. [b] Measured at lB (Vis). [c] Measured at lC


(Vis). [d] Taken from ref. [12].


Figure 1. a) Absorption spectrum of 1A in acetonitrile at 25 8C (1), after
excitation at 308 nm (2) and after thermal relaxation (3,4); b) and
c) transient absorption spectra at 50 ns (open) and 10 ms (full) after the
pulse; b) using lexc� 308 nm (and signals after <1 ms (�) and 1 ms (�) for
lexc� 248 nm) and (c) lexc� 530 nm; insets: b) increase and c) decrease at
500 nm.
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the initial procedure. In contrast to 1, the Ae value of 2 is small
throughout (Ae <0.02�A I).[20]


Time-resolved photocolouration : The transient absorption
spectrum of 1 A (lexc� 308 or 354 nm) in several solvents at
room temperature shows an increase within the laser pulse
width (15 ± 20 ns) or after disappearance of the fluorescence
signal no further changes in the range of up to a few seconds.
Examples with two maxima at<380 nm and around lcol in the
visible range are shown in Figures 1b, 2b and 3b for 1 in
acetonitrile, toluene and MCH, respectively. The presence
and absence of oxygen has no observable effect throughout.
Essentially the same two maxima and the minimum around
420 nm were monitored with lexc� 248 nm (Figures 1b and 3b).


The transient absorption spectrum of 2 A has also two
maxima but also a bleaching range (Figure 4b). The bleaching
at 400 nm (instead of a minimum in the case of 1) is a
consequence of the smaller molar absorption coefficient of
photoproduct 2 B with respect to 2 A, and reflects changes in
ground states. As a time-resolved measure of the yield of
colouration the increase in absorbance (e.g. 1 ms after the
308 nm pulse) was used. The DAcol values of 2 are similar to
those of 1 and depend only slightly on the solvent (Table 2).


Note that the DAcol value of 1,8a-dihydro-2-phenylazulene-
1,1-dicarbonitrile (3 A)[12] in toluene is eight times larger than
that of 1.


Thermal relaxation of the VHF (B) into the DHA (A) forms :
Generally, the colouration of 1 and 2 in the visible range
reverts back thermally. With the absorbance at time t (At), the
initial photoinduced (A I) and the final (Ae) values at lcol , a
first-order decay of A '/A 'max� (AtÿAe)/(A IÿAe) was ob-
served for 1 (inset of Figure 5). The rate constant (inverse
relaxation time kB!A� 1/tB!A) depends on the solvent
properties, the temperature and, to a minor extent, on the
compound. At 25 8C tB!A increases with decreasing solvent
polarity (Table 3). It follows an Arrhenius dependence
throughout. Semilogarithmic plots of the 1/tB!A values
(B!A isomerisation) versus 1/T are shown in Figures 5 and
6 for system 1 and 2, respectively. The activation energy (Ea)
and pre-exponential factor are compiled in Table 3. For
system 1 in cyclohexane or MCH the decay of A '/A 'max, when


Figure 5. Rate constant of the relaxation kinetics (log scale) for system 1 in
MCH (*), toluene (&), DMF (D) and ethanol (^) versus inverse temper-
ature; lexc� 308 nm and lirr� 366 nm above and below approximately
50 8C, respectively; inset: plots of log A '/A 'max� log (AtÿAe)/(A IÿAe)
versus time at 25 8C (same symbols).


Figure 6. Rate constant of the relaxation kinetics (log scale) for system 2 in
MCH (*), toluene (&), DMF (d) and ethanol (^) versus 1/T (as in
Figure 5).


registered at 300 nm, is also first-order (lirr� 313 or 366 nm).
The same relaxation time at 300 nm and lcol indicates that the
intermediate photoproduct contains the VHF chromophore
with maxima at 460 nm and 300 nm. In dimethylformamide
(DMF) the highest temperature could be achieved, Ea�
78 kJ molÿ1. Ea of system 1 is only slightly dependent on
solvent properties and the significant effect of solvent polarity
on the relaxation time at 25 8C is mainly owing to the same
trends of both the pre-exponential factor A and Ea .


For system 2 in toluene the decay kinetics at 310 and 475 nm
are identical (Figure 4a). This is also the case in a nonpolar
solvent or in polar acetonitrile at room temperature, as well as
in ethanol at lower temperatures, where tB!A is long enough
(up to 103 s). Moreover, the same 1/tB!A value was obtained
from the increase in absorption within the two isosbestic
points. The activation energy and the pre-exponential factor
of system 2 are similar or slightly larger than those of system 1
(Table 3).


Table 2. Absorption maxima and relative yield of photocolouration.[a]


Solvent lcol
[b] [nm] DAcol


[c]


1 2 1 2


cyclohexane/MCH 470 455 0.9 1.0
CCl4 490 0.8
toluene 495 475 1.0 0.95
MTHF 500 0.8
chloroform 500 480 0.8 0.9
dichloromethane 500 0.9
DMF 500 485 0.9 0.8
acetonitrile 510 490 0.8 0.8
ethanol 515 495 0.8 0.8


[a] From light-induced changes of the absorption spectrum at 25 8C, lexc�
308 nm, unless indicated otherwise. [b] From the time-resolved increase.
[c] Relative yield of the (Vis) maximum at<1 ms; for 3 in toluene: DAcol� 8.
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Quantum yield of colouration : The two photoinduced colour-
ation processes of 1 are a result of the ring opening at the
DHA moiety (A!B) and the ring closure at the thienyl
moiety (A!C) (Scheme 2). The former can be thermally
reconverted but the latter can not.[20] In contrast, for 2 only
one colouration process could be detected which is attributed
to the ring opening at the DHA moiety. The light-induced
colouration and subsequent thermal relaxation are similar to
the respective processes in system 1. The overall quantum
yields of colouration of 1 and 2 in several solvents at ambient
temperatures with lobs� 460 ± 500 nm and lirr� 366 nm are
rather similar. The quantum yield of ring opening (FA!B) was
found to be larger for system 2 than for system 1 (Table 1).
Typical quantum yields of ring closure and ring opening
reactions of diarylethenes are given in the literature.[17]


No marked effect of excitation wavelength, lirr� 254, 313 or
366 nm, on the overall spectral changes was found for 1 in
solvents of medium and high polarity, where tB!A is com-
parable with tirr . The position of the photostationary state
depends on the e values of the three absorbing species and can
therefore be shifted within certain limits by variation of lirr . In
a nonpolar solvent the following spectral changes were found:
For 1 in MCH with lirr� 366 nm the absorbance at 360 nm
(A I


360� strongly increases at first with tirr and then decreases,
while A I


300 becomes steadily larger (Figure 7b). With lirr�
313 nm the slope for A I


300 is less steep and A I
360 becomes


steadily larger. Switching then to lirr� 366 nm reverses the
ratio A I


300/A I
360 (Figure 7c). This indicates that the C band


centred at 360 nm is stronger when converted back to A upon
irradiation at 366 nm than at 313 nm, and that the B band (at
300 nm) acts as a sink for the absorbed light. Scheme 3
illustrates the photoprocesses of system 1.


Photodecolouration : For 1 in several solvents at room
temperature pre-irradiation (e.g. at 366 nm), thermal relaxa-
tion and subsequent irradiation at �436 nm leads to practi-
cally the same spectrum (of 1 A) as that prior to the initial
colouration. The latter photodecolouration is due to the ring
opening at the dihydrobenzene moiety, reaction C!A.[20]


Figure 7. a) Absorption spectra of the A, B and C forms of 1 (full, dashed
and dotted lines, respectively) and b), c) time dependences in MCH of A I


300


and A I
360 (open and full symbols, respectively) with lirr� 366 nm (circles)


and lirr� 313 nm (triangles).


Scheme 3. Illustration of photochemical and thermal processes of
system 1.


The quantum yield of decolouration (Fÿcol) in MCH was
estimated to be 0.03. Fÿcol does not depend significantly on
the solvent. No photodecolouration could be measured with
system 2 owing to quantitative thermal B!A relaxation.


The time-resolved photodecolouration (C!A) was ob-
served using lexc� 530 nm (A530� 0.2 ± 0.6). The transient
absorption difference spectrum of system 1 in several solvents
shows a decrease within the laser pulse width and no further
changes in the range of up to a few seconds. Examples with
two bleaching maxima at <380 nm and around lcol �500 nm
and the minimum around 420 nm are shown in acetonitrile,
toluene and MCH (Figures 1c, 2c and 3c, respectively).
Oxygen has likewise no effect. For system 2 in several
solvents no time-resolved spectral changes could be detected
just after UV pre-irradiation (A530� 0.2 ± 0.4). This indicates
that the yield of photoconversion of the DPE ± VHF form 2 B
is too low. A similar conclusion can also be drawn for system 3
since photodecolouration was found to be negligible, Fÿcol


<0.01 in MCH or ethanol using lexc� 530 nm.


Triplet-state properties : At low temperatures, for example, in
2-methyltetrahydrofuran (MTHF) (Figure 8) or ethanol be-
low ÿ130 8C, a short-lived transient with maximum at 470 nm
was observed for 1 A. This transient with a lifetime in the 2 ±
10 ms range is assigned to the triplet state of 1 A. It is formed
within the pulse width and has a similar spectrum to that
under sensitised excitation at room temperature (see below).


Table 3. Pre-exponential factor, activation energy and time for thermal
relaxation.[a]


System Solvent A [sÿ1� 1010] Ea [kJ molÿ1] tB!A [s][b]


1B! 1 A MCH 20 82 1100
CCl4 300
toluene 1 70 130
dichloromethane 50
DMF 100 78 30
acetonitrile 1 66 30
ethanol 0.5 64 25


2B! 2 A MCH 300 90 1200
toluene 50 80 140
DMF 100 78 30
acetonitrile 1 66 20
ethanol 3 68 18


3B! 3 A[c] toluene 8 86 8� 104


ethanol 0.8 79 1� 104


[a] Observed at 475 nm, using lexc� 308 nm and lirr� 366 nm above and
below ca. 50 8C, respectively. [b] At 25 8C. [c] Taken from ref. [12].
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Figure 8. Transient absorption spectra of 1A a) in MTHF at ÿ150 8C at
<100 ns (*), 3 ms (d) and 10 ms (*) after the 308 nm pulse; b) and c) in
acetonitrile at 25 8C at 30 ns (*) and 2 ms (*) after the 248 nm pulse, b) in
the presence of acetophenone and c) of acetone; inset c): increase at
450 nm.


A short-lived transient (maximum at 470 nm, lifetime of a few
ms) was also observed for 2 A in MCH, MTHF or ethanol
between ÿ130 and ÿ180 8C. This transient is likewise
assigned to the triplet state. It should be recalled that a
similar transient in MTHF or ethanol below ÿ130 8C (max-
imum at 440 nm, lifetime of a few ms) has been assigned to the
triplet state of the A form of 3.[12]


When high-energy triplet donors (S) were applied to
populate the triplet state of the A form of 1 (3A*) in
acetonitrile at room temperature, quenching of 3S*, for
example, with acetophenone (Figure 8b), and formation of a
new transient was observed using lexc� 248 nm [Eq. (1)]. The
new transient with a broad band centred around 480 nm
should be assigned to state 3A*.


3S*�A! S�3A* (1)


Almost the same spectrum was recorded with acetone (Fig-
ure 8c), where the molar absorption coefficient of the 3S*
state is too low for detection at 320 ± 350 nm. From linear plots
of the rate constant of decay of 3S* at their respective maxima,
rate constants of quenching for acetophenone, xanthone and
benzophenone were determined, the values are approximate-
ly 1� 1010mÿ1 sÿ1. Naphthalene-sensitised excitation in etha-
nol with lexc� 308 nm leads to a comparable behaviour. The
measurements are hampered by the requirements i) to excite
A to only a minor extent and ii) to add a high enough
concentration of 1 A to separate the spectra of the donor and
acceptor triplets. Since the lifetime of the latter is only a few
ms under our conditions, the results are a compromise and
exclude further measurements with triplet donors of lower
energy. Similar energy transfer effects were observed for 2 A
in the presence of benzophenone (not shown). This new
transient with a broad spectrum centred around 460 nm is also
assigned to the 3A* state of 2.


Fluorescence : Weak fluorescence with a broad band centred
at lf� 470 ± 480 nm was observed for 1 A in several solvents at
room temperature. The excitation spectrum is similar to the


absorption spectrum. The quantum yield of fluorescence Ff is
�0.003 (Table 4). At ÿ196 8C the emission and excitation
spectra in MCH, MTHF or ethanol do not change signifi-
cantly, whereas Ff is approximately 100-fold larger. Note that


Ff of 3 A at ÿ196 8C is even larger.[12] From a plot of logFf


versus 1/T for 1 A in MTHF (not shown), an activation energy
of 12 kJ molÿ1 was obtained. No phosphorescence could be
recorded in glassy media. This is in agreement with the rather
short triplet lifetime (<10 ms). The fluorescence properties of
2 A (Table 4) are similar to those of 1 A.


Summary and Discussion


Photochromism of 1,8 a-dihydro-2-phenyl-1,1-azulenedicar-
bonitrile (3 A): The DHA/VHF photochromism of system 1
has features which are related to those of 3 (Scheme 4). The


Scheme 4. Photochromic system 3.


photochemical and thermal properties of the DHA/VHF
couple of 3 has been interpreted by the following reaction
mechanism.[12] Irradiation populates the excited singlet state
of the DHA form (1A *) and the ring opening takes place on
the appropriate reaction coordinate in the excited singlet
moiety since intersystem crossing is very small and can be
neglected. A weakening of the (C-1 ± C-8a) bond is likely to be
due to localisation of the negative charge at C-1 and the
positive charge at a ªtropenylium-typeº substructure. This
process is fast[21] and efficient and leads to the excited singlet
state of the VHF form (1B*) which is deactivated to the
ground state by internal conversion. The quantum yield FA!B


is 0.6 in toluene, where tB!A� 8� 104 s. The back conversion
into the DHA form 3 A is rather slow and has to pass through


Table 4. Wavelength of maximum and quantum yield of fluorescence.[a]


Compound Solvent lf [nm] Ff


1A MCH 480 (470)[b] 0.002 (0.2)
toluene 480 0.003
MTHF 470 (460) 0.003 (0.2)
acetonitrile 470 0.001
ethanol 480 (460) 0.002 (0.2)


2A MCH 470 (470) 0.001 (0.3)
MTHF 470 (460) 0.002 (0.2)
ethanol 470 (465) 0.003 (0.2)


3A[c] MTHF 460 < 0.003 (0.9)


[a] At 25 8C using lexc� 360 nm. [b] Values in parentheses refer toÿ196 8C.
[c] Taken from ref. [12].
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the s-cis VHF conformation of 3 B. A pathway from the 1B*
state into DHA can now be excluded. Ff for 3 A is <10ÿ2 at
25 8C and reaches almost unity at ÿ196 8C. The small Ff value
at low viscosities and higher temperatures results from the
ring opening which competes successfully with fluorescence.
In rigid glasses, however, the ring opening is completely
suppressed since the viscosity in MCH, MTHF, or ethanol
increases by approximately ten orders of magnitude. The slow
ring opening below ÿ130 8C opens up a weak pathway for the
population of the triplet state of the DHA form of 3.


Photochromism of 1,8 a-dihydro-2,3-diphenylazulene-1,1-di-
carbonitrile 2 A : The results for the DHA/VHF couple of 2 A
(Scheme 5) can, in principle, be interpreted on the basis of
those for 3 where the VHF isomer is well characterised.[10±14]


For 2 a pathway from the 1B* state into DHA 2 A can be
excluded, that is, 1B* is deactivated by internal conversion at
s-cis or s-trans geometry. The thermal relaxation kinetics
proceed by the VHF!DHA activation barrier in the ground
state. Both the energy of activation and the preexponential
factor show marked dependencies on the solvent polarity
(Table 3). Actually, two activation barriers along the s-trans-
VHF!DHA ground state reaction pathway have to be
considered. The larger one is assigned to s-cis-VHF!DHA
transition (TS1), the lower one to s-trans-VHF! s-cis-VHF
transition (TS2) (Scheme 6). This assumption is also support-
ed by semiempirical quantum-mechanical calculations (PM3).
According to the PM3 calculations, to reach the transition
state TS2 which denotes the s-trans-/s-cis-VHF equilibrium
requires by far less energy (�1 kJ molÿ1) than to reach TS1
(>100 kJ molÿ1) in the solvents used for simulation (Ta-
ble 5).[22a,b] Moreover, the calculations show that the s-cis- and
s-trans-conformations of the VHF have the same energy
within the accuracy of the method.[22c] However, X-ray
structural analysis from mono-substituted DHA/VHF deriv-
atives show that the thermodynamically more stable s-trans-
conformer is present in the crystalline state.[11b] Such vinyl-
heptafulvenes are also assumed to dominate the s-trans-/s-cis-
VHF equilibrium in solutions.[12, 14]


For system 2 there could also be the possibility of a ring
closure at the phenyl moiety[23] leading to the DHP ± DHA
form 2 C. However, this is not supported by the absorption
spectra in nonpolar or polar solvents. They are identical either
prior to irradiation or after the thermal VHF!DHA (2 B!
2 A) relaxation. The UV-light-induced colouration of 2 is due
only to formation of the VHF form. The solid line spectrum in
Figure 4a can be simulated by using a conversion of approx-


Scheme 6. Illustration of the reaction profiles of the photochromic system 2.


imately 60 % and molar absorption coefficients of e313� 1.8�
104, e400� 0.2� 104 and e475� 0.5� 104mÿ1 cmÿ1 for 2 B.


The main differences between system 2 and 3 are that 1) the
ratio of e values in the UV absorption of the VHF versus the
DHA forms of 2 is much larger and 2) the FA!B values of 2 are


much smaller than those of 3
(Table 1). The faster thermal
relaxation in polar solvents (Ta-
ble 3), from a more polar tran-
sition state, has already been
reported for other DHA/VHF
systems (see also above).[14, 15]


Photochromism of 1,8 a-dihy-
dro-2,3-bis(2,5-dimethy-3-thi-Scheme 5. Photochromic system 2.


Table 5. Transition enthalpies (DDHf in kJmolÿ1) of system 2.[a]


Solvent DPE ± DHA!TS1 DPE ± s-cis-VHF!TS1 DPE ± s-cis-VHF!TS2 DPE ± s-trans-VHF!TS2


vacuum 215.05 168.57 4.48 0.63
cyclohexane 192.14 147.01 4.36 0.79
CH2Cl2 154.04 111.75 4.10 1.17
CH3CN 142.57 101.62 4.10 0.84
CH3OH 143.15 102.08 3.94 1.21


[a] Calculated values (PM3, COSMO) of system 2 regarding the DHA/VHF-reaction coordinate on the S0-energy hypersurface. Transition states TS1, TS2 as
indicated in Scheme 6.
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enyl)azulene-1,1-dicarbonitrile (1 A): The photocolouration
of 1 is partly due to a photochemical ring opening, thereby
forming the DTE ± VHF form (B), and also due to a ring
closure at the thienyl moiety leading to the DHB/DHA form
(C). The thermally reversible ring closure, has been suggested
to be related to the DHA/VHF photochromism (A>B), right
side of Scheme 7. The thermally stable ring opening, is then


connected with the DTE/DHB photochromism (A>C), left
side of Scheme 7.[20]


The absorption spectrum of 1 C in all solvents has two
maxima at 360 nm and around 500 nm and two minima at
approximately 300 and 420 nm, as revealed from the changes
after irradiation (or repeated pulsing) at lirr� 254 ± 366 nm
and subsequent relaxation (Figures 1a ± 3a). The absorption
spectrum of 1 B has one apparent maximum at 470 ± 520 nm,
as observed (within a short time interval tB!A) in solvents of
medium and high polarity. This is also the case at a low
conversion in nonpolar solvents, such as cyclohexane, where
the relaxation is slowest (Table 3). In fact, lcol of 1 B increases
significantly with increasing solvent polarity, whereas lcol of
1 C does not. At a higher conversion in MCH (Figure 3a), and
to a smaller degree in toluene (Figure 2a), a further spectral
change is observed between 280 and 400 nm. One possibility is
that the VHF form of system 1 has no observable band in the
UV range and an extra step is hypothesised from 1 C towards
a new zwitterionic species (1 D in Scheme 2) where the
dihydroazulene ring is opened. This, however, can be ex-
cluded by analogy with system 3 and 2. Additionally, IR
spectroscopy of 1 in cyclohexane revealed a new photo-
induced absorption band (C�N vibration) located at lower
energy with respect to the DHA-form 1 A, the formation of
which is thermally reversible. This clearly demonstrates
formation of the DTE/VHF species in agreement with the
literature.[11b] This is also supported by 1H NMR experiments
after irradiation of 1 A at low temperature producing signals
which disappear on thermal relaxation.[20] It is therefore
suggested that 1 B has a second absorption maximum at 305 ±
315 nm. This band may escape notice in solvents of larger
polarity due to the relatively fast thermal relaxation at room
temperature. Note that PM3 calculations (including solvent
effects with and without consideration of configuration
interaction) with the s-trans-VHF!DHA isomerisation
(Scheme 8) give results with practically the same trends for
the kinetic data (DDHf) compared with the respective
investigations concerning system 2 (see above). Therefore
the right-hand part of Scheme 7 showing the thermal induced


rearrangement is simplified as one transition state, which
represents the ring-closure (TS1) of the azulene moiety,
reaction s-cis-VHF!DHA (Scheme 8).


Thus, upon continuous irradiation of 1 as well as pulsed
excitation below 400 nm, three species are present for
absorption of the UV light, the DTE/DHA form 1 A, the
DTE/VHF form 1 B and DHB/DHA form 1 C (Schemes 2 and


7). Eventually, a photostation-
ary state is approached which is
determined not only by the e


values at lexc and the FA!B and
FA!C values, but also by tirr ,
with respect to thermal relaxa-
tion tB!A . The complex behav-
iour is illustrated in Figures 7b
and 7c with two different irra-
diation wavelengths for a case
with long tB!A . The plots can be


analysed by using the spectra of 1 B and 1 C (Figure 7a). The
maximum at 360 nm (Figure 7b) is the consequence of the
efficiency of the C!A photoprocess which generates a
maximum amount of 1 C within a short enough time. For 1 in
MCH FA!B�FA!C was found to be the same for lirr� 313 and
366 nm, that is F is independent of the irradiation wavelength.
The data in Table 1 show that FA!B is comparable with FA!C,
which depends only slightly on the solvent polarity. On the
other hand, because of the photochemical back reaction, the
photostationary state favours 1 B.


The 1H NMR spectrum of 1 A in [D8]THF atÿ50 8C reveals
a 2:1 mixture of two atropisomers. These have been attributed
to two diastereomeric forms, both having pseudo-C2 symme-
try with respect to the two thiophenes and the chiral centre at
the DHA moiety.[20] However, at room temperature a broad-
ening of signals as a result of the fast equilibrium between
those isomers was observed. No such effect could be detected
for 2 A.


Scheme 7. Biphotochromic system 1.


Scheme 8. Illustration of the reaction profiles of the biphotochromic
system 1.
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Mechanistic considerations : The suggested potential energy
surfaces of 1 in the ground and excited singlet state along the
two reaction coordinates for ring opening and ring closure are
illustrated in Scheme 8. With respect to the ring opening they
should be similar to those of 2 (Scheme 6).[24] Owing to the
maxima around 500 nm for both 1 C and 1 B, the energy gap
should be much smaller than that at the DTE/DHA geometry
1 A. In principle, the energy of the 1B* state could be much
lower than that of the 1A* state. However, this cannot be the
case for the 1C* state, since both photoreactions (left side of
Scheme 7, forth and back) occur. Therefore, the potential
energy surfaces in the S1 state are suggested to be rather flat.
To account for the thermal stability of 1 C and the observed
B!A back reaction, two barriers are postulated, the
activation energy of the C!A step (E 'a) has to be significant
larger than Ea.


The ring opening at the dihydroazulene moiety and the ring
closure at the thienyl moiety at ambient temperatures
compete since both F values are comparable (Table 1). They
also successfully compete with other deactivation routes at
the DTE ± DHA geometry, such as fluorescence, internal
conversion and intersystem crossing. The large increases of Ff


with increased viscosities (Table 4) and the population of the
observed triplet state indicates that these deactivation routes
are enhanced at the expense of the two chemical reac-
tions.


The photochemistry of system 2 is similar to that of 1, apart
from the ring closure at the arene moiety. The FA!B values are
comparable (Table 1). Why is the DHA/DHP form 2 C not
photochemically generated? One reason may be that the
phenyl rings of 2 A are more twisted out of plane than the
thienyl rings of 1 A (see below for X-ray structure of 2 A) and
that the benzenoid energetics are unfavourable. The ring
closure at the phenyl moiety can therefore not compete with
ring opening toward 2 B and internal conversion at a geometry
intermediate between 2 A and s-trans VHF/DPE. On the
other hand, in glassy media, for example, in MCH, MTHF or
ethanol belowÿ130 8C the ring opening is suppressed thereby
enhancing the pathways for deactivation of 2 at the DHA
geometry by means of fluorescence, internal conversion and
intersystem crossing.


A few concluding remarks on cyclic multistate switching as
depicted in Scheme 2 will be made. How can D be made
photochemically accessible? Obviously, both the excited
singlet and the ground state must be energetically more
favourable than they are in 1. In principle, this could be
achieved by an electron-withdrawing substituent of the
ªdicyanovinyl boundº thienyl moiety which would stabilise
the dicyanomethide group. The tropenylium substructure will
already be stabilised by the sulfur of the dihydrothienoben-
zothiophene subunit.


An interesting point of Scheme 2 is the fact that the cyclic
multistep process may occur in a clockwise or counterclock-
wise direction. Both sequences are gated by one thermal step
each passing through two different pairs of constitutional
isomers (1 D! 1 C in the clockwise and 1 B! 1 A in the
counter-clockwise process). Provided, the substitution pattern
allows photochemical interconversions between the four
biphotochromic structural isomers, cyclic versus noncyclic


array-switching may be controlled by the thermal triggering
step which also opens up either the clockwise or counter-
clockwise reaction pathway.


Experimental Section


General : Melting points were uncorrected and were measured on a Büchi
SMP 20 and Reichert Thermovar. IR spectra were recorded with a Bio-Rad
FT-IR Spectrometer FTS-155. EIMS (70 eV) were measured with a Varian
CH-5. NMR spectra were recorded with either a Bruker AC250 (24 8C) or a
ARX (400) (21 8C) spectrometer at 250/400 MHz for 1H, respectively;
room temperature, unless otherwise noted. Chemical shifts d were
recorded against TMS as internal standards (dpt� doublet of pseudo
triplet). Solvents and reagents were used as purchased without further
purification unless stated otherwise: CHCl3 and CH3CN were dried over
P2O5. Benzene was dried with Na. The reaction progress was monitored by
TLC.


Synthesis and molecular structure : Compounds 1A and 2A were synthes-
ised using the ªfulvene routeº[11c, 15] (Scheme 9): Starting material for the
synthesis of 1 A was 2,5-dimethylthiophen-3-ylacetic acid 4a, which was
converted into the acid chloride 5a with SOCl2 in chloroform. Compound


5a gave ketone 6a by reaction with 2,5-dimethylthiophene and SnCl4 in
benzene by means of a Friedel ± Crafts acylation. The ketones 6a and 6b
were converted into the corresponding malonodinitrile derivatives 7a and
7b by Knoevenagel condensation (malonodinitrile, NH4OAc/HOAc, in
benzene), respectively. Tropylium tetrafluoroborate and 7 a, or 7b led to 8a
or 8 b, respectively. In a final two-step process, dehydrogenation occurred in
a one-pot reaction by hydride abstraction with NOBF4 and subsequent
deprotonation of the resulting tropylium ions with pyridine. At room
temperature the primarily formed VHFs 1 B and 2B immediately
rearrange to the corresponding DHAs 1A and 2A, respectively.


X-ray crystal structure analysis of 2 A : Single crystals were obtained by
recrystallisation of 2 A from THF/n-hexane. Diffraction data were collect-
ed on a STOE/IPDS diffractometer (MoKa radiation, graphite monochro-
mator) in the f rotation scan mode at 173 K using an Oxford Cryosystem
Cooler.[25a] The structure determination was achieved with direct methods
by using SIR-97[25b] and refinements with full-matrix anisotropic least-
squares on F 2 with SHELXL-97.[26a] The hydrogen atoms were located by
difference fourier synthesis and refined isotropically. The graphic was
performed with ORTEP.[26b] Refinement parameters and crystal data are


Scheme 9. Synthesis of 1A and 2A.
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given in Tables 6 and 7.[27] The solid state structure of 2A reveals the typical
boat structure of the seven-membered ring and two slightly twisted phenyl
groups (V� 528) out of the plane of the five-membered ring minimising the
sterical hindrance between the aryl groups (Figure 9).


Tropylium tetrafluoroborate,[28] 2,5-dimethylthiophene-3-ylacetic acid
(4a),[29] 2-phenyl-1,8 a-dihydroazulene-1,1-dicarbonitrile (3 A),[11b] 1,2-di-
phenylethylidene-propanedinitrile (7b)[30] have been prepared as previ-
ously reported.


2,5-Dimethylthiophene-3-yl-acetic acid chloride (5a): Under a N2 atmos-
phere, SOCl2 (8.1 mL, 0.11 mol) was rapidly added to a stirred solution of
2,5-dimethylthiophene-3-ylacetic acid (4 a, 12.6 g, 74.0 mmol) in CHCl3


(40 mL). Stirring was continued at room temperature as long as gas
evolution proceeded (approximately 1 h). The solution was refluxed (60 ±
70 8C) for an additional 2 h. Excess reagent and solvent were then removed
under vacuum and the dark liquid residual was placed under reduced
pressure to afford a greenish-brown liquid (13 g, 67 mmol, 90%). B.p. 84 8C
at 0.7 mmHg; IR (film): nÄ � 2950, 2922, 2864, 2742, 1895, 1797, 1447, 1221,
1147, 1099, 1000, 952, 831, 781, 743, 690, 674, 610 cmÿ1; 1H NMR (250 MHz,
CDCl3): d� 2.33 (br s, 3H, Me), 2.38 ± 2.40 (m, 3H, Me), 3.97 (s, 2H, -CH2-
), 6.52 (q, J� 1.1 Hz, 1H, thiophene-H).


Bis(2,5-dimethylthiophene-3-yl)ethanone (6 a): A solution of SnCl4


(0.63 mL, 5.4 mmol) in dry benzene (5 mL) was added dropwise
(�15 min) to a solution of 5 a (1.0 g, 5.3 mmol) and 2,5-dimethylthiophene
(0.62 mL, 5.4 mmol) in dry benzene (15 mL) in a dry flask immersed in ice.
During the addition, the mixture turned deep red. After completion of the
addition, the mixture was diluted with additional benzene (10 mL) and
allowed to warm up to room temperature. The mixture was hydrolysed with
HCl (2n, 20 mL), and the colour turned from red to green. The organic
layer was separated and the water phase extracted four additional times
with benzene. The combined organic phases were washed once with water
and stirred over anhydrous Na2SO4. After filtration and evaporation of the
solvent, column chromatography on silica gel using CH2Cl2/PE 2:1 afforded


a red resin (1.2 g, 4.5 mmol, 85%). IR (KBr): nÄ � 2921, 2862, 1671, 1550,
1480, 1447, 1361, 1253, 1223, 1140, 975, 826, 777, 684, 635 cmÿ1; 1H NMR
(250 MHz, CDCl3): d� 2.31 (br s, 3H, Me), 2.39 (qd, J 1� 1.1 Hz, J 2�


Table 6. Structure determination summary of 2A.


formula C24H16N2


MW 332.39
T [K] 173 (1)
crystal system triclinic
space group P1Å


a [�] 9.2231 (10)
b [�] 10.8547 (12)
c [�] 19.0671 (12)
a [8] 97.583 (13)
b [8] 97.466 (13)
g [8] 104.189 (13)
V [�3] 1808.1 (3)
Z 4
1calcd [Mg mÿ3] 1.221
m [mmÿ1] 0.07
F (000) 696
crystal size [mm] 0.42� 0.40� 0.14
colour translucent, pale-green
scan range (V) [8] 1.96 ± 25.68
index ranges ÿ 11 (h� 11


ÿ 13� k� 13
ÿ 22� l� 23


reflections collected/unique 13176/6387
R(int) 0.0625
data/restraints/parameters 6387/0/597
goodness-of-fit on F 2 0.870
final R indices [I> 2s(I)] R1 0.0523
wR2 0.1175
R indices (all data) R1 0.0926
wR2 0.1328
largest diff. peak and hole [e �ÿ3] 0.223/ÿ 0.228


Table 7. Selected structural features of 2A[a].


X-ray AM1[b] PM3[b]


bond lengths [�]
C1ÿC2 1.553 1.531 1.525
C2ÿC3 1.357 1.359 1.352
C3ÿC4 1.443 1.470 1.468
C4ÿC5 1.509 1.510 1.508
C5ÿC6 1.502 1.482 1.490
C6ÿC7 1.325 1.343 1.339
C7ÿC8 1.456 1.441 1.448
C8ÿC9 1.355 1.347 1.343
C9ÿC10 1.427 1.440 1.445
C10ÿC4 1.349 1.344 1.342
C1ÿC5 1.560 1.573 1.576
C1ÿC23 1.487 1.461 1.466
C1ÿC24 1.483 1.459 1.464
C23ÿN1 1.140 1.162 1.158
C24ÿN2 1.142 1.162 1.158
C2ÿC11 1.461 1.454 1.463
C3ÿC17 1.486 1.445 1.463
bond angles [8]
C23-C1-C24 106.4 109.0 107.7
C1-C2-C3 109.0 111.1 111.4
C2-C3-C4 112.4 111.1 111.0
C3-C4-C5 109.0 108.7 109.0
C2-C1-C5 104.7 104.2 104.3
C1-C5-C4 103.9 104.8 104.3
C4-C5-C6 107.4 112.3 110.4
C5-C6-C7 120.7 123.9 123.1
C6-C7-C8 125.9 126.9 126.0
C7-C8-C9 124.7 126.5 125.8
C8-C9-C10 126.2 126.3 125.7
C4-C10-C9 124.4 125.6 124.4
C5-C4-C10 121.9 125.2 125.0
C1-C5-C6 117.4 115.7 116.1
C3-C4-C10 129.1 126.0 125.9
torsion angles [8]
C1-C2-C11-C16 51.7 76.3 87.8
C2-C3-C17-C22 52.4 52.0 59.5


[a] Numbering as defined in X-ray structure analysis (Figure 9). [b] AM1-,
PM3-optimised geometries in vacuum without using CI.


Figure 9. ORTEP-drawing of the molecular structure of S-1A with the
atomic numbering scheme. Displacement ellipsoids are drawn at the 50%
probability level.
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0.6 Hz, 3 H, Me), 2.42 (qd, J 1� 1.0 Hz, J 2� 0.5 Hz, 3 H, Me), 2.69 (br s, 3H,
Me), 3.91 (s, 2H, -CH2-), 6.47 (q, J� 1.0 Hz, 1H, thiophene-H), 7.04 (q, J�
1.2 Hz, 1 H, thiophene-H); elemental analysis calcd (%) for C14H16S2: C
63.60, H 6.10; found C 63.44, H 6.15; MS (70 eV, EI): m/z (%): 264 (19.68)
[M] .� , 139 (100) [Mÿ 2,5-dimethylthienyl] .� .


1,2-Bis(2,5-dimethylthiophene-3-yl)ethylidenepropanedinitrile (7a): In a
flask, equipped with a reflux condenser, water separation funnel and an
addition funnel, a mixture of 6 a (4.5 g, 17 mmol) and malonodinitrile
(3.4 g, 51 mmol) dissolved in benzene (120 mL) was refluxed for 21 h, while
a solution of HOAc (30 mL) and NH4OAc (10 g) was added in portions
through the additional funnnel to the reaction mixture (TLC control). The
reaction mixture was diluted with benzene and water (100 mL each). After
separation of the organic layer, the aqueous phase was extracted four times
with benzene. The combined organic layers were washed once with water,
dried over anhydrous Na2SO4 and filtered. After evaporation of the solvent
by rotatory evaporator, column chromatography on silica and ethyl acetate/
PE 1:10 afforded a red solid, which still contained some impurities.
Recrystallisation from n-hexane/Et2O/CH2Cl2 afforded colourless needles
(4.0 g, 13 mmol, 77 %). M.p. 91 ± 92 8C; IR (KBr): nÄ � 2919, 2859, 2230,
1575, 1494, 1442, 1265, 1211, 1147, 1098, 1033, 834, 806, 586, 493 cmÿ1;
1H NMR (250 MHz, CDCl3): d� 2.09 (s, 3H, Me), 2.17 (s, 3 H, Me), 2.32 ±
2.34 (m, 3H, Me), 2.39 ± 2.41 (m, 3H, Me), 3.89 (s, 2H, -CH2-), 6.30 ± 6.32
(m, 1 H, thiophene-H), 6.44 (q, J� 1.1 Hz, 1H, thiophene-H); MS (70 eV,
EI): m/z (%): 312.2 (100) [M] .� , 200 (54.85) [Mÿ 2,5-dimethylthienyl] .� ;
elemental analysis calcd (%) for C17H16S2N2: C 65.35, H 5.16, N 8.97; found
C 64.71, H 5.50, N 7.91.


2-(2',4',6'-Cycloheptatriene-1'-yl)-1,2-bis(2,5-dimethylthiophene-3-yl)-
ethylidenepropanedinitrile (8a): A suspension of tropenylium tetrafluoro-
borate (0.82 g, 4.6 mmol) and 7 a (1.4 g, 4.5 mmol) in pyridine (10 mL) was
stirred for 1 h (TLC control). The resulting yellow solution was diluted with
Et2O and HCl (2n, 50 mL each) and stirred for another 10 min. After
separating the organic layer, the aqueous phase was extracted twice with
Et2O. The combined organic layers were washed once with HCl (2n,
20 mL) and water, respectively, dried over anhydrous Na2SO4 and filtered.
After evaporation of the solvent by rotatory evaporation, column
chromatography on silica gel using ethyl acetate/PE 1:10 afforded a yellow
resin (1.8 g, 4.8 mmol, 100 %) after drying in high vacuum (<10ÿ4 mbar).
IR (film): nÄ � 3022, 2923, 2864, 2233, 1572, 1446, 1217, 1146, 838, 802,
756, 724, 702, 669 cmÿ1; 1H NMR (400 MHz, [D6]DMSO, 353.0 K): d� 1.77
(br s, 3 H, Me), 2.22 ± 2.23 (m, 3H, Me), 2.25 ± 2.26 (m, 3 H, Me), 2.32 ± 2.33
(m, 3 H, Me), 2.55 ± 2.63 (m, 1H, 1'-H), 4.45 (d, J� 12.1 Hz, 1 H, 2-H),
5.03 ± 5.09 (m, 1 H, 2'/7'-H), 5.45 ± 5.51 (m, 1H, 2'/7'-H), 5.83 (br s, 1H,
thiophene-H), 6.13 ± 6.22 (m, 2H, 3'/6'-H, thiophene-H), 6.40 ± 6.45 (m, 1H,
3'/6'-H), 6.66 ± 6.72 (m, 1H, 4'/5'-H), 6.74 ± 6.80 (m, 1 H, 4'/5'-H); MS (70 eV,
EI): m/z (%): 402 (0.31) [M] .� , 90.9 (100) [C7H7]


.� ; elemental analysis
calcd (%) for C24H22S2N2: C 71.96, H 5.54, N 6.99; found C 71.51, H 5.71, N
7.39.


1,8 a-Dihydro-2,3-bis(2,5-dimethylthiophene-3-yl)azulene-1,1-dicarboni-
trile (1A): In a light-protected three-necked flask, a stirred solution of 8a
(0.78 g, 1.9 mmol) in dry acetonitrile (40 mL) was treated dropwise with
NOBF4 (0.44 g, 3.8 mmol) at ÿ10 8C under N2 bubbling. Stirring was
continued for 45 min in total (TLC control). The yellow-brown solution
was diluted with dry CH2Cl2 (100 mL), followed by dropwise addition of
pyridine (0.32 mL, 4.0 mmol). The resulting dark-red mixture was stirred
for another 15 min. The organic layer was separated, washed twice with
water, and dried over anhydrous Na2SO4 and filtered. Afterwards, the
solvent was evaporated with a rotatory evaporator, and the crude product
was subjected to column chromatography on silica gel with CH2Cl2/PE 1:1
affording a greenish-yellow solid (0.48 g, 1.2 mmol, 63 %) after drying in
high vacuum (<10ÿ4 mbar). M.p. 61 ± 62.5 8C; IR (KBr): nÄ � 3023, 2954,
2922, 2860, 2248, 1741, 1441, 1145, 705, 493 cmÿ1; 1H NMR (400 MHz,
[D8]THF, 223.0 K, two atropisomers in the ratio 1:0.45): d� 1.68 (s, 3H, Me,
isomer 1), 1.77 (s, 3 H, Me, isomer 2), 1.80 (s, 3H, Me, isomer 1), 2.00 (s, 3H,
Me, isomer 2), 2.34 (s, 3 H, Me, isomer 2), 2.38 (s, 3 H, Me, isomer 1), 2.45 (s,
3H, Me, isomer 2), 2.46 (s, 3H, Me, isomer 1), 3.63 (dpt, J 1� 4.4 Hz, Jpt�
1.7 Hz, 1 H, 8a-H, isomer 1), 3.74 ± 3.77 (m, 1H, 8a-H, isomer 2), 5.67 (dd,
J 1� 9.7 Hz, J 2� 4.4 Hz, 1 H, 8-H, isomer 1), 5.77 (dd, J 1� 10.0 Hz, J 2�
4.1 Hz, 1H, 8-H, isomer 2), 6.12 ± 6.18 (m, 2� 1H, 2� 4-H, isomers 1 and
2), 6.32 ± 6.38 (m, 2� 1H, 2� 7-H, isomers 1 and 2), 6.40 (br s, 1H,
thiophene-H, isomer 2), 6.50 ± 6.68 (m, 5 H, isomer 1: thiophene-H, 5-H,
6-H, isomer 2: 5-H, 6-H), 7.10 ± 7.12 (m, 1H, thiophene-H, isomer 2), 7.14 ±


7.16 (m, 1H, thiophene-H, isomer 1); MS (70 eV, EI): m/z (%): 400.4 (100)
[M] .� ; elemental analysis calcd (%) for C24H20S2N2: C 71.96, H 5.03, N 6.99;
found C 70.97, H 5.54, N 6.27.


1,2-Bis(2,5-dimethylthiophene-3-yl)-2-(2',4',6'-cycloheptatriene-1'-ylidene)-
ethylidenepropanedinitrile (1 B): Compound 1B was prepared by irradi-
ation of solutions of 1A in various solvents.


3a,3 b,11 A,12-Tetrahydro-2,5-dimethyl-trans-3 a,3b-dimethylazuleno-
[2',3':3'',4'']benzo[1'',2''-b''':6'',5''-b'''']dithiophene-12,12-dicarbonitrile
(1C): Compound 1 C was prepared by irradiation of a quartz NMR tube
containing a solution of 1 A in [D8]THF (3.8 mm, lirr� 254 nm). Total
irradiation time: 5 h with two breaks (2.5 h) after each 2.5 h of irradiation.
1H NMR (400 MHz, [D8]THF, 223.0 K, subtraction spectra): d� 1.90 (s,
3H, Me), 2.02 (s, 3H, Me), 2.21 (s, 3 H, Me), 2.25 (d, J� 1.2 Hz, 3H, Me),
2.72 (dpt, J 1� 5.3 Hz, Jpt� 1.3 Hz, 1H, 11a-H), 5.42 (dd, J 1� 9.3 Hz, J 2�
5.3 Hz, 1 H, 11-H), 6.34 ± 6.41 (m, 2 H, thiophene-H, 10-H), 6.53 ± 6.55 (m,
1H, thiophene-H), 6.68 ± 6.74 (m, 2H, 9-H, 7-H), 6.89 (dd, J 1� 11.2 Hz,
J 2� 6.3 Hz, 1 H, 8-H).


2-(2',4',6'-Cycloheptatriene-1'-yl)-1,2-diphenylethylidenepropanedinitrile
(8b): Compound 8 b was prepared in an analogous manner to 8 a from 7b
(1.0 g, 4.1 mmol), tropenylium tetrafluoroborate (0.75 g, 4.2 mmol) and
pyridine (10 mL) within a reaction time of 2 h. Chromatography on silica
gel using AcOEt/PE 1:5 afforded a yellowish resin (1.3 g, 3.9 mmol, 95%).
IR (KBr): nÄ � 3061, 3023, 2963, 2233, 1573, 1494, 1447, 1262, 1083, 1028,
811, 752, 714, 603, 487 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 2.23 (dptpt,
Jd� 12.1 Hz, J1pt� 6.1 Hz, J2pt� 1.0 Hz, 1H, 1'-H), 4.86 (d, J� 12.1 Hz, 1H,
2-H), 5.01 ± 5.09 (m, 1 H, 2'/7'-H), 5.33 ± 5.43 (m, 1H, 2'/7'-H), 6.11 ± 6.20 (m,
1H, 3'/6'-H), 6.39 ± 6.48 (m, 1 H, 3'/6'-H), 6.59 ± 6.82 (m, 4 H, 2� phenyl-H,
4'-H, 5'-H), 6.97 ± 7.05 (m, 2H, phenyl-H), 7.20 ± 7.41 (m, 6 H, phenyl-H);
MS (NI-DCIMS, NH3): m/z : 334 [M] .ÿ , 244 [MÿC7H7]


.ÿ ; elemental
analysis calcd (%) for C24H18N2: C 86.20, H 5.43, N 8.38, found C 85.51, H
5.43, N 8.14.


1,8 a-Dihydro-2,3-diphenylazulene-1,1-dicarbonitrile (2A): Compound 2A
was prepared in an analogous manner to the synthesis of 1 A from 8 b (1.3 g,
3.9 mmol) and NOBF4 (0.91 g, 7.8 mmol) at ÿ20 8C in the first step and
pyridine (0.65 mL, 8 mmol) in the second step. The title compound was
prepared as a greenish-yellow solid (0.56 g, 1.7 mmol, 44%). M.p. 104 8C;
IR (KBr): nÄ � 3028, 2929, 2245, 1624, 1492, 1444, 1385, 1077, 1029, 769, 718,
698, 674 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 3.71 ± 3.76 (m, 1 H, 8a-H),
5.79 ± 5.86 (m, 1 H, 8-H), 6.05 ± 6.10 (m, 1H, 4-H), 6.31 ± 6.39 (m, 1H, 7-H),
6.47 ± 6.62 (m, 2 H, 5-H, 6-H), 7.13 ± 7.40 (m, 10H, phenyl-H); MS (70 eV,
EI): m/z (%): 332 (79) [M] .� ; elemental analysis calcd (%) for C24H16N2: C
86.72, H 4.85, N 8.43; found C 86.34, H 4.99, N 8.24.


1,2-Diphenyl-2-(2',4',6'-cycloheptatriene-1'-ylidene)ethylidenepropanedi-
nitrile (2B): Compound 2 B was prepared by irradiation of solutions of 2A
in various solvents.


UV/Vis steady-state and time-resolved measurements : The molar absorp-
tion coefficient of 1A and 2 A in acetonitrile is e342� 1.0� 104 and e341�
1.0� 104mÿ1cmÿ1, respectively. The solvents (Merck) were analytical
quality, for example, DMF or Uvasol quality, for example, acetonitrile.
MCH was purified by passing through a basic alumina column (Woelm);
MTHF, toluene and ethanol were distilled.


Steady-state measurements were performed using absorption spectropho-
tometers (Perkin ± Elmer 554 and HP 8453) and spectrofluorimeters (Spex-
Fluorolog and Perkin ± Elmer, LS-5). The Ff values were obtained as
reported previously.[12] Continuous irradiation was carried out using a
1000 W Hg/Xe lamp combined with a monochromator or a 254 nm low
pressure Hg lamp for lirr� 254 nm. The absorption increase (A I) at low
conversion as a function of tirr was used to measure the quantum yields of
products. The overall quantum yield of colouration of systems 1 and 2 was
obtained from the increase in absorption at lcol� 460 ± 510 nm versus tirr .
For 1 more specifically the quantum yields FA!B and FA!C were
determined from the absorption increases in the visible range (using lB


and lC in Table 1) and taking the thermal relaxation into account. For each
dose the A I value refers to the sum of F values and Ae to FA!C.
Alternatively, the absorption increase at 300 ± 315 and 360 nm was used for
FA!B and FA!C, respectively. For 2 in MCH FA!B is the same using either
lobs� 310 or 460 nm. The absolute F values were measured using the
aberchrome 540 actinometry with e494� 8.2� 103mÿ1 cmÿ1 and F� 0.20 in
toluene.[31] The pre-irradiated actinometer solution was also used to
measure Fÿcol .
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The quantum yield measurements are generally restricted by the thermal
relaxation. The photoinduced value using a given tirr (A I) reverts back when
the light is removed and reaches a remaining final value. The relaxation
time tB!A was obtained from the first-order decay or increase of A '/A 'max�
(AtÿAe)/(A IÿAe) at an appropriate wavelength. When tirr is short with
respect to tB!A , the absorbance at lcol increases with tirr , whereas in the
other cases a photostationary state is already approached at low con-
version. This is in contrast to system 3, where tB!A is longer by more than
three orders of magnitude.[12] At 25 8C the condition tirr< tB!A can be
achieved for 1 and 2 even in nonpolar solvents only for low conversion
using lirr� 366, 313 or 254 nm. Upon repeated irradiation at 366 nm
followed by thermal relaxation of 1 and 2 in several solvents, the samples
remain essentially intact. Nevertheless, they can eventually be destroyed
upon prolonged irradiation. This decomposition was found to be significant
for 1 in ethanol, where the absorption spectrum becomes broader and the
band at 340 nm decreases. For 2 in ethanol the absorption spectrum
increases below 340 nm and decreases above.


Laser flash photolysis (time resolution of 15 ± 20 ns) was carried out using
lexc� 530, 354 or 308 nm from the second and third harmonics of a
neodymium laser or an excimer laser, respectively.[12, 13] In some cases lexc�
248 nm from another excimer laser was applied. For pulsed excitation (at
308 nm) an appropriate wavelength, for example, lobs� 473 nm, was used
for determining the rate constant of the relaxation kinetics. The relative
yield (DAcol) was obtained from the linear part of the absorption increase at
the long wavelength maximum (lcol) versus the laser intensity using
optically matched solutions.


Computational methods : Pre-optimisation of the molecular structures was
achieved using the force-field methods implemented in Moby 1.4.[32]


Semiempirical calculations were performed with the programs WinMo-
pac 2.0[33] and Vamp 6.5[34] using the AM1- (2 A) and PM3- (1A,B and
2A,B) Hamiltonians, respectively, under the EF formalism. All optimised
structures (transition states and minima) were proved to be stationary
points by analysing the Hessian. Transition states (TS1, TS2) were also
successfully used in intrinsic reaction co-ordinate (IRC) calculations.
Additionally, the TRIPOS-force-field implemented in Sybyl 6.6 was
applied to estimate the rotational barrier of the s-trans-VHF! s-cis-VHF
isomerisation (TS2) of 2 A.[35] Solvent effects (system 1 and 2) were
calculated with the conductor-like screening model (COSMO)[36] provided
by WinMopac 2.0. In case of system 1 the solvent was also modelled by the
self-consistent reaction field method (SCRF[37] , Vamp 6.5). All systems
were treated without using configuration interaction (CI). Additionally, for
system 1, CI was used as implemented in Vamp, considering all singly and
doubly paired excitations in the calculation with respect to ten fully
occupied and ten virtual orbitals.
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Synthesis and Characterization of Germanium, Tin, Phosphorus, Iron, and
Rhodium Complexes of Tris(pentafluorophenyl)corrole, and the Utilization of
the Iron and Rhodium Corroles as Cyclopropanation Catalysts


Liliya Simkhovich,[a] Atif Mahammed,[a] Israel Goldberg,*[b] and Zeev Gross*[a]


Abstract: The germanium(iv), tin(iv),
and phosphorus(v) complexes of tris-
(pentafluorophenyl)corrole were pre-
pared and investigated by electrochem-
istry for elucidation of the electrochem-
ical HOMO ± LUMO gap of the corrole
and the spectroscopic characteristics of
the corrole p radical cation. This infor-
mation was found to be highly valuable
for assigning the oxidation states in the
various iron corroles that were pre-


pared. Two iron corroles and the rho-
dium(i) complex of an N-substituted
corrole were fully characterized by
X-ray crystallography and all the tran-
sition metal corroles were examined as
cyclopropanation catalysts. All iron (ex-


cept the NO-ligated) and rhodium cor-
roles are excellent catalysts for cyclo-
propanation of styrene, with the latter
displaying superior selectivities. An in-
vestigation of the effect of the oxidation
state of the metal and its ligands leads to
the conclusion that for iron corroles the
catalytically active form is iron(iii), while
all accesible oxidation states of rhodium
are active.


Keywords: catalysts ´ corroles ´
cyclopropanations ´ iron ´ N ligands
´ rhodium


Introduction


Corroles are tetrapyrrolic macrocycles that are closely related
to porphyrins, with one carbon atom less in the outer
periphery and one NH proton more in their inner core.[1]


They may also be considered as the aromatic version
(identical skeleton) of the only partially conjugated corrin,
the cobalt-coordinating ligand in Vitamin B12 (Scheme 1).
Accordingly, it is not surprising that corroles have been
known for more than 35 years and that many aspects of their
coordination chemistry have been explored.[2] The somewhat
contracted coordination core of corroles and the fact that they
act as trianionic ligands leads to what is the most outstanding
feature of corroles relative to porphyrins and other organic
ligands, that is, the stabilization of metal ions in high oxidation
states. The most relevant examples from the first-row
transition metals include complexes of electron-rich corroles
with chromium(v),[3] iron(iv),[4] cobalt(iv), and even co-
balt(v).[5] This phenomenon is especially surprising, since the


Scheme 1. The formulae of corrin, octaethylporphyrin, octaethylcorrole,
and of the metal complexes that are mentioned in the text.


corrole macrocycle itself is oxidized at much lower potentials
than analogous porphyrins. For example, the oxidation
potentials of [Sn(oep)Cl2] (1) and [Sn(oec)Cl] (2 a) are 1.36
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and 0.67 V, respectively (for the abbreviations, see
Scheme 1).[6] Accordingly, one would expect the oxidation
site ambiguity (metaln/metaln�1 vs macrocycle/macrocycle .�)
to be much more pronounced in transition metal corroles than
in corresponding metalloporphyrins. However, radical com-
plexes of transition metal corrole are actually rare, with the
two most unambiguous examples being the one-electron
oxidation products of (chloro)iron(iv) and (nitrosyl)iron(iii)
corroles.[7] Another example is the temperature-dependent
oxidation-site preference of copper(iii) corrole versus cop-
per(ii) corrole radical.[8] In addition, it has been suggested that
the formally iron(iv) and manganese(iii) corroles may actually
be more appropriately described as iron(iii) and manganese(ii)
corrole radicals, respectively.[9] Similar paradoxical situations
in metalloporphyrins have been resolved through extensive
investigations of non transition metal (especially zinc and
magnesium) complexes of porphyrin radicals and revelation
of their characteristic spectroscopic features.[10] . However,
much less is currently known about the analogous corrole
radicals, simply because only very few non-transition metal
corroles have been reported (InIII, GeIV, SnIV, PV),[11] and of
these only the tin complexes were investigated in this
respect.[6, 12]


The metal versus macrocycle oxidation ambiguity is partic-
ularly important in catalysis, during which the catalysts are
frequently involved in redox processes. Although corrole ±
metal complexes were not utilized in any catalytic application
until most recently,[13] this situation is changing now as
increasingly simple methods of corrole synthesis are intro-
duced.[14] We have contributed to this field by disclosing a
highly facile synthesis of tris(pentafluorophenyl)corrole[15]


(H3(tpfc); 4 in Scheme 2).[16] Subsequently, we have demon-
strated that both its iron and manganese complexes are potent
oxidation catalysts, with isolable oxomanganese(v) in the
latter case.[13, 17] As for cyclopropanation of olefins by
carbenoids, the iron(iv) and rhodium(iii) corroles were shown
to be much better catalysts than analogous porphyrins.[13] We
have also reported the X-ray crystal structures of the two last-


Scheme 2. Formulae of 5,10,15-tris(pentafluorophenyl)corrole and its
metal complexes, and the interconversion of the various iron corroles.


mentioned complexes, [FeIV(tpfc)Cl] (5 b) and [RhIII(tpfc)-
(PPh)3] (6 a),[18] as well as that of [CrV(tpfc)O].[19] In addition,
we have demonstrated that chiral ligands are easily prepared
from 4, through the alkylation of one of its three inner NHs.[20]


In principle, this opens up the possibility of using metal
complexes of N-substituted corroles as catalysts for asym-
metric synthesis. All these developments call for an extensive
investigation of the metal complexes of 4 in terms of structural
characterizations, electronic structures, and reaction mecha-
nisms of their action in the catalytic processes. Accordingly,
we now report the preparation of the iron complexes of 4 in
various oxidation and coordination states, including the X-ray
structures of the binuclear m-oxo iron(iv) and the mononu-
clear bis-pyridine-coordinated iron(iii) corroles. In addition,
we report the germanium(iv), tin(iv), and phosphorus(v)
complexes of 4, and their one-electron oxidation products.
These investigations, together with the electrochemistry of all
the complexes, disclose some characteristics of corrole
radicals and support the conclusion that the corrole is not
oxidized in any of the iron complexs isolated in this study
(5 a ± 5 e). In combination with the results of cyclopropanation
catalysis by the various iron corroles, it also suggests that the
reactive species in the process is invariably the mononuclear
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iron(iii) complex. Finally, we present also the highly efficient
cyclopropanation catalysis by rhodium corroles together with
the X-ray structure of a rhodium complex of an N-substituted
corrole and the results of the attempted trapping of reaction
intermediates.


Results and Discussion


Synthesis and characterization of the iron complexes of
5,10,15-tris(pentafluorophenyl)corrole (H3(tpfc) (4)) in vari-
ous oxidation and coordination states : We, as well as Vogel
and co-workers, have previously shown that the most stable
oxidation state of iron in corroles is �4.[4, 18] We have now
found that it is possible to use one common starting point for
the synthesis of many iron complexes of 4, and controlling the
oxidation state of iron and its ligands by either the adopted
workup procedure or the interconversions shown in
Scheme 2.


The first synthetic step consists of heating a solution of 4 in
DMF with iron(ii) chloride, followed by evaporation of the
solvent. As long as some residual DMF, or any other
coordinating ligand is present, the complex remains protected
from oxidation to iron(iv). The most convenient way for
isolation of the complex in the iron(iii) oxidation state is to
wash the solid residue with diethyl ether, elute the resulting
solution through a silica column with diethyl ether, and
evaporate the solution to dryness (a brownish solid is
obtained). This allows the isolation of [Fe(tpfc)(OEt2)2]
(5 a), which is air-stable in the solid state and in solutions
that contain about 20 % diethyl ether. The 1H NMR spectrum
of 5 a displays four paramagnetically shifted and broadened
resonances for the pyrrole-H resonances (Figure 1a), two of
which are located at low field. This is consistent with
intermediate-spin iron(iii), since all resonances are expected
at low field for pure high-spin iron(iii), while the reverse holds
for low-spin complexes.[21] The EPR spectrum of 5 a with g�
3.8 (Figure 1c, observable at RT in the solid state and in frozen
solutions) also supports this conclusion, as may be deduced
from the extensive work with iron(iii) porphyrins (high-spin:
g?� 6, gk � 2, intermediate-spin: g?� 4, low-spin: gz> 2,
gy� 2, gx< 2).[22] Finally, the 19F NMR spectrum shown in
Figure 1b displays three sets of resonances, all in a 2:1 ratio
due to the different magnetic environment of the central C6F5


ring relative to the two other. All resonances may be assigned
to specific fluorine atoms, based on an expected decrease in
both linewidths and paramagnetic shifting from the diamag-
netic positions as a function of their distance of from the metal
[the chemical shifts of meta-, para-, and ortho-F atoms in
diamagnetic complexes of 4 (see Figures 4 and 5 later) are
about d�ÿ138, ÿ155, ÿ162, respectively].


Isolation of [Fe(tpfc)(py)2] (5 c) follows an identical route,
but the final crystallization is performed from diethyl ether
and heptane in the presence of pyridine. This complex is much
more stable to oxidation, that is, even without a large excess of
ligand. The 1H NMR spectrum of 5 c shown in Figure 2a
discloses low-field resonances due to the coordinated pyridine
ligands (exchangeable by [D5]pyridine), while only high-field-
shifted pyrrole-H resonances are obtained (at d��3, ÿ61,


Figure 1. Spectroscopic features of [Fe(tpfc)(OEt2)2] (5 e): a) 1H NMR
(25 8C, [D6]benzene, s stands for solvent impurities), b) 19F NMR (25 8C,
[D6]benzene), c) EPR (powder, 130 K).


ÿ66, and ÿ135). The direction of the paramagnetic shifts and
the large spread therein are consistent with low-spin iron(iii)
in a highly rhombic coordination environment.[22] Further-
more, the relatively small linewidths in both the 1H and 19F
NMR spectra (compare the spectra in Figure 2 and Figure 1)
also support this conclusion, as the relaxation rate (mainly
affected by the electron spin-lattice relaxation time T1e) in
such complexes is known to be very high.[23] The last
phenomenon is also the reason for the absence of an EPR
spectrum down to 130 K. Finally, we have examined a crystal
of 5 c by X-ray crystallography. Although the resolution is
quite low, because of the presence of an additional non-
coordinated and disordered pyridine in the lattice (there is
also a rotational disorder of the central aryl ring, even at
120 K), it still allows the confirmation of the basic structural
features suggested by the spectroscopic analysis. These are the
almost perfect mutual linear alignment of the coordinated
pyridines (Figure 2c), together with the relative flatness of the
macrocycle and some short FeÿN(pyrrole) bond lengths (see
Table 1 for comparison with the two other iron complexes of
4), which are all characteristic of low-spin iron(iii) in a highly
rhombic coordination environment.[22, 24]


The iron(iv) complexes are obtained by performing the
work up procedure with noncoordinating solvents (CH2Cl2 or
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Figure 2. Characterization of [Fe(tpfc)(py)2] (5c) by a) 1H NMR (25 8C,
[D6]benzene, s stands for solvent impurities and py for coordinated
pyridine), b) 19F NMR (25 8C, [D6]benzene), c) X-ray crystallographic
structure.


benzene), during which oxidation to a mixture of mononu-
clear and binuclear products occurs rapidly. Washing such
mixtures with either aqueous HCl or NaOH allows the
isolation of the paramagnetic [Fe(tpfc)Cl] (5 b) and the
diamagnetic [{Fe(tpfc)}2O] (5 e), respectively. Both iron(iv)
complexes were fully characterized by X-ray crystallography;
that of 5 b has already been reported[18] and that of 5 e is shown
in Figure 3 together with its 19F NMR spectrum.


The combination of the NMR spectrum and the crystal
structure of 5 e provides a very clear picture about the main
features of the complex. First, the structure predicts two sets


of ortho-F resonances (syn and
anti with respect to the Fe-O-Fe
moiety), both in the ratio of 2:1
(two of the C6F5 rings of each
corrolato ligand are identical).
Indeed, four different ortho-F
resonances are clearly evident
in Figure 3, and they are widely
separated owing to the diamag-
netic current effect of the
neighboring corrole on the in-
ner fluorine atoms. The sharp
NMR resonances also indicate
that the complex is diamagnet-
ic, despite the relatively small


Fe-O-Fe angle of 1588. This angle is significantly smaller than
the optimal 1808 for efficient coupling of the two d4 iron
cations through the bridging oxygen and of 1708 obtained for


[{Fe(oec)}2O] (3 c). The most obvious explanation is that the
structure of 5 e reflects a compromise between the electroni-
cally favored large Fe-O-Fe angle and consideration of the
steric repulsion between the meso-C6F5 groups of the adjacent
corroles (note also the staggered orientation of the latter).
The alternative interpretation of the diamagnetismÐa
through space coupling of the macrocycles under an iron(iii)
corrole radical formalismÐis not supported by the structure,
since it would require a smaller separation of the two corroles
and a more parallel orientation. It is worth mentioning at this
point that in the crystal structures of the tpfc ± metal
complexes obtained so far we have not seen evidence for
intermolecular interactions of the corroles, a dominant
phenomenon in oec ± metal complexes.[25]


The last iron corrole that was prepared is [Fe(tpfc)(NO)]
(5 d), from the reaction of [Fe(tpfc)Cl] (5 b) with NaNO2. This
reaction is very simple to carry out,[8b] and 5 d appears to be a


Table 1. Selected structural parameters for the analyzed iron complexes of 4.


[Fe(tpfc)Cl] (5 b)[18] [{Fe(tpfc)}2O] (5e)[c] [Fe(tpfc)(py)2] (5c)


FeÿN(corrole) bond 1.880 ± 1.922(6) 1.884 ± 1.923(5) 1.865 ± 1.923(5)
length range [�] 1.888 ± 1.929(5)
Feÿaxial-ligand 2.238(2) 1.709(4) 2.028, 2.032(5)
bond lengths [�] 1.726(4)
Fe deviations from the 0.367(1) 0.421(1) 0.001(1)
N4(corrole) plane [�] 0.426(1)
twist angles [8] between 2.1, 6.5, 5.8, 8.7(3) 4.0, 8.4, 3.7, 9.4(2) 3.4, 1.5, 3.4, 5.4(2)
adjacent pyrrole rings[a] 4.6, 12.8, 1.7, 9.5(2)
puckering of the ÿ 0.17 to �0.13 ÿ 0.14 to � 0.13 ÿ 0.09 to �0.10
corrole rings[b] ÿ 0.24 to � 0.17


[a] Within the ring sequence N21 ´ ´ ´ N22 ´ ´ ´ N23 ´ ´ ´ N24 ´ ´ ´ N21. [b] Deviation range [�] of individual atoms from the
21-atom corrole core ring. [c] Data for the two independent corrole rings are listed in separate lines.


Figure 3. The X-ray structure [{Fe(tpfc)}2O] (5e) and its 19F NMR
spectrum (25 8C, [D6]benzene).
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very stable complex, even in aerobic solutions and unpro-
tected from laboratory light. The characterization of 5 d and
the assignment of the iron(iii) oxidation state are also very
easy, since it is the only mononuclear iron corrole that is
expected to be diamagnetic. The comparison of Figure 4 and


Figure 4. The 19F NMR spectrum (25 8C, CDCl3) of [Fe(tpfc)(NO)] (5d).


Figure 3 further serves to demonstrate that the basic features
of the NMR spectra of 5 d and [{Fe(tpfc)}2O] (5 e) are similar,
which may be expected since both are diamagnetic and
contain pentacoordinated iron. Still, the above-mentioned
large separation of the ortho-F resonances in 5 e is much
smaller in 5 d due to the smaller differences of the two ortho-F
sites in 5 d. Finally, the NO stretching frequency of 1790 cmÿ1


in 5 d is well within the range of linear nitrosyl complexes
expected for iron(iii),[26] and the comparison with 1767 cmÿ1 in
[Fe(oec)(NO)] (3 a) demonstrates that tpfc is significantly less
electron-rich than oec.


Synthesis of the rhodium complexes of tris(pentafluorophe-
nyl)corrole (H3(tpfc) (4)): We have recently reported the
synthesis and structural characterization of [Rh(tpfc)(PPh3)]
(6 a),[18] obtained as the major product from the insertion of
[Rh2(CO)4Cl2] into 4. The highly domed crystal structure of
6 a suggests that coordination of the rhodium by a larger
phosphine might significantly change the steric environment
and affect the cyclopropanation process. To test this proposal,
we have now also prepared the rhodium complex with
tricyclohexyl phosphine. In this case, the spontaneous oxida-
tion of the initially obtained rhodium(i) corrole to rhodium(iii)
is much less efficient. This allowed the isolation of green
dicarbonylrhodium(i) intermediates (see Scheme 3), which
were also noted in the preparation of 6 a. According to MS the
general structure is [Rh{H2(tpfc)}(CO)2] (10 a ± c), with the
sharp resonances in the 1H NMR spectra supporting the
diamagnetic rhodium(i) oxidation state, and the observation


of three NH singlets in the range d�ÿ4 to ÿ7 indicates that
all three possible isomers are formed (Scheme 3).[27] The
desired rhodium(iii) complex, [Rh(tpfc){P(C6H11)3}] (6 b), was
obtained by stirring aerobic solutions of 10 a ± c in the
presence of excess P(C6H11)3.


Synthesis of the rhodium complex of a N-substituted corrole
(11! 12 a, Scheme 4): We have recently reported that the N-
substitution of 4 by benzyl bromide leads to two isomeric


Scheme 4. Rhodium insertion into H2(N22-benz-tpfc) (11) to form 12 a (see
Figure 5 for its X-ray structure) and its plausible oxidation product 12b
(L�CO, L'�PPh3, L''�CO or PPh3).


macrocycles, H2(N21-benz-tpfc) and H2(N22-benz-tpfc) (11);[6b]


each of the isomers is chiral, can be separated into its
enantiomers, and can still bind zinc(ii).[20] We have now
investigated the insertion of rhodium into racemic 11, with
[Rh2(CO)4Cl2] as the metal carrier. After the reaction was
complete (thin-layer chromatography (TLC)), the mixture
was stirred in the presence of triphenyl phosphine and air. In
contrast to the above-mentioned rhodium complexes of the
nonsubstituted corrole, there was no spontaneous oxidation of
the complex and the reaction product was isolated as a
diamagnetic rhodium(i) complex (12 a, Scheme 4). The gen-
eral structure (from MS) of the product is [Rh{H(N22-benz-
tpfc)}(CO)(PPh)3], which could correspond to any of the
three possible isomers that differ only in the identity of the


Scheme 3. Synthesis of the rhodium corroles (Ar�C6F5, R�C6H5 (6 a) or C6H11 (6b)).
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nitrogen atoms bound to the metal or a mixture thereof.[28]


However, according to the 1H NMR spectrum only one
particular isomer is formed, as indicated by the observation of
only one set of free NH and benzylic protons at high field.
Recrystallization from benzene/n-heptane allowed its X-ray
crystallography characterization as 12 a (a single enantiomer
thereof), as shown in Figure 5. The rhodium(i) ion is in a


Figure 5. Full (hydrogen omitted) and partial views of the X-ray structure
of 12 a.


square-planar coordination environment, with the metal
bound to CO, PPh3, the negatively charged N24 and the
neutral N23 from the corrole. The N22-benzyl moiety remains
intact and is located at the opposite site of the corrole, and in
the observed coordination mode and corrole conformation
there probably is a weak NÿH ´´´ N hydrogen-bonding inter-
action across the corrole ring. The complex is air-stable, but
can be oxidized by a variety of mild oxidants (Br2, NBS, I2,
NIS).[6b] The in situ oxidation by NIS was examined by NMR
spectroscopy, upon which the diamagnetic resonances of 12 a
were replaced by paramagnetic signals, an indication of
oxidation to rhodium(ii) (12 b) and not rhodium(iii).


Synthesis of the germanium, tin, and phosphorus corroles :
The germanium(iv), tin(iv), and phosphorus(v) complexes of 4
were prepared in high yield by heating the corrole dissolved in
pyridine or DMF together with excess GeCl4, SnCl4, and
POCl3 (no reaction with PCl3), respectively. In all cases, the
crude reaction mixture consisted of the desired metallation
product, but as mixtures of chloro- and hydroxo-coordinated
complexes (as observed by NMR spectroscopy). This problem
was the least severe with tin, and pure [Sn(tpfc)Cl] (8) was
obtained by extensive washing with concentrated HCl. The
other two complexes were treated by flash chromatography,
resulting in the hydroxo-coordinated products, [Ge(tpfc)OH]
(7 b) and [P(tpfc)(OH)2] (9). In contrast to the hydrolytic
lability of the chlorides, the coordinated hydroxide is not
labile, as indicated by the lack of conversion into the chloro-
coordinated complexes by treatment with concentrated HCl.
The hydroxo protons are apparent in the NMR spectra and
P ± H couplings are observed for the b-pyrrole-H protons in 9
(high- and low-field parts, respectively, of Figure 6b). The
electronic specta of all three complexes are very similar, with
a sharp Soret band at 410 ± 416 nm and two main Q bands at
550 ± 600 nm (shown for 9 in Figure 6a, broken line).


Electrochemistry and spectroscopy of the germanium(iv),
tin(iv), and phosphorus(v) corroles : The electrochemical
investigations were performed for several purposes. First,


Figure 6. The UV/Vis (a, broken line) and 1H NMR spectra (b, at 25 8C in
[D6]benzene) of P(tpfc)(OH)2 (9) and the UV/Vis (a, full line) and EPR
spectra (c, in CH2Cl2 at RT) of its corrole radical complex, obtained from
the one-electron oxidation of 9 by the hexachloroantimonate salt of
dibenzo-1,4-dioxin cation radical.


most existing data on corroles is about the metal complexes of
the electron-rich H3(oec),[3, 5] while the complexes of 4 present
the other extreme of the most electron-poor corroles up to
date. Our initial anticipation was that these differences will
have a larger effect on the corrole than on the metal, thus
allowing a better separation of the redox processes. Secondly,
we wanted to determine the difference between the first
oxidation and reduction potentials in [M(tpfc)L] (M repre-
sents a non-transition metal and L its axial ligand(s)), which
provides the so-called electrochemical HOMO ± LUMO gap
of the corrole.[29] Among other things, this fundamental
information is a very useful tool for distinguishing between
metal- and corrole-centered redox processes. Spectroelectro-
chemistry was used in parallel with chemical oxidation to
confirm that identical species were obtained, with the latter
method used for preparing samples for EPR examination of
the corrole radicals. All this information was later used in the
analysis of the electrochemistry of the iron corroles with
regard to the earlier mentioned metal versus corrole oxida-
tion-site dilemma.


The half-wave potentials for the oxidation and reduction of
all tpfc ± metal complexes are compiled in Table 2, together
with literature data for oec complexes. The first thing to note
is the 0.53 V increase in the oxidation potential on moving
from the electron-rich [Sn(oec)Cl] (2 a) to the electron-poor
[Sn(tpfc)Cl (8)] (entries 2 and 7). Secondly, the constant
difference of 2.12� 0.02 V between the oxidation and reduc-
tion potentials in 8, 7 b, and 9 (entries 7 ± 9) clearly proves that
in all cases only the corrole is involved in the redox processes.
This is different from 2 a,[6] in which the metal is reduced at
ÿ1.46 V, much before the corrole�s reduction is expected (a
value of ÿ1.94 V may be calculated from entries 1 and 2).
Also, the HOMO ± LUMO gap of 2.12� 0.02 V in [M(tpfc)L]
may be compared with the value of 2.21 V for [Sn(oec)Ph]
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(2 b);[6, 12] these values are both in the range of 2.20� 0.15 V,
which was obtained for a large range of metalloporphyrins.[29]


The oxidation potentials of 8, 7 b, and 9 (entries 7 ± 9)
suggest that the commonly used and commercially available
oxidant tris(4-bromophenyl)aminium hexachloroantimonate
([Ar3N] .�) (entry 14) can only be used for the oxidation of 9.
However, with the radical of dibenzo-1,4-dioxin (as its
hexachloroantimonate salt) all complexes should be oxidized
(entry 15).[10a] This assumption was checked and found to be
true and allowed the revelation of the spectral characteristics
of all three corrole radical complexes, which appeared to be
very similar. As can be seen in Figure 6a for 9, there is an
extremely large decrease in the intensity of the Soret band at
410 nm, with a slight blue-shift of the lmax to 400 nm. Taking
this phenomenon and the color change from red to green as
criteria, the spectra of corrole and porphyrin radicals are
similar. However, the characteristic appearances of new
bands at above 600 nm in porphyrin radicals,[10] is much less
pronounced in corrole radicals (this also holds for 2 a and
2 b).[6a]


The same methodology was also used for examination of
the EPR spectra of the corrole radical complexes. Special
attention was given to identify possible hyperfine splitting,
which is expected if there is considerable spin density on the
nitrogens or on the metal in the one-electron-oxidized
germanium and phosphorus complexes. However, only
singlets were obtained, with linewidths (halfwidth at half-
hight) of 4, 20, and 6 G for 8, 7 b, and 9 (Figure 6c),
respectively. This suggests that the majority of the spin
density is concentrated on the quaternary a-pyrrole carbons,
similar to porphyrin radicals with an A1u ground state.[10] This
conclusion is further supported by most recent molecular
orbital calculations of [Ga(tpfc)], which discloses the exis-
tence of two almost equal in energy highest occupied
molecular orbitals, both of which have less spin density on
the nitrogen atoms than in analogous porphyrins.[30] One
outcome from the current investigations is that the spectral


properties of corrole radicals are significantly less distinctive
than that of porphyrin radicals. But, the constant difference
between the first oxidation and reduction potentials of
corroles remains a very useful tool for distinguishing between
metal and corrole-centered oxidation, as demonstrated in the
following section.


Electrochemistry of the iron corroles : The differences be-
tween the first oxidation and reduction potentials in the iron
corroles are much smallerÐ0.8, 0.75, �1.5, and 1.07 V in
[Fe(tpfc)Cl] (5 b), [{Fe(tpfc)}2O] (5 e), [Fe(tpfc)(py)2] (5 c),
and [Fe(tpfc)NO] (5 d), respectively (Table 2, entries 10 ±
13)Ðthan the electrochemical 2.1 V HOMO ± LUMO gap
of the corrole in the non-transition metal complexes of tpfc
(7 ± 9). This information readily enforces the conclusion that
the metal is involved in at least one of the redox processes for
all investigated iron corroles. With the oxidation potentials of
1.24 V for 5 b and 1.07 V for 5 d being in the range of 1.20 ±
1.05 V obtained for 7 ± 9, the oxidations of 5 b and 5 d may be
confidently assigned as corrole-centered. Accordingly, their
reduction processes at 0.44 and 0.00 V must be metal-
centered, that is, FeIV/FeIII for 5 b and FeIII/FeII for 5 d
(reduction of the corrole in 5 b and 5 d should only be
obtained at ÿ0.86 and ÿ1.03 V, respectively). Supporting
evidence for an FeIV/FeIII couple in 5 b is provided by its
spectroelectrochemistry (Figure 7), which shows that its
reduction leads to the appearance of the characteristics of
iron(iii) corroles such as 5 a and 5 c ; a spectrum with a single
red-shifted Soret band and Q bands at 534 and 710 nm is
observed (this is accompanied by a color change from brown
to red). A similar interpretation holds for the binuclear m-oxo
complex 5 e, for which two oxidation waves are obtained with
E1/2 of 1.25 and 0.88 V (Table 2, entry 11). The relatively low
first oxidation potential is readily accounted for by a
significant delocalization of the free electron in the singly
oxidized product over both corrole rings of the binuclear
complex. The 0.31 V shift to less positive potentials in 5 e


Table 2. Half wave potentials (in V vs sce, in CH2Cl2 unless otherwise indicated) for oxidation and reduction of corrole metal complexes.


Entry Metal Corrole Cor/Cor.� Cor/Cor.ÿ DE [V][a] Mn/Mn�1 Mn/Mnÿ1 Reference
(axial ligand)


1 SnIV(Ph) oec 0.47 ÿ 1.74 2.21 [6a]
2 SnIV(Cl) oec 0.67 ÿ 1.46[b] [6a]
3 FeIV(Cl) oec 0.76 ÿ 0.08 [7a]


0.79 ÿ 1.45 2.24 ÿ 0.07 [7a] (PhCN)
4 FeIV(Ph) oec 0.43 ÿ 0.62 [7a]


0.47 ÿ 1.98 2.45 ÿ 0.61 [7a] (PhCN)
5 FeIII(pyr) oec 1.03[e] 0.21 ÿ 1.04 [7a]


0.28 ÿ 0.94 [7a] (pyridine)
6 FeIII(NO) oec 0.61 ÿ 1.92[e] 2.53 ÿ 0.41 [7b]
7 SnIV(Cl) tpfc 1.20 ÿ 0.94 2.14 this work
8 GeIV(OH) tpfc 1.13 ÿ 0.99 2.13 this work
9 PV(OH)2 tpfc 1.05 ÿ 1.05 2.10 this work


10 FeIV(Cl) tpfc 1.24 0.44 this work
11 FeIV(O)FeIV tpfc 1.25, 0.88 0.13 this work
12 FeIII(pyr)2 tpfc 0.74 this work[f]


13 FeIII(NO) tpfc 1.07 0.00 this work
14 [Ar3N] .�[c] 1.11 for [Ar3N] .�/[Ar3N] this work
15 dioxin[a] 1.41 for [dioxin] .�/[dioxin] [10a]


[a] The difference in potentials for the first oxidation and the first reduction of the corrole. [b] SnIV/SnII. [c] Tris(4-bromophenyl)aminium
hexachloroantimonate. [d] Dibenzo-1,4-dioxin. [e] Not assigned with full confidence. [f] There is also a irreversible reduction at ÿ0.78 V.







FULL PAPER Z. Gross, I. Goldberg et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-1048 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 51048


Figure 7. Spectral changes upon the reduction of [Fe(tpfc)Cl] (5b) at
200 mV (CH2Cl2, 0.1m TBAP).


(E1/2� 0.13V) relative to 5 b (E1/2� 0.44 V) is consistent with
metal reduction, as it may be attributed to a stronger p


donation of the bridging oxygen than the chloride (a similar
effect is seen in monomeric (chloro)iron(iii) versus binuclear
(m-oxo)iron(iii) porphyrin complexes).[29] Also important to
note is that the reduction of 5 e is irreversible on the
spectroelectrochemistry timescale, in which full conversion
of 5 e to mononuclear iron(iii) corrole is obtained.


The situation in the novel trans-bis-pyridine complex 5 c
(indications for formation of the related [Fe(oec)(py)2] are
limited to low temperature and large excess of pyridine)[7] is
more complex. While the oxidation potential of 0.74 V
(Table 2, entry 12) for 5 c is much lower than the 1.05 ±
1.20 V for corrole oxidation in the non-transition metal
complexes (Table 2, entries 7 ± 9), it is also significantly higher
than the FeIII/FeIV couples in 5 b and 5 e (0.44 and 0.12 V,
respectively). Still, several indications are supportive of a
metal-centered oxidation. First, spectroelectrochemical ex-
amination of 5 c at 1.0 V (not shown) reveals that upon
oxidation the Soret band is shifted to a shorter wavelength,
but without a large decrease in its intensity. Secondly, the
much larger ligand-field stabilization energy in the low-spin
iron(iii) state of hexacoordinated 5 c than that found in the
only weakly coordinated (by ClO4


ÿ or solvent molecules)
iron(iii) corrole, obtained by reduction of 5 b, should indeed
lead to a relatively high FeIII/FeIV potential for 5 c. Finally,
addition of excess pyridine to a solution of 5 b in [D6]benzene
(for NMR spectroscopy) results in its immediate reduction to
5 c ; this is in line with the much more positive reduction
potential of an initially formed [FeIV(tpfc)(py)2]� complex.
The effect of pyridine ligation in 5 c is further amplified with
the very strong-field and also highly non-innocent NO ligand
in 5 d, as now the cor/cor.� couple precedes the FeIII/FeIV


couple (in addition to the earlier mentioned indication for a
corrole-centered oxidation, spectroscopic examination re-
veals a large decrease in the Soret band upon the oxidation
of [Fe(tpfc)(NO)] by [Ar3N] .�). In addition, it is the only
complex for which the iron(ii) oxidation state is accessible, as
indicated by its highly positive FeIII/FeII couple (0.00 V,
entry 13 of Table 2). This effect is readily accounted for by
considering the delocalization of the added electron into the
p-accepting NO ligand.


The comparison between the (nitrosyl)iron(iii) complexes
3 a and 5 d (entries 6 and 13) shows that despite the large
dissimilarity of the corrole structures, the differences between


the cor/cor.� and the FeIII/FeII redox couples are almost
identical (1.02 vs. 1.07 V, respectively). A similar comparison
of the differences between the cor/cor.� and the FeIV/FeIII


couples in the (chloro)iron(iv) complexes of oec and tpfc
(entries 3 and 10) also reveals their constancy, 0.84 and 0.80 V,
respectively. Accordingly, the conclusion is that the quite
excessive change in the structure of the corrole has no effect
on the separation of the iron- and corrole-centered redox
processes. It remains to be determined, by investigation of
many other transition metal complexes of the oec and tpfc
systems, whether this quite surprising phenomenon is general
or specific to iron.


Cyclopropanation of styrene by carbenoids catalyzed by iron
corroles : In our initial report, we used the iron(iv) corrole 3 b
as a catalyst for the cyclopropanation of styrene by ethyl
diazoacetate (EDA) and by the chiral carbenoid 13
(Scheme 5). We have now extended this research by the
utilization of a variety of iron corroles in different oxidation
and coordination states.


Scheme 5. Metallocorrole-catalyzed cyclopropanation of styrene by car-
benoids.


Several results are immediately apparent from examination
of Table 3. First, there is some solvent effect on the anti/syn
product ratio, which is larger in CH2Cl2 than in benzene.
Despite this advantage of the CH2Cl2, the iron(iii) corroles
were only checked in benzene because their oxidation to
iron(iv) is more facile in CH2Cl2. With regard to the yield of
the undesired coupling product of EDA (highly selective for
maleate, with only traces of fumarate), the results in both
solvents were similar. This side reaction could be diminished
by using styrene as both solvent and reactant, and the anti/syn
product ratio was identical to that in benzene. Secondly, the
most significant result is the almost complete invariance of the
product ratio for the different iron corroles. Regardless of the
oxidation state of iron and its ligands, the product ratio was
1.5 ± 1.6 in benzene and 1.9 ± 2.3 in CH2Cl2. This suggests one
common active intermediate, probably a metal carbene[31] and
one common precursor for it. The fact that both iron(iv) and
iron(iii) complexes are catalytically active suggests that the
common precursor is iron(iii). This is especially true for the m-
oxo complex 5 e, which would otherwise expected to be inert,
or at least provide very different selectivities owing to its quite
different structure. Accordingly, we assume that the iron(iv)
corroles are reduced by EDA, and that the lower reactivity of
5 e relative to the mononuclear 5 b is due to the more negative
reduction potential of the former complex (Table 2, en-
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tries 10, 11). This proposal is reminiscent of previous obser-
vations with iron(iii) porphyrins, in which EDA was found to
act as a reducing agent for the metal to its divalent oxidation
state.[32] Further support for one common intermediate is
provided from the cyclopropanation of styrene by the much
more sterically demanding and chiral carbenoid 13, (Table 3,
entries 9 ± 11). The results with 5 b and 5 a were practically
identical not only in the anti/syn product ratio, but also in the
diastereomeric excesses (de�s) of each of the isomers. Finally,
the only iron corrole which was not catalytically active is the
nitrosyl complex 5 d (Table 3, entry 8), a fact that can be
contributed to three reasons. It has a non-labile axial ligand,
there is significant electron density withdrawal from the
metal, and the nitrosyl ligand has a very strong trans-effect.


In principle, the hexa-coordinated complexes 5 a and 5 c
may be considered as coordinatively saturated and accord-
ingly expected not to be catalytically active. However, we
have shown in the synthetic section that the axial ligands in
both complexes are labile. In addition, in Table 4 we report
the effect of adding pyridine to the reactions catalyzed by 5 a
and 5 b. First, we noted that the addition of pyridine to either
of the complexes resulted in identical UV/Vis spectral
changes, with the final spectrum corresponding to that of 5 c.
Inspection by NMR spectroscopy confirmed that 5 c is indeed
formed under these conditions, through simple ligand ex-
change for 5 b (see also synthetic section) and by pyridine-
induced reduction for 5 a.[33] In any case, the catalysis was only
partially retarded by ten equivalents pyridine and there was


almost no effect on the product ratio. Only with 200 equiv-
alents of pyridine was the reactivity almost completely
blocked, thus supporting the idea that only the pentacoordi-
nated iron(iii) corroles react with EDA. As for the presumable
iron ± carbene intermediate, the lack of any pronounced
changes in the product ratio suggests that it is actually
pentacoordinated (no trans-pyridine), which is also consistent
with a strong trans effect of the carbene moiety.


Finally, we also attempted the characterization of the
reactive intermediateÐproposed to be a metal carbene in
almost all related systemsÐby NMR spectroscopic examina-
tion of the reaction of several iron corroles with EDA in the
absence of olefin. However, this proved to be a formidable
task because of the very efficient dimerization of EDA to
diethyl maleate under these conditions. Within the time
required to record the first NMR spectrum, all EDA was
consumed (transformed to diethyl maleate) and the un-
changed catalyst was observed. Accordingly, we turned our
attention to catalysis by rhodium corroles, for which this side
reaction is much less pronounced.


Cyclopropanation of styrene by carbenoids catalyzed by
rhodium corroles : In both the previous and the current
investigations we have noted that the phosphine ligand of 6 a
remains intact during catalysis. Accordingly, the binding and
activation of the carbenoid and the interaction of the olefin
with the presumed rhodium carbene must take place trans to
the phosphine ligand. The previously obtained X-ray crystal


Table 3. Cyclopropanation of styrene by ethyl diazoacetate (EDA) and by the chiral carbenoid 13 (entries 9 ± 11), catalyzed by the various iron complexes of
4.[a,c]


Entry Catalyst Solvent Reaction Yield of anti-[c] Yield of syn-[c] anti :syn Yield of Yield of
time [h] ester (or amide) ester (or amide) ratio cyclopropyl products diethyl maleate


1 5 b CH2Cl2
[b] 2.5 45% 20% 2.3 65% 33%


2 5 b benzene 2.5 38% 25% 1.5 63% 30%
3 5 b styrene < 1.5 53% 36% 1.5 89% 9%
4 5 e benzene 7.5 38% 25% 1.5 63% 36%
5 5 a benzene < 3 33% 21% 1.6 53% 43%
6 5 c benzene 4 31% 20% 1.6 51% 41%
7 5 c CH2Cl2 2.5 38% 20% 1.9 58% 38%
8 5 d CH2Cl2 5 no reaction
9 5 b CH2Cl2


[b,c] 24 25% de (1S,2S) 66% de (1S,2R) 0.9 41%
10 5 b benzene[c,d] 24 28% de (1S,2S) 64% de (1S,2R) 0.6 78%
11 5 a benzene[c,d] 24 32% de (1S,2S) 71% de (1S,2R) 0.6 76%


[a] Catalyst/EDA/styrene� 1:500:5000, with 0.27 ± 0.33 mm catalyst at room temperature (22 ± 25 8C). [b] At 18 8C. [c] 100 equiv. 13 were added in one
portion into a solution of 0.20 ± 0.25 mm catalyst and 0.2 ± 0.25m of styrene. The identity of the major diastereomeric cyclopropyl amide is indicated in the
parentheses. [d] 22 8C.


Table 4. Catalytic cyclopropanation of styrene in the presence of pyridine.[a]


Catalyst Solvent Reaction equiv of anti-ester: Yield of Yield of
time [h] pyridine syn-ester cyclopropyl esters diethyl maleate


1[b] 5 b CH2Cl2 2.5 0 2.3 65% 33%
2 5 b CH2Cl2 > 7 10 1.9 63% 28%
3 5 b CH2Cl2 24 200 1.8 3.4% -
4[c] 5 a benzene < 3 0 1.6 53% 43%
5 5 a benzene 4 10 1.6 50% 34%
6 5 a benzene 24 200 1.7 2.2% ±


[a] The same reaction conditions as in Table 3. [b] The same experiment as in entry 1 of Table 3. [c] The same experiment as in entry 5 of Table 3.
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structure of 6 a presents a highly domed corrole,[18] due to
steric interactions of the triphenylphosphine with the meso-
C6F5 substituents of the corrole. This suggests that different
phosphine ligands might affect the selectivity in the cyclo-
propanation of styrene by carbenoids. To test this hypothesis,
we have compared 6 a and the tricyclohexylphosphine coor-
dinated complex 6 b as catalysts. Entries 1 and 2 of Table 5
show that 6 a is an excellent catalyst for the cyclopropanation
of styrene by ethyl diazoacetate (EDA), with almost absolute
selectivity (only traces of diethyl maleate are obtained). The
effect of substituting PPh3 by P(C6H11)3 (entry 3) is only small,
with the main difference noted in the reduced selectivity (7 %
of diethyl maleate). However, the differences are amplified
and quite pronounced for the reaction of styrene with the
chiral and sterically demanding carbenoid 13 (entries 4 ± 6).
With 6 a as catalyst, the chemical yields are much larger, the
anti and syn products are obtained in equimolar amounts, and
the diastereomeric excess of the anti-cyclopropyl amide is
much larger than that of the cis isomer. On the other hand, the
chemical yields are largely reduced with 6 b as catalyst, the
syn-cyclopropyl amide is the major product, obtained also
with much larger de than in catalysis by 6 a. This proves that
the axial ligand of the rhodium has a definite effect on the
cyclopropanation process occurring trans to itself.


Based on these results, we prepared the rhodium complex
(11) of the N22-substituted corrole (Scheme 4). Since we have
recently demonstrated the chirality and separation into
enantiomers of this and other N-substituted corroles, we
anticipated that such rhodium(ii) complexes (12 b, Scheme 4)
could be very useful as asymmetric catalysts. The working
hypothesis was that the coordinated PPh3 will confine the


reaction to the site trans to itself, while the chiral N-CH2-Ph
moiety will induce asymmetry. However, the X-ray structure
of the rhodium insertion product, 12 a (Figure 5), revealed
that it contains a rhodium(i) ion coordinated by only two
corrole nitrogen atoms and that the N-substituent is very far
from the square-planar coordination plane of the metal. These
structural features are quite discouraging in terms of its
utilization as catalyst for introducing asymmetry. Further-
more, although 12 a was found to be oxidizable by many mild
oxidants, we could not fully characterize these paramagnetic
products. Accordingly, only the racemic form of 11 was used in
the current investigation, concentrating on the effect of in situ
oxidation of the catalyst by NIS on the 12 a-catalyzed
cyclopropanation of styrene by both EDA and 13.


All four reactions summarized in Table 6 were continued
until thin-layer and gas chromatography (TLC and GC)
examinations indicated that the process was not proceeding
any further. Although the total yields in the presence of NIS
were lower than in its absence (comparing entries 1 and 3 with
2 and 4), this effect is contributed to the lower stability of the
NIS-oxidized complex and not to its reactivity. At shorter
reaction times (1.5 h with EDA and 18 h with 13), the yields in
the presence of NIS were actually much larger. Furthermore,
the selectivities in the presence and absence of NIS were
significantly different, especially in the reactions with 13.
Most important is that the diastereomeric excesses of both the
syn- and the anti-cyclopropyl amides in entry 4 are much
larger than of those in entry 3. Accordingly, we conclude that
future work with N-substituted corroles as ligands for
transition metals may eventually lead to very interesting
chiral catalysts.


Table 5. Cyclopropanation of styrene by ethyl diazoacetate (EDA) and by the chiral carbenoid 13, catalyzed by the rhodium(iii) corroles with PPh3 (6 a) and
P(C6H11)3 (6b) as axial ligands.[a,b]


Entry Catalyst/ Solvent Reaction Yield of anti- Yield of syn- anti :syn Yield of Yield of
carbenoid time ester (or amide) ester (or amide) ratio cyclopropyl products diethyl maleate


1 6a/EDA CH2Cl2 2 h 59 % 30 % 2.0 89% < 1 %
2 6a/EDA styrene < 1.5 h 62 % 35 % 1.8 97% < 1 %
3 6b/EDA CH2Cl2 1.5 h 61 % 29 % 2.1 90% 7 %
4 6a/13 CH2Cl2 24 h 61 % de (1R,2R) 9 % de (1S,2R) 1.0 56%
5 6b/13 CH2Cl2 24 h 18 % de (1R,2R) 42 % de (1S,2R) 0.7 6%
6 6b/13 CH2Cl2 4 days 12 % de (1S,2S) 44 % de (1S,2R) 0.6 44%


[a] Catalyst/carbenoid/styrene� 1:500:5000, with 0.27 ± 0.33 mm catalyst at room temperature (22 ± 25 8C). [b] 100 equivalents of 13 were added in one
portion into a solution of 0.20 ± 0.25 mm catalyst and 0.2 ± 0.25m of styrene. The identity of the major diastereomeric cyclopropyl amide is indicated in the
parentheses.


Table 6. Cyclopropanation of styrene by ethyl diazoacetate (EDA, entries 1 ± 2)[a] and by the chiral carbenoid (13, entries 3 ± 4),[b] catalyzed by the
rhodium(i) complex 12a (see Figure 5).


Entry Solvent Reaction Substrate Additive Yield of anti- Yield of syn- anti :syn Yield of Yield of
time ester (or amide)[b] ester (or amide)[b] ratio cyclopropyl products diethyl maleate


1 CH2Cl2 4 h EDA ± 57 % 36 % 1.6 93% 5%
2 CH2Cl2 1.5 h EDA NIS 48 % 31 % 1.5 79% < 1%
3 CH2Cl2 4 days 13 ± 57 % de (1R,2R) 6 % de (1R,2S) 1.0 50%
4 CH2Cl2 18 h 13 NIS 73 % de (1R,2R) 23 % de (1R,2S) 0.8 36%


[a] Catalyst/EDA/styrene� 1:500:5000 at about 17 8C, addition of EDA in one portion, 0.3 mm of catalyst were used. [b] 100 equivalents of diazo sultam were
added in one portion into a solution of 0.23 mm catalyst and 0.23m of styrene at about 19 8C. The identity of the major diastereomeric cyclopropyl amide is
indicated in the parentheses.
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Reaction of [Rh(tpfc)(PPh3)] (6a) with EDA in the absence
of olefins : In contrast to catalysis by the iron corroles, almost
no dimerization products of EDA were obtained in the
cyclopropanation of styrene catalyzed by rhodium(iii) corrole
(Table 5). This suggested that it might be possible to isolate
reaction intermediates from the reaction of 6 a with EDA in
the absence of olefins, a task that was not yet achieved with
any of the highly efficient rhodium-based catalysts.[34] This
proposal was first tested by in situ NMR experiments, which
showed that the reaction between 6 a and EDA is very fast and
that two new corrole complexes are formed in an about 2:1
ratio. The two products could be isolated by chromatography
and were found by MS to be isomers of an addition product of
6 a and CHCO2Et. Their NMR spectra shows that both
complexes are diamagnetic, retain the PPh3 ligand, and
contain a ÿCHCO2Et moiety with the CH at very high field
(d�ÿ3.5 and ÿ3.9). In addition, these signals appear as dd
with distinct coupling constants of 13.4 and 2.0 Hz, reasonably
accounted for by 4J(P,H) and 3J(Rh,H) couplings.[35] Spectral
analysis and comparison to similar cobalt complexes[36]


allowed the characterization of the two complexes (14 a and
14 b in Scheme 6) as resulting from insertion of CH(CO2Et)
into the RhÿN bonds of 6 a. This readily accounts for the


observation of two isomers, since 6 a is of C2v symmetry and
contains two sets of RhÿN bonds. In the resulting structure
the metal is pentacoordinated to PPh3, the bridging carbon,
and three of the corrole nitrogen atoms, with the rhodium(iii)
oxidation state balanced by two negatively charged corrole
nitrogen atoms and the ÿCH(CO2Et)Nÿmoiety.


The complexes 14 a and 14 b (Scheme 6) were stable enough
for spectroscopic investigation, although within a few hours
they gradually converted back into 6 a. Still, they were stable
enough (they can be kept at ÿ20 8C for extended periods) for
determining whether or not they are key intermediates in the
cyclopropanation process. For this purpose, the reactions of
14 a and 14 b with styrene were investigated. When only
styrene was added, their was no reaction. But, when both
EDA and styrene were added to either of the isolated
complexes, they did catalyze the cyclopropanation process.
Furthermore, with both isomers, the anti/syn product ratios
were identical and indistinguishable from that obtained with
6 a as catalyst. Accordingly, it may safely be concluded that
14 a and 14 b are not true reaction intermediates, but that the
most important intermediate is probably a carbene complex,
[trans-Rh�CHCO2Et(tpfc)(PPh3)] (see the effect of substitut-
ing PPh3 by P(C6H11)3 at the trans position). This intermediate


is in equilibrium with 14 a and 14 b and reacts with styrene to
form the cyclopropanation products.


Conclusion


We report the first complexes of tris(pentafluorophenyl)cor-
role that contain the non-transtion metal ions germanium(iv),
tin(iv), and phosphorus(v). Their electrochemistry reveals a
constant 2.1 V electrochemical HOMO ± LUMO gap, as well
as the spectroscopic characteristics of corrole radical cations.
This information was found to be highly valuable for assign-
ment of the oxidation states of different iron ± corrole
complexes. One iron(iv) and one iron(iii) corrole, as well as
the rhodium(i) complex of an N-substituted corrole, were fully
characterized by X-ray crystallography. Both the iron and the
rhodium corroles are excellent catalysts for cyclopropanation
of styrene, with the rhodium corroles displaying superior
selectivities. From investigations of the effect of the oxidation
state of the metal and its ligands, we conclude that with iron
corroles the catalytically active form is iron(iii), while all
accesible oxidation states of rhodium are active. Two inter-
mediates that are formed during catalysis with rhodium(iii)


were isolated, but shown not to
be catalytically active. Future
work will be devoted to the
utilization of more crowded
corroles, including metal com-
plexes of N-substituted cor-
roles.


Experimental Section


Physical methods : The NMR spectra
were recorded on a Bruker AM 200


spectrometer, operating at 200 MHz for 1H and 188 MHz for 19F. Chemical
shifts in the 1H NMR spectra are reported in ppm relative to residual
hydrogens in the deuterated solvents: d� 7.20, 7.24 and 5.32 for benzene,
chloroform and dichloromethane, respectively, and relative to CFCl3 (d�
0.00) in the 19F NMR spectra. Coupling constants J are reported in Hz. An
HP 8452A diode array Spectrophotometer was used to record the
electronic spectra. Gas chromatographic analysis was performed on a
HP-5890 GC with a HP-5 capillary column and FID detector, linked to the
HP Chem-Station (HP-3365). Chemical yields and de�s were reproducible
within �2% for multiple experiments. The redox potentials were
determined by cyclic voltammetry (CV) at ambient temperatures on a
home-made voltammograph, using CH2Cl2 solutions, 0.1m in n-tetrabuty-
lammonium perchlorate (TBAP, Fluka, recrystallized three times from
absolute ethanol) and 10ÿ3m in substrate. The reference electrode was SCE,
the scan rate 100 mV sÿ1 and the E1/2 value for oxidation of ferrocene under
these conditions was 0.465 V. The EPR spectra were recorded on a Bruker
EMX 220 digital X-band radiospectrometer equipped with a Bruker
ER 4121VT temperature control system operating within the temperature
range of 100 ± 700 K. Spectra processing and parameter calculations were
performed with WIN-EPR software. Mass spectroscopy was performed on
a Finnigan TSQ 70 instrument with isobutane as carrier gas, and IR spectra
were recorded as KBr pellets on a FT-IR spectrometer Bruker Vector 22.


Materials : Benzene (Merck, thiophene free), for use in synthesis, was dried
by distilling off a few mL. Benzene for use in catalysis was first washed with
concentrated H2SO4 until the aqueous layer was colorless, followed by
washing with water and aqueous NaOH, and distillation over CaH2.
Dichloromethane (Lab-Scan, HPLC grade) was either dried by distillation
over CaH2, or by passing through a column of basic alumina, with identical


Scheme 6. The reaction of 6 a with EDA in the absence of substrate.
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results. DMF (Frutarom, analytical grade) was dried by distillation over
CaH2 at reduced pressure. Ethyl diazoacetate (EDA) (Fluka), FeCl2


(anhydrous, Aldrich), SnCl2 ´ 2 H2O (Merck), POCl3 (Spectrum), GeCl4


(Fluka), [Rh2(CO)4(Cl)2] (Aldrich, Strem), and the deuterated solvents
(Aldrich and Cambridge Isotopes products) were used as received. Styrene
(Riedel-de Haen) and nitrobenzene (Fluka) were filtered through a plug of
basic alumina prior to their use in catalytic reactions, and the chiral
carbenoid was prepared according to the published procedure.[37]


Synthetic methods : The synthetic details for the preparation of H3(tpfc) (4)
and H2(N22-benz-tpfc) (11) are provided in previous publications.[15, 20]


Insertion of iron into 4, for the synthesis of [Fe(tpfc)(OEt2)2] (5a),
[Fe(tpfc)(py)2] (5c), [{Fe(tpfc)}2O] (5e), and [Fe(tpfc)Cl] (5b): All iron
corroles were obtained by starting the synthesis with dissolving 4 (80 mg,
0.1 mmol) in dry DMF (30 mL) under N2, and the addition of FeCl2 (0.25 g,
2 mmol). The mixture was heated to reflux, and the process was followed by
TLC (silica, n-hexane/CH2Cl2 2:1). After completing the iron insertion, the
reaction mixture was cooled to 25 8C, and the solvent was evaporated. The
resulting solid material was dissolved in diethyl ether, and chromatography
over a short column (10 cm long, 2 cm diameter, with silica gel and diethyl
ether as an eluent) was performed. The product, which was obtained after
evaporation of the diethyl ether, was 5a. The m-oxo complex 5e was
obtained by recrystallization of 5 a from aerobic mixtures of acetonitrile
and n-heptane, or diethyl ether and n-heptane. Pure 5c was obtained by
recrystallization of 5a from diethyl ether/n-heptane mixtures in the
presence of pyridine. For 5 b, the red-brown solid 5 a was dissolved in
CH2Cl2, the resulting mixture was washed twice with HCl (7 %), and finally
with water. During the acidic washing, the color of the mixture changed
from red-brown to deep brown. The solution was dried over Na2SO4, and
the solvent was evaporated. Pure 5 b was obtained by recrystallization from
benzene/n-heptane. The yields of all the reactions described herein were in
the range of 90 ± 95% for pure crystalline materials.


[Fe(tpfc)(OEt2)2] (5a): 1H NMR (200 MHz, [D6]benzene): d� 19.71 (s,
2H), 13.37 (s, 2H), ÿ60.03 (s, 2H), ÿ126.05 (s, 2 H); 19F NMR (188 MHz,
[D6]benzene): d�ÿ102.14 (br s, 4 F; ortho-F), ÿ118.78 (br s, 2F; ortho-F),
ÿ149.38 (s, 1F; para-F), ÿ150.95 (s, 2F; para-F), ÿ156.29 (s, 2F; meta-F),
ÿ157.66 (s, 4F; meta-F); UV/Vis (diethylether): lmax (relative e)� 404
(100 %), 546 nm (33 %).


[Fe(tpfc)(py)2] (5c): 1H NMR (200 MHz, [D6]benzene): d� 56.52 (br s,
coordinated pyridine), 36.47 (s, coordinated pyridine), 3.21 (s, 2 H), ÿ61.05
(s, 2 H), ÿ65.80 (s, 2 H), ÿ134.56 (s, 2H); 19F NMR (188 MHz, [D6]ben-
zene): d�ÿ102.89 (br s, 4F; ortho-F),ÿ119.45 (br s, 2F; ortho-F),ÿ149.21
(s, 1F; para-F), ÿ150.76 (s, 2F; para-F), ÿ156.24 (s, 2F; meta-F), ÿ157.45
(s, 4 F; meta-F); UV/Vis (benzene:pyridine 50:1): lmax (e� 10ÿ4): 412 (6.1),
548 (1.5); MS (DCI�): m/z : 850 [M�Hÿ 2 pyridine]� ; MS (DCIÿ): m/z :
849.1 [Mÿ 2pyridine]ÿ ; 1H NMR (200 MHz, [D6]benzene/[D5]pyridine):
d� 2.14 (s, 2H),ÿ21.16 (s, 2H),ÿ45.75 (s, 2 H),ÿ110.11 (s, 2 H); 19F NMR
(188 MHz, [D6]benzene/[D5]pyridine): d�ÿ114.64 (br s, 4F; ortho-F),
ÿ132.23 (br s, 2 F; ortho-F), ÿ153.64 (unresolved t, 1F; para-F), ÿ154.72
(unresolved t, 2F; para-F), ÿ161.87 (s, 6 F; meta-F); 1H NMR (200 MHz,
CDCl3): d� 47.89 (br s, coordinated pyridine), 3.47 (s, 2 H), ÿ63.93 (s, 2H),
ÿ65.06 (s, 2 H),ÿ128.85 (s, 2 H); 19F NMR (188 MHz, CDCl3): d�ÿ101.41
(br s, 4F; ortho-F), ÿ116.65 (br s, 2 F; ortho-F), ÿ149.21 (s, 1 F; para-F),
ÿ150.61 (s, 2F; para-F), ÿ155.36 (s, 2F; meta-F), ÿ157.04 (s, 4F; meta-F).


[{Fe(tpfc)}2O] (5e): 1H NMR (200 MHz, CDCl3): d� 7.07 (d, 3J(H,H)�
4.57 Hz, 4H), 6.79 (unresolved d, 4H), 6.50 (d, 3J(H,H)� 5.01 Hz, 4H),
6.44 (d, 3J(H,H)� 4.56 Hz, 4H); 19F NMR (188 MHz, CDCl3): d�ÿ135.01
(d, 3J(F,F)� 22.18 Hz, 2F; ortho-F), ÿ136.21 (d, 3J(F,F)� 22.94 Hz, 2 F;
ortho-F), ÿ137.94 (d, 3J(F,F)� 19.41 Hz, 1F; ortho-F), ÿ138.70 (d,
3J(F,F)� 23.88 Hz, 1 F; ortho-F), ÿ152.94 (m, 3 F; para-F), ÿ160.95 (m,
3F; meta-F), ÿ162.32 (m, 4F; meta-F); UV/Vis (benzene): lmax (e� 10ÿ4):
382 nm (11.4).


[Fe(tpfc)Cl] (5 b): 1H NMR (200 MHz, CDCl3): d�ÿ2.84 (s, 2 H), ÿ11.51
(s, 2H), ÿ35.48 (s, 2H); 1H NMR (200 MHz, [D6]benzene): d�ÿ2.54 (s,
2H), ÿ3.08 (s, 2 H), ÿ12.07 (s, 2H), ÿ33.58 (s, 2H); 19F NMR (188 MHz,
[D6]benzene): d�ÿ159.286, ÿ160.370, ÿ160.988, ÿ164.136, ÿ166.978,
ÿ169.860, ÿ170.149; UV/Vis (CH2Cl2): lmax (e� 10ÿ4)� 370 (4.3), 396 nm
(4.6); MS (DCI�): m/z : 849.9 [M�HÿCl}�; MS (DCIÿ): m/z : 847.6 [Mÿ
Cl]ÿ .


Synthesis of [Fe(tpfc)(NO)] (5d): Compound 5 b (20 mg, 23 mmol) was
dissolved in CH2Cl2 (20 mL), followed by a saturated solution of NaNO2


(2 mL). After 4 h of stirring at RT, the organic solvent was washed with
water, dried over Na2SO4, and evaporated. Pure (NMR) deep-red material
(14 mg, 70% yield) was obtained after column chromatography (silica, n-
hexane/CH2Cl2 5:1). Final purification by recrystallization from benzene
and n-heptane afforded (9 mg, 45% yield) of crystalline 5 d, which,
however, did not refract well enough for X-ray crystallography. 1H NMR
(200 MHz, [D6]benzene, RT): d� 8.2 (d, 3J(H,H)� 4.5 Hz, 2H; b-pyrrole),
7.7 (d, 3J(H,H)� 4.7 Hz, 2 H; b-pyrrole), 7.5 (d, 3J(H,H)� 4.8 Hz, 2H; b-
pyrrole), 7.4 (d, 3J( H,H)� 4.8 Hz, 2H; b-pyrrole); 19F NMR (188 MHz,
CDCl3, RT): d�ÿ137.5 (m, 4 F; ortho-F), ÿ138.2 (dd, 3J(F,F)� 20.1 Hz,
4J(F,F)� 5 Hz, 2 F; ortho-F), ÿ152.2 (t, 3J(F,F)� 20.7 Hz, 3 F; para-F),
ÿ160.8 (m, 6F; meta-F); IR (KBr): nÄ � 1790 cmÿ1 (NO); UV/Vis (CH2Cl2):
lmax (e� 10ÿ4)� 378 (7.66), 534 nm (1.08); MS (DCI�): m/z (%): 880.1 (30)
[M�H]� , 850 (100) [M�HÿNO]� ; MS (DCIÿ): m/z (%): 879.1 (10) [M]ÿ ,
848.8 (100) [MÿNO]ÿ .


Preparation of [Rh(tpfc)(PPh3)] (6a): Compound 4 (50 mg, 0.06 mmol)
was dissolved in dry benzene (20 mL) under N2, and dry K2CO3 (0.87 g,
6.3 mmol), [{Rh(CO)2Cl}2] (70 mg, 0.18 mmol mg), and PPh3 (82 mg,
0.31 mmol) were added to this mixture. The mixture was heated to reflux
and the reaction was continued until TLC examinations (silica, n-hexane/
CH2Cl2 2:1) indicated quantitative disappearance of the starting material
(2.5 h). After cooling to RT, filtration, and solvent evaporation, several
green products were obtained (TLC). During chromatography (silica gel,
n-hexane/CH2Cl2 45:5), this mixture of rhodium(i) complexes converted
spontaneously to the red complex, whose final purification was achieved by
recrystallization from benzene and n-heptane. The yield of recrystallized
6a from several syntheses was 52 ± 58% (38 ± 42 mg). 1H NMR (200 MHz,
CDCl3): d� 8.71 (d, 3J(H,H)� 4.71 Hz, 2 H; b-pyrrole H), 8.41 (d,
3J(H,H)� 4.86 Hz, 2H; b-pyrrole H), 8.24 (d, 3J(H,H)� 4.76 Hz, 2 H; b-
pyrrole H), 8.14 (d, 3J(H,H)� 4.42 Hz, 2H; b-pyrrole H), 7.02 (td,
3J(H,H)� 7.76 Hz, 4J(H,H)� 1.99 Hz, 3 H; para-H of PPh3), 6.67 (td,
3J(H,H)� 7.98 Hz, 4J(H,H)� 2.99 Hz, 6 H; meta-H of PPh3), 4.46 (dd,
3J(H,H)� 12.51 Hz, 4J(H,H)� 7.83 Hz, 6H; ortho-H of PPh3); 19F NMR
(188 MHz, CDCl3): d�ÿ137.61 (m, 3F; ortho-F), ÿ137.01 (dd, 3J(F,F)�
22.44 Hz, 4J(F,F)� 7.33 Hz, 2F; ortho-F), ÿ138.37 (dd, 3J(F,F)� 26.23 Hz,
4J(F,F)� 8.74 Hz, 1F; ortho-F),ÿ154.41 (t, 3J(F,F)� 21.24 Hz, 3F; para-F),
ÿ162.57 (m, 3 F; meta-F), ÿ163.24 (m, 3 F; meta-F); UV/Vis (CH2Cl2): lmax


(e� 10ÿ4)� 428 (6.6), 560 nm (1.6); MS (DCI�): m/z : 1159.2 [M�H]� ; MS
(DCIÿ): m/z : 894.4 [MÿPPh3]ÿ .


Preparation of [Rh(tpfc){P(C6H11)3}] (6 b): The same procedure as
described for 6 a was used, but with ten equivalents of tricyclohexyl
phosphine instead of triphenylphosphine. In this case, chromatographic
purification (silica gel, CH2Cl2/n-hexane 1:3) provided a green solid, which
according to MS and 1H and 19F NMR spectroscopy is a mixture of different
isomers of the diamagnetic rhodium(i) complexes, 10a ± c (MS (DCI�): m/z
(%): 955.3 (100) [M�H]� , 896.3 (2) [M�Hÿ 2Hÿ 2(CO)]� , 797.5 (25)
[M�HÿRhÿ 2(CO)]� ; MS (DCIÿ): m/z (%): 953.8 (100) [M]ÿ , 895.9 (5)
[Mÿ 2Hÿ 2(CO)]ÿ , 796.1 (10) [MÿRhÿ 2(CO)]ÿ). Oxidation to rho-
dium(iii) was achieved by dissolving the green solids in a mixture of CH2Cl2


and hexane, and stirring the solution for overnight in an open flask in the
presence of excess P(C6H11)3. Chromatography released some 4 (from
demetallation), followed by red 6 b, which was recrystallized from CH2Cl2


and n-hexane. The yield from several syntheses was 43 ± 45 %. 1H NMR
(200 MHz, CDCl3): d� 8.85 (d, 3J(H,H)� 4.36 Hz, 2 H; b-pyrrole H), 8.51
(d, 3J(H,H)� 3.77 Hz, 2H; b-pyrrole H), 8.32 (d, 3J(H,H)� 4.62 Hz, 2 H; b-
pyrrole H), 8.22 (d, 3J(H,H)� 4.32 Hz, 2 H; b-pyrrole H), 1.5 to ÿ1 (m,
22H; unresolved ligand resonances); 19F NMR (188 MHz, CDCl3): d�
ÿ137.53 (m, 3F; ortho-F), ÿ137.90 (dd, 3J(F,F)� 24.1 Hz, 4J(F,F)� 7.3 Hz,
2F; ortho-F), ÿ138.51 (dd, 3J(F,F)� 24.4 Hz, 4J(F,F)� 7.1 Hz, 1F; ortho-
F), ÿ154.32 (t, 3J(F,F)� 20.8 Hz, 3F; para-F), ÿ162.49 (m, 3F; meta-F),
ÿ162.98 (m, 3F; meta-F); UV/Vis (CH2Cl2): lmax (e� 10ÿ4)� 402 (6.8), 418
(sh), 558 (1.3), 582 nm (sh); MS (DCI�): m/z (%): 1176.9 (100) [M�H]� ,
897.3 (62) [M�HÿP(C6H11)3]� ; MS (DCIÿ): m/z (%): 895.8 (100) [Mÿ
P(C6H11)3]ÿ .


Synthesis of [Rh{H(N22-benz-tpfc)}(PPh)3CO] (12 a): PPh3 (74 mg,
0.28 mmol), dry K2CO3 (0.77 g, 5.6 mmol), and dry NaOAc (1.15 g,
0.014 mol) were added to 11 (25 mg, 0.028 mmol) in dry benzene
(30 mL). After heating the mixture to reflux under Ar, [{Rh(CO)2Cl}2]
(108 mg, 0.28 mmol) was added in portions over 3 hours. After additional
2 hours heating under reflux, the reaction mixture was checked by TLC
(silica, n-hexane/EtOAc 10:1), confirming that all starting material had
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been consumed. The reaction mixture was cooled to 25 8C, filtered, and the
solvent was evaporated. Purification of the material was achieved by
column chromatography (silica gel, n-hexane/EtOAc 100:1, only one
significant fraction), and a brilliant green solid material was obtained after
evaporation of the solvent. The material was recrystallized from benzene
and n-heptane. The average yield of pure 12a from several syntheses was
55 ± 60%. 1H NMR (200 MHz, CDCl3): d� 8.30 (unresolved d, 1 H; b-
pyrrole H), 8.18 (d, 3J(H,H)� 4.39 Hz, 1H; b-pyrrole H), 8.02 (d,
3J(H,H)� 4.45 Hz, 1H; b-pyrrole H), 7.93 (m, 2H), 7.86 (unresolved d,
1H; b-pyrrole H), 7.76 (d, 3J(H,H)� 4.25 Hz, 1 H; b-pyrrole H), 7.60 (d,
3J(H,H)� 4.17 Hz, 1 H; b-pyrrole H), 6.77 (t, 3J(H,H)� 6.30 Hz, 3H; para-
H, PPh3), 6.58 (td, 3J(H,H)� 7.28 Hz, 4J(H,H)� 2.56 Hz, 6 H; meta-H,
PPh3), 6.24 (t, 3J(H,H)� 7.67 Hz, 1 H; para-H, N22-aryl), 6.09 (t, 3J(H,H)�
7.67 Hz, 2H; meta-H, N22-aryl), 5.82 (dd, 3J(H,H)� 11.14 Hz, 4J(H,H)�
8.60 Hz, 6 H; ortho-H, PPh3), 3.71 (d, 3J(H,H)� 7.40 Hz, 2 H; ortho-H, N22-
aryl), 1.34 (s, 1 H; NH), ÿ4.60 (d, 3J(H,H)� 15.02 Hz, 1H; N22-benzyl),
ÿ5.59 (d, 3J(H,H)� 14.89 Hz, 1H; N22-benzyl); 19F NMR (188 MHz,
CDCl3): d�ÿ137.21 (dd, 3J(F,F)� 25.00 Hz, 4J(F,F)� 7.33 Hz, 1 F; ortho-
F), ÿ137.67 (d, 3J(F,F)� 24.82 Hz, 1 F; ortho-F), ÿ138.59 (dd, 3J(F,F)�
20.68 Hz, 4J(F,F)� 9.15 Hz, 1F; ortho-F), ÿ139.91 (m, 2F; ortho-F),
ÿ141.89 (dd, 3J(F,F)� 23.50 Hz, 4J(F,F)� 5.64 Hz, 1F; ortho-F), ÿ152.95
(t, 3J(F,F)� 22.00 Hz, 1 F; para-F), ÿ153.33 (t, 3J(F,F)� 21.24 Hz, 1 F;
para-F), ÿ153.84 (t, 3J(F,F)� 21.81 Hz, 1F; para-F), ÿ161.64 (td, 3J(F,F)�
22.94 Hz, 4J(F,F)� 6.96 Hz, 1 F; meta-F), ÿ162.48 (m, 2 F; meta-F),
ÿ163.32 (m, 3 F; meta-F); UV/Vis (CH2Cl2): lmax (e� 10ÿ4)� 466 (8.4),
614 nm (1.7). MS (DCI�): m/z (%): 1279.1 (100) [M�H]� , 1159 (12)
[M�HÿC7H7ÿCOÿH]� , 897.2 (16) [M�HÿC7H7ÿCOÿHÿPPh3]� ;
MS (DCIÿ): m/z (%): 1278.2 (100) [M]ÿ , 100 %).


Synthesis of [Sn(tpfc)Cl] (8): A solution of 4 (25 mg, 31.4 mmol) and SnCl2 ´
2H2O (100 mg, 0.44 mmol) in DMF (3 mL) was heated to reflux for
30 minutes. The solvent was evaporated in a vacuum, and the residue was
dissolved in CH2Cl2 and filtered. The filtrate was washed with concentrated
HCl solution and evaporated. After recrystallization from hexane/CH2Cl2,
8 was obtained as dark violet crystals in 85 % yield (25.3 mg, 26.7 mmol).
1H NMR (200 MHz, CDCl3): d� 9.4 (d, 3J(H,H)� 4.3 Hz, 2H; b-pyrrole),
9.0 (d, 3J(H,H)� 4.9 Hz, 2H; b-pyrrole), 8.9 (m, 4 H; b-pyrrole); 19F NMR
(188 MHz, CDCl3): d�ÿ136.5 (dd, 3J(F,F)� 22.6 Hz, 4J(F,F)� 11.0 Hz,
2F; ortho-F), ÿ136.6 (dd, 3J(F,F)� 22.6 Hz, 4J(F,F)� 9.0 Hz, 1 F; ortho-F),
ÿ137.9 (dd, 3J(F,F)� 22.6 Hz, 4J(F,F)� 9.0 Hz, 1F; ortho-F), ÿ138.2 (dd,
3J(F,F)� 24.9 Hz, 4J(F,F)� 9.0 Hz, 2F; ortho-F), ÿ152.0 (t, 3J(F,F)�
22.6 Hz, 2F; para-F), ÿ152.2 (t, 3J(F,F)� 22.6 Hz, 1 F; para-F), ÿ161.7
(m, 6 F; meta-F); UV/Vis (CH2Cl2): lmax (e� 10ÿ4): 396 (4.7), 416 (21.5), 566
(1.5), 588 nm (1.4); MS (DCI�): m/z (%): 949.0 (100) [M�H]� , 912.9 (20)
[M�HÿCl]� .


Synthesis of [P(tpfc)(OH)2] (9): POCl3 (400 mL, 4.3 mmol) was added in
one portion to a boiling solution of 4 (40 mg, 50.2 mmol) in pyridine (4 mL)
under N2. After 30 minutes of heating under reflux the solvent was
evaporated, and the residue was dissolved in CH2Cl2 and filtered. The
filtrate was washed with HCl (0.1m), dried, and evaporated. The residue
was passed through a column of silica with CH2Cl2 as eluent, to remove
excess of inorganic salts. After recrystallization from hexane/CH2Cl2, 9 was
obtained as red crystals in 87% yield (37.5 mg, 43.7 mmol). 1H NMR
(400 MHz, [D6]benzene): d� 8.9 (dd, 3J(H,H)� 4.5 Hz, 4J(P,H)� 2.4 Hz,
2H; b-pyrrole H), 8.8 (dd, 3J(H,H)� 4.7 Hz, 4J(P,H)� 2.1 Hz, 2 H; b-
pyrrole H), 8.7 (dd, 3J(H,H)� 4.0 Hz, 4J(P,H)� 2.7 Hz, 2 H; b-pyrrole H),
8.6 (dd, 3J(H,H)� 4.4 Hz, 4J(P,H)� 3.3 Hz, 2H; b-pyrrole H), ÿ5.3 (br s,
2H; OH); 19F NMR (188 MHz, [D6]benzene): d�ÿ137.60 (dd, 3J(F,F)�
24.6 Hz, 4J� 8.5 Hz, 6 F; ortho-F), ÿ151.7 (t, 3J(F,F)� 21.2, 1F; para-F),
ÿ151.8 (t, 3J(F,F)� 21.8, 2F; para-F), ÿ161.5 (m, 6 F; meta-F); UV/Vis
(CH2Cl2): lmax (e� 10ÿ4): 388 (10.3), 410 (45.3), 560 (5.2), 582 nm (6.6); MS
(DCIÿ): m/z (%): 858.1 (20) [M]ÿ , 912.9 (100) [MÿH2O]ÿ .


Synthesis of [Ge(tpfc)Cl] (7a): GeCl4 (200 mL, 1.7 mmol) was added in one
portion to a boiling solution of 4 (20 mg, 25.1 mmol) in DMF (3 mL). After
30 minutes of heating under reflux the solvent was evaporated, and the
residue was dissolved in CH2Cl2 and filtered. The filtrate was washed with
HCl (0.1m), dried and evaporated. After recrystallization from benzene/
heptane, 7a was obtained as dark violet crystals in 90 % yield (20.4 mg,
22.6 mmol). 1H NMR (200 MHz, CDCl3): d� 9.6 (d, 3J(H,H)� 3.9 Hz, 2H;
b-pyrrole H), 9.1 (m, 4H; b-pyrrole H), 8.9 (d, 3J(H,H)� 4.1 Hz, 2H; b-
pyrrole H); 19F NMR (188 MHz, CDCl3): d�ÿ136.4 (d, 3J(F,F)� 25.0 Hz,
3F; ortho-F) ÿ137.7 (d, 3J(F,F)� 24.0 Hz, 3 F; ortho-F), ÿ151.80 (t,


3J(F,F)� 20.0 Hz, 3F; para-F), ÿ161.3 (m, 6F; para-F); UV/Vis (CH2Cl2):
lmax� (e� 10ÿ4): 394 (6.0), 410 (17.1), 562 (1.9), 576 nm (2.1); MS (DCI�):
m/z (%): 903.0 (100) [M�H]� , 867.0 (65) [M�HÿCl]� .


Synthesis of [Ge(tpfc)OH] (7b): Compound 7 a (20 mg, 22.2 mmol) was
passed through a column of silica with CH2Cl2 as eluent. After recrystal-
lization from hexane/CH2Cl2 7 b was obtained as red crystals in 83 % yield
(14.7 mg, 16.6 mmol). 1H NMR (200 MHz, [D6]benzene): d� 9.2 (d,
3J(H,H)� 4.4 Hz, 2 H; b-pyrrole H), 8.8 (d, 3J(H,H)� 4.8 Hz, 2 H; b-
pyrrole H), 8.6 (m, 4 H; b-pyrrole H), ÿ5.1 (br s, 1H; OH); 19F NMR
(188 MHz, [D6]benzene): d�ÿ137.3 (dd, 3J(F,F)� 21.0 Hz, 4J(F,F)�
8.0 Hz, 2 F; ortho-F), ÿ1337.5 (dd, 3J(F,F)� 25.0 Hz, 4J(F,F)� 8.0 Hz, 1 F;
ortho-F), ÿ138.3 (dd, 3J(F,F)� 25.2 Hz, 4J(F,F)� 8.0 Hz, 1 F; ortho-F),
ÿ138.5 (dd, 3J(F,F)� 23.9 Hz, 4J(F,F)� 8.0 Hz, 2F; ortho-F), ÿ151.9 (t,
3J(F,F)� 22.5 Hz, 1F; para-F), ÿ152.0 (t, 3J(F,F)� 21.2 Hz, 2F; para-F),
ÿ161.3 (m, 3 F; meta-F), ÿ162.0 (m, 3 F; meta-F); UV/Vis (CH2Cl2): lmax


(e� 10ÿ4): 386 (3.8), 410 (20.7), 560 (1.7), 576 nm (1.5); MS (DCI�): m/z
(%): 883.4 (80) [MÿH]� , 867.0 (100) [MÿOH]� ; MS (DCIÿ): m/z (%):
884.2 (100) [M]ÿ .


X-ray crystallography of 5 e, 5 c, and 12a : X-ray quality crystals of these
complexes were obtained by slow recrystallization from mixtures of
acetonitrile/n-heptane, diethyl ether/n-heptane (in the presence of pyr-
idine), and benzene/n-heptane, respectively. The diffraction data were
collected on a Nonius KappaCCD diffractometer with MoKa (l� 0.7107 �)
radiation and reduced to intensities by DENZO.[38] The crystal structures
were solved by a combination of Patterson and direct methods (DIRDIF-
96 and SIR-92)[39, 40] and refined by full-matrix least-squares on F 2


(SHELXL-97).[41] All non-hydrogen atoms were treated anisotropically
(expect for atoms of the partly disordered molecules of the respective
crystallization solvents, which were refined in an isotropic manner). The
hydrogen atoms were located in calculated positions to correspond to
standard bond lengths and angles, the methyl substituents were treated as
rigid groups. The small size of the crystals and their solvent content dictated
low-temperature measurements in order to enhance their diffraction.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-147594 (5e),
CCDC-147594 (5c), and CCDC-147596 (12 a). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk). The selected crystallographic data for the analyzed
structures are:


[{Fe(tpfc)}2O] (5e): (C37H8F15FeN4)2O ´ C7H16, Mr� 1814.85, orthorhombic,
space group Pbca, a� 13.100(1), b� 30.512(1), c� 35.631(1) �, V�
14242.0(5) �3, Z� 8, T� 110 K, 1calcd� 1.693 g cmÿ3, m (MoKa)�
0.54 mmÿ1, 12628 unique reflections, R1� 0.068 for 7532 observed reflec-
tions with Fo> 4 s(Fo), R1� 0.134 (wR2� 0.244) for all unique data, jD1 j�
1.48 e �ÿ3. One mole of partly disordered n-heptane solvent was included
in the crystal lattice.


[Fe(tpfc)(py)2] (5c): C47H18F15FeN6 ´ 1.5 (C5H5N), Mr� 1126.17, monoclinic,
space group C2/c, a� 40.725(2), b� 8.672(3), c� 26.896(1) �, b� 97.96(1)8,
V� 9407.2(7) �3, Z� 8, T� 115 K, 1calcd� 1.590 g cmÿ3, m (MoKa)�
0.43 mmÿ1, 8736 unique reflections, R1� 0.101 for 6118 observed reflections
with Fo> 4s(Fo), R1� 0.140 (wR2� 0.276) for all unique data, jD1 j�
0.85 e�ÿ3. The precision of this determination was affected by structural
disorder of some fragments of the structure. Thus, the central C6F5 ring
revealed partial orientational disorder, which could not be resolved. The
pyridine molecules contained in the crystal lattice (1.5 molecules per
asymmetric unit) appear severely disordered as well.


[Rh{H(N22-benz-tpfc)}(CO)(PPh3)] (12 a): C63H31F15N4OPRh ´ 0.5 (C6H6),
Mr� 1317.85, monoclinic, space group C2/c, a� 34.711(1), b� 13.143(1),
c� 26.951(1) �, b� 117.81(1)8, V� 10874.8(7) �3, Z� 8, T� 115 K, 1calcd�
1.610 g cmÿ3, m (MoKa)� 0.45 mmÿ1, 9718 unique reflections, R1� 0.068 for
5288 observed reflections with Fo> 4 s(Fo), R1� 0.116 (wR2� 0.169) for all
unique data, jD1 j� 1.08 e�ÿ3. One molecule of the benzene solvent was
located on a twofold rotation axis.


Spectroscopy of metallocorrole cation radicals : Samples for ESR spectro-
scopy were prepared by putting the solid metallocorrole (2 mg, 2.3 mmol)
together with the hexachloroantimonate salt of dibenzo-1,4-dioxin cation
radical (0.5 mg, 1 mmol) in a quartz ESR cuvette and degassing that tube by
vacuum. Dry and degassed CH2Cl2 (0.3 mL) was added by vacuum transfer
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into the ESR tube cooled with liquid nitrogen. The tube was sealed and
kept frozen until used for measurements. The g values (CH2Cl2 at room
temperature) of 7 b, 8, and 9 were 2.0146, 2.0125, and 2.0136, with
linewidths of 20, 4, and 6 G, respectively.


General procedure for the catalytic cyclopropanation of styrene by EDA :
The catalyst (0.4 ± 0.7 mmol) was dissolved in CH2Cl2 or benzene for the
preparation of a 0.27 ± 0.33 mm solution of the catalyst. Styrene (2 ±
3.5 mmol), nitrobenzene (as an internal standard; 40 ± 70 mmol), and
EDA (0.2 ± 0.35 mmol) were added to this solution under argon. In most
cases, the mixture was stirred at room temperature until no more EDA was
detected by TLC. Such reaction mixtures were checked by GC without any
workup procedures for determination of the yield of syn- and anti-
cyclopropyl esters and the yield of diethyl maleate (no fumarate was
obtained in any of the metallocorrole-catalyzed cyclopropanation reac-
tions). In the cases of incomplete reactions, the residual EDA was first
consumed by washing the reaction mixture with a HCl (2m), followed by
washing with saturated solution of NaHCO3, water, and drying. This
workup procedure was necessary for preventing the thermal reaction
between styrene and EDA in the GC injector. The GC retention times of
nitrobenzene, diethyl maleate, diethyl fumarate, the syn-, and anti-cyclo-
propyl ester are 6.95, 8.50, 8.75, 12.81, and 13.50 min, respectively, under
the following conditions: initial (3 min) and final temperatures of 80 and
200 8C, respectively, heating rate of 10 8C minÿ1, at 7 psi. The identification
of the cis- and trans-cyclopropyl ester isomers was based on comparison
with the results obtained with [Fe(tpfp)Cl] as catalyst,[33] and that of the
other materials by injection of commercially available substrates.


General procedure for the catalytic cyclopropanation of styrene by the
chiral carbenoid 13 : The catalyst (0.4 ± 0.7 mmol) was dissolved in CH2Cl2


for the preparation of a 0.25 ± 0.30 mm solution of catalyst. Styrene
(0.4 mmol), internal standard (1 ± 1.5 mg, 4 ± 6 mmol), and 13 (40 ±
70 mmol) were added to this solution under argon. The mixture was stirred
at room temperature for the time indicated in Tables 3, 5 and 6. Prior to
determination of the cyclopropanation results by GC, excess styrene
(elutes with hexane) was separated from all other materials (eluted with
CH2Cl2) by chromatography on silica in order to prevent the thermal
reaction between carbenoid and styrene in the GC detector. The GC
retention times (isothermal, 210 8C, 20 psi) of the syn-diastereoisomers are
23.5 and 26.3 min for (R,S) and (S,R), respectively, and 30.3 and 34.3 min
for the (R,R) and (S,S) anti-diastereoisomers, respectively. The identifica-
tion of the isomers was based on comparison with the results obtained with
[Rh2(OAc)4] as catalyst.[38]
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CÿC versus CÿO Anionic Domino Cycloalkylation of Stabilized Carbanions:
Facile One-Pot Stereoselective Preparation of Functionalized Bridged
Bicycloalkanones and Cyclic Enol Ethers
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Abstract: a,a'-Diactivated cyclic- or
acyclic ketones undergo a chemoselec-
tive base promoted (K2CO3, DBU) one-
pot CÿC cycloalkylation, with 1,3- and
1,4-dihalides having a cis-like fixed con-
figuration. This reaction gives highly
functionalized bicyclo[3.2.1]octan-9-one
and bicyclo[4.2.1]nonan-9-one deriva-
tives, which are easily transformed to
seven- and eight-membered rings
through a high yield retro-Dieckmann


cleavage. Starting from trans-1,4-dibro-
mo-2-butenes, the transformation is gov-
erned by stereoelectronic factors and
leads, through a chemo- and stereose-
lective CÿO cycloalkylation, to syntheti-
cally valuable monocyclic or fused poly-
cyclic functionalized enol ethers of high


synthetic value. Semiempirical calcula-
tions showed a small difference in en-
ergy and the late character of the
transition states leading to cis and trans
isomers of the corresponding fused poly-
cyclic enol ethers. These results, al-
though minimizing the influence of a
destabilizing 1,3-interaction on the out-
come of the reaction, are qualitatively in
agreement with the experimental re-
sults.


Keywords: carbanions ´ cycloalky-
lation ´ domino reactions ´ enols


Introduction


Stabilized carbanions such as enolates are well-recognized as
very important and versatile synthetic tools in organic syn-
thesis, and they constitute ambident nucleophiles allowing
functionalization at either carbon and oxygen.[1] In this family,
mono- and dianionic species derived from b-dicarbonyl
compounds have been extensively studied over the years,[2]


and constitute nowadays the corner-stone of many important
and synthetically useful methodologies for the regio-, chemo-,
and stereoselective carbonÿcarbon and carbonÿoxygen bonds
formation.[3] However, in spite of the synthetic usefulness of
these systems, only few reports deal with the reactivity of
readily accessible 1,3-diactivated ketones.[4] In the acyclic


version, utilization of commercially available dialkyl 1,3-
acetonedicarboxylates has led to interesting transformations
by reaction with various dielectrophiles such as 1,3-diacetals,[5]


1,2-dicarbonyls,[6] a-bromomethyl acrylates,[7] 1-aza-1,3-buta-
dienes,[8] a,b-unsaturated aldehydes,[9] bisbromomethyl aro-
matics,[10, 11a] and other a,w-dihalides.[11b,c] On the other hand,
the chemistry of anionic species derived from cyclic 1,3-
ketodicarboxylates has found only limited applications. Se-
lective CÿC dialkylation of six-membered ring precursors has
been used for the preparation of bridged bicyclo[3.3.1]no-
nanes[7, 12] and good yields of functionalized bicyclo[4.2.1]no-
nanones,[13] bicyclo[4.3.1]decanones,[11] bicyclo[4.4.1]undeca-
nones,[10b, 11] bicyclo[5.4.1]dodecanones,[11b] and bicyclo[5.5.1]-
tridecanones[11b] were reported by condensation of five- to
seven-membered ring a,a'-ketodiesters with a,w-dihalides. In
sharp contrast with these results, the chemoselective CÿO
cycloalkylation of such 1,3-diactivated cycloalkanones result-
ing in the formation of synthetically valuable functionalized
cyclic enol ethers[14] was completely unexplored.[15]


It is the purpose of this paper to describe, in full detail, the
scope and limitations of the reactivity of stabilized carbanions
derived from acyclic and cyclic 1,3-ketodicarboxylates 1
towards various a,w-dihalides 2 for the regio-, chemo-, and
stereoselective formation of functionalized bridged bicycloal-
kanones 3 or cyclic enol ethers 4 (Scheme 1). We also present
some aspects of the reactivity of these intermediates for the
preparation of monocyclic and fused-polycyclic seven- and
eight-membered rings.
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Scheme 1. CÿC versus CÿO cycloalkylation of acyclic and cyclic ketones 1.


Results and Discussion


CÿC Cycloalkylations of cyclopentanone 1 a, b with 1,3- and
1,4-dihalides 2 e ± m : The results of our study on the one-pot
base-promoted CÿC versus CÿO anionic domino cycloalky-
lation of 1,3-ketodicarboxylates 1 with a,w-dihalides 2 are
reported in Tables 1, 3, and 7. The presence of a-activating
groups allows the enolization of 1,3-ketodicarboxylates under
extremely mild conditions: either K2CO3 or diazabicycloun-
decene (DBU) in acetone or THF. While saturated a,w-
dielectrophiles 2 a ± d were ineffective in the transformation
(Figure 1), more reactive allylic or benzylic conformationally
blocked dihalides 2 e ± m reacted smoothly with dimethyl 2,5-
cyclopentanonedicarboxylate (1 a)[16] to give, through a che-
moselective CÿC cycloalkylation, the expected bicyclo-
[n.2.1]alkan-9-ones 3 a ± h in very good yields under exper-
imental conditions depending on the nature of the electro-
phile (Table 1).


The rate of the transformation was in agreement with the
scale of electrophilicity of the halogen atom. For example,
DBU in hot toluene was needed to reach a 92 % yield in the
case of cis-1,4-dichlorobutene (2 e) (entries 1 and 2) while
more reactive 1,4-dibromides 2 f ± h (entries 3 ± 6) and diiode


Figure 1. Saturated a,w-dielectrophiles.


2 i (entry 7) were cleanly transformed at room temperature
with DBU or K2CO3 in toluene, acetone or THF. As expected,
a double intermolecular 1,3-dialkylation is disfavored com-
pared with an inter ± intramolecular CÿC bond forming
sequence and interestingly, no competitive CÿO cycloalkyla-
tion was detected regardless of the conditions employed. The
method proved to be of general applicability as good yields of
functionalized carbocyclic or fused heterocyclic bicyclo[4.2.1]-
nonan-9-ones 3 a ± e were obtained in a one-pot sequence
starting from 1,4-dihalides 2 e ± i. Similarly, using 1,3-allylic
dihalides 2 j ± m (entries 8 ± 10) the overall process gave
synthetically useful yields of the corresponding alkylidene
bicyclo[3.2.1]octan-9-ones 3 f ± h.


Alternatively, more complex bridged tetra- or hexacyclic
structures 3 i, j could also be reached selectively starting from
readily available Weiss tetraester 1 b[17] (Scheme 2). While 3 j


Scheme 2. Chemoselective CÿC cycloalkylation of ketone 1 b.


was the only product found starting from diodide 2 i,
compound 3 i was obtained as an inseparable mixture (1:1)
with an unidentified but symmetric di-CÿO cycloalkylation
product. From NMR spectra of the crude mixture (see
Experimental Section) both structures A and B can be
proposed (Figure 2). First, the crude 1H NMR spectrum shows


Figure 2. Possible polycyclic structures for the CÿO cycloalkylation
product.


the characteristic AB system expected for the benzylic
protons at the a position of the oxygen atom at d� 4.80 and
d� 5.46, respectively, as two doublets (J� 11.9 Hz). Further-
more, the 13C NMR spectrum shows only 16 signals over the


Abstract in French: Nous deÂcrivons une eÂtude deÂtailleÂe sur la
reÂactiviteÂ de ceÂtones a,a'-diactiveÂes, cycliques ou acycliques,
vis-aÁ-vis de divers dihalogeÂnures en preÂsence d�une base
(K2CO3, DBU). Dans un premier temps, l�utilisation de 1,3-
ou 1,4-dihalogeÂnures allyliques preÂsentant une configuration
cis permet une CÿC cycloalkylation totalement chimioseÂlective
conduisant aÁ des squelettes bicyclo[3.2.1]octan-9-one et bicy-
clo[4.2.1]nonan-9-one fonctionnaliseÂs, preÂcurseurs de noyaux
cycloheptaniques ou cyclooctaniques par l�intermeÂdiare d�une
reÂaction de reÂtro-Dieckmann. Par ailleurs, lorsque les dihalo-
geÂnures sont de configuration trans, la reÂaction est controÃleÂe
par des facteurs steÂreÂoeÂlectroniques et l�on observe alors une
CÿO cycloalkylation chimio- et steÂreÂoseÂlective qui permet
d�obtenir des eÂthers d�eÂnol fonctionnaliseÂs en seÂrie mono- et
polycyclique. Des calculs semiempiriques ont montreÂ une
faible diffeÂrence d�eÂnergie entre les eÂtats de transition condui-
sant aux isomeÁres cis et trans des deÂriveÂs hydrofuraniques ainsi
que leur caracteÁre tardif. Ces reÂsultats, qui tendent aÁ minimiser
une interaction-1,3 deÂstabilisante au niveau des eÂtats de
transition, reste neÂanmoins qualitativement en accord avec les
reÂsultats expeÂrimentaux.
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32 carbon atoms of the molecule, which indicates the
symmetry of the compound. Both, the characteristic deshield-
ed signal of the benzylic carbon atom at the a-position of the
oxygen atom at d� 71.5 and the
shielded one of the enol ether
function at d� 115.5 are pres-
ent together with the conjugate
ester function at d� 163.5.


Interestingly enough, al-
though at least three different
CÿC dialkylated polycyclic sys-
tems C ± E could be formed
(Figure 3), only one symmetric


structure was obtained as
shown by the specific NMR
spectra of 3 i and 3 j. The 1H
NMR spectra indicated the
presence of two distinct me-
thoxy groups as two singlets, at
d� 3.61 and d� 3.80 for 3 i, and
d� 3.44 and d� 3.65 for 3 j. On
the other hand, the 13C NMR
spectra cleary established the
presence of one plane of sym-
metry with the presence of half
of the expected signals (14 over
28 carbon atoms, see Experi-
mental Section). On the basis of
this analysis the two structures
D and E, both having two
planes of symmetry could be
excluded.


Retro-Dieckmann fragmenta-
tion of bridged bicyclic deriva-
tives 3 : Prior to our study, it was
known that bridged bicyclic
derivatives constituted interest-
ing precusors of fused carbo-
cycles by simple fragmentation
reactions.[18] In the case of bicy-
clo[4.2.1]nonanes, this interest-
ing behavior was first observed
by Carruthers[19] in 1973 but
found no further development
probably due to the lack of
general access to functionalized
[4.2.1]bicyclic skeletons.[20] On
the other hand, the formation
and the selective fragmentation
of bicyclo[3.2.1]octanes is well-
documented and constitutes a
powerful method for the ster-
eoselective construction of sev-
en-membered rings.[21]


Since our approach proved to
be of general applicability and
good yields of functionalized
carbocyclic or fused heterocy-


clic bicyclo[n.2.1]alkan-9-ones were obtained in a one-pot
sequence we decided to study the reactivity of such highly
functionalized bridged intermediaites towards the retro-


Table 1. CÿC Cycloalkylations with 1 a (Z�COOMe).[a]


Z


Z


O


Z


Z R


O


1a


2e-m
base n


n = 0, 1
3a-h


Halide Condition[b] t [h] Product[c] Yield [%][d]


1 A 19 30


Cl


Cl


2e


Z


Z


O 3 a


2 B 24[e] 92


3


Br


Br


2 f B 1


Z


Z


O 3 b 100


4
N


Br


Br


Bz


2g B 4


Z


Z


O
N


Bz


3 c 89


5 A 3 79


N


N
Br


Br


2h


Z


Z


O
N


N
3 d


6 C 48 85


7


I


I


2 i A 15


Z


Z


O 3 e 94


8 R�H
2j : X�Cl B 24[f] 3 f 76


9
X


X


R


R�C5H11


2k : X�Cl
2 l : X�Br


C
B


24[f]


18


Z


Z


O
R


3 g
3 g


66
70


R�Ph
10 2m : X�Br B 2 3 h 63


[a] Unless noted otherwise, all reactions were performed at room temperature. [b] A : K2CO3, acetone; B : DBU,
toluene; C : DBU, THF. [c] Determined by 1H NMR spectra of the crude reaction mixture. [d] Isolated. [e] 70 8C.
[f] Reflux.


Figure 3. Possible polycyclic structures for 3 i and 3 j.
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Dieckmann fragmentation leading to the corresponding eight-
and seven-membered ring systems (Scheme 3).


Our previous work in this field[22] allowed us to rapidly find
optimum experimental conditions for the fragmentation of


Scheme 3. Retro-Dieckmann fragmentation of bridged intermediates 3.


bridged intermediates 3. This
step was achieved by simply
heating the substrates in
MeOH in the presence of
1.2 equiv DBU (Table 2) ex-
cepted in the cases of 3 i, j
which revealed stable under
these conditions or even in
the presence of MeOÿNa� in
refluxing MeOH. The retro-
Dieckmann cleavage proved
to be general in all the other
cases and the corresponding
monocyclic eight- and seven-
membered rings (entries 1, 4,
6 ± 8) or fused polycyclic com-
pounds including heteroatomic
structures (entries 2, 3, 5 and
Scheme 6 see below) were ob-
tained with good to excellent
yields. For example the bicy-
clo[6.4.0]dodecane nucleus 5 b,
present in many important nat-
urally occurring cycloocta-
noids, such as taxane, neolem-
nanes, and parvifoline,[23] could
be obtained easily from 3 b in
almost quantitative yield (en-
try 2). The fragmentation of 3 e
(entry 4) is also of interest
since the corresponding eight-
membered ring 5 d conserves
the feature of a synthetically
valuable exocyclic cis-fixed 1,3-
diene.[24] For example, reaction
with dimethylacetylenedicar-
boxylate (6) (DMAD) in re-
fluxing benzene for 26 h gave
the corresponding [6.4.0] bicy-
clic compound 7 in 95 % yield
(Scheme 4).


Alternatively, the same reac-
tion starting from bicyclic in-
termediate 3 e gave the tricyclic
skeleton 3 l bearing a 1,4-diene
unit (Scheme 5).


Scheme 4. Diels ± Alder cycloaddition of diene 5d with DMAD 6.


Cleavage of 3 l under the standard conditions (DBU,
MeOH, reflux) gave rise, after 4 h, to a mixture of three
bicyclo[6.4.0]dodecanes 5 k ± m arising from the isomerization
of the 1,4-diene unit and partial aromatization of the resulting
1,3-dienes 5 k, l. A prolonged reaction time (41 h) provoked a


Table 2. Seven- and eight-membered rings (Z�COOMe).


Bridged Substrate t [h][a] Product Yield [%][c]


(isomer ratio)[b]


1 3a 5


Z


Z
Z


5a 95


2 3b 28


Z


Z
Z


5b 98


3 3d 3


Z


Z
Z


N


N


5c 100


4 3e 6


Z


Z
Z


5d 100


Z


Z
Z


N
H


(6.5)


5e


5


Z


Z


O
N
H


3k[d] 7 � 97


Z


N
H


Z


Z


(1)


5 f


6 3 f : R�H 12 5g 93


7


Z


Z


O
R


3g : R�C5H11 18


Z


R


Z
Z


5h (1:1) 62


8 3h : R�Ph 20 5 i (1.8:1) 77


[a] All reactions were performed in refluxing MeOH. [b] Determined by 1H NMR spectra of the crude reaction
mixture. [c] Isolated. [d] Obtained by debenzoylation (DBU, MeOH, 5 h, RT) of 3c.
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Scheme 5. Diels ± Alder cycloaddition of diene 3e with DMAD 6.


total aromatization but also resulted in the partial decarbox-
ylation of the geminal ester functions to give a 48 % yield of
the C2 symmetric trans-tetraester 5 n as shown by its charac-
teristic NMR spectra (Scheme 6).


Scheme 6. Retro-Dieckmann fragmentation of bridged tricyclic com-
pound 3 l.


Interestingly, in the case of indole 3 k, obtained by
debenzoylation of 3 c with DBU in MeOH (Table 2, entry 5),
the fragmentation proceeds with good regioselectivity to give
the corresponding fused heterocycles 5 e and its regioisomer
5 f in a 6.5:1 ratio determined by 1H NMR spectroscopy.
Selective irradiations and HMQC experiments on the major
isomer 5 e (Figure 4), allowed for the characterization of each


Figure 4. Structure of 5e (Z�COOMe).


signal and gave the localization of protons at C6 and C11 as
characteristic AB systems, at 3.03 (dd, J� 15.0, 3.8 Hz) and
3.17 (dd, J� 15.0, 7.6 Hz), and 3.43 (d, J� 15.1 Hz) and 3.55
(d, J� 15.1 Hz), respectively. On the other hand, the HMBC
spectrum showed a cross-peak due to a 2J(C,H) coupling
constant between the protons at C6 and the C7 at d� 44.7,
while the quaternary carbon C10 at d� 59.2 was correlated
with the protons at C11.


The observed regioselectivity cannot be explained by an
intramolecular activation of the carbomethoxy function at C7
through an intramolecular hydrogen bond since the calculated
interatomic distance is larger than 5.7 �. The stereochemical
outcome of this fragmentation can be best rationalized by
invoking a thermodynamic stabilization of about 7.5 kcal
molÿ1 for the enolate at C7 in F due to the proximity of the
NÿH bond compared with the enolate at C10 in G as shown
by the calculated heats of formation (Scheme 7).


Scheme 7. Regioselective retro-Dieckmann fragmentation of bridged in-
dole 3 k.


Noteworthy this fused indole substructure is found in
caulerpin, a naturally occurring plant growth regulator pig-
ment[25] and constitutes also the basic skeleton of the non-
natural potent tricyclic antidepressant iprindole.[26] Another
example of the synthetic potential of the method is the facile
construction of eight-membered ring 5 c (entry 4) present in
the biologically important quinoxaline series.[27] Alkylidene-
cycloheptanes 5 g ± i could also be obtained in satisfactory
yields starting from bicyclo[3.2.1]octanones 3 f ± h (Table 2,
entries 6 ± 8) with modest regioselectivity depending upon the
bulkiness of the R substituent on the double bond (Table 2,
compare entries 7 and 8).


CÿO Cycloalkylations of ketones 1 with trans-1,4-dihalides
2 n ± q : The chemoselective CÿC cycloalkylation giving bicy-
clo[n.2.1]alkanones as precusors of functionalized seven- and
eight-membered rings, proved to be general with cis-fixed
a,w-dihalides. From these results, and by considering stereo-
electronic factors[28] we surmised that the transformation with
trans-dihalides should evolve through a C-alkylation/intra-
molecular SN' O-displacement to form fused functionalized
tetrahydrofurans 4 (Scheme 1). Previous work[29] using the
reactivity of activated methylene compounds such as acetoa-
cetates and malonic esters have shown the feasibility of the
sequence leading to monocyclic vinyl substituted dihydrofur-
ans. This simple pathway, applied to more elaborated
substrates, could easily give access to stereodefined and
highly functionalized reduced furan structures[30] which
abound in nature and have attracted considerable atten-
tion.[31] Moreover, related vinyl derivatives have been used as
powerful reactive intermediates in many interesting stereo-
selective synthetic transformations such as thermal[14a, 32] and
palladium[33]-catalyzed rearrangements, simple addition reac-
tions[34] and tandem addition ± fragmentation sequences.[14b,c,15b]


The overall transformation proved feasible as shown by the
model condensation promoted by K2CO3 in refluxing THF
between commercially available dimethyl 1,3-acetonedicar-
boxylate (1 c) and trans-1,4-dibromobutenes 2 n, o which
allowed the one-pot construction of the expected monocyclic
vinyldihydrofurans 4 a and 4 b with 90 % and 100 % isolated
yield, respectively (Scheme 8).
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Scheme 8. Chemoselective CÿO cycloalkylation of 1c with (E)-1,4-dibro-
mobutenes 2n,o.


The next step was to check the generality and also to deal
with the problem of the regio- and diastereoselectivity. For
this purpose, we first prepared a series of functionalized
mono- and polycyclic 1,3-diactivated ketones 1 d ± h from the
five- to seven-membered ring series by improvement of the
existing experimental proce-
dures.[11] The cyclic version of
the selective CÿO cycloalkyla-
tion was easily accomplished
under the standard conditions
using K2CO3 in refluxing THF
with 1,4-dibromobutenes 2 n, o
(Table 3). In all cases, very good
yields of the expected polycy-
clic enol ethers 4 c ± l were ob-
tained with generally very high
chemical purity after a simple
filtration through a short pad of
Celite.


In sharp contrast with recent
results on the reactivity of
2-substituted cyclohexanone
anions,[15b] the olefin geometry
has a great influence on the
outcome of the overall process
when stabilized enolates, de-
rived from cyclic ketones 1 a,
d ± h, are concerned. Indeed,
while (Z)-1,4-dichloro-2-butene
(2 e) gives exclusively a tandem
CÿC cycloalkylation (Table 1,
entries 1, 2), the reaction with
its trans-isomer 2 n furnishes a
clean CÿO cycloalkylation (Ta-
ble 3). A comparable effect was
observed during the condensa-
tion of ethyl acetoacetate with
(E)- or (Z)-1,4-dibromobu-
tene,[35] while using palladium
chemistry, the anions derived
from acetoacetates and even
from dimethyl 1,3-acetonedi-
carboxylate (1 c) condense with
either (Z)-2-butylene dicarbon-
ates or (Z)-1,4-cycloalkenediol
derivatives to furnish vinyldihy-
drofurans.[36] While the conden-
sation of ketoesters 1 a, e with
(E)-1,4-dibromo-2,3-dimethyl-
but-2-ene (2 o) at room temper-


ature gave similar results (entries 2, 5), interestingly, when
performed in refluxing THF the corresponding bridged
bicyclic compounds 8 a, b arising from a sigmatropic rear-
rangement were also isolated as by-products in a 1:6 and 1:5
ratio, respectively (Scheme 9). This interesting skeletal reor-


Scheme 9. Chemoselective CÿO cycloalkylation of 1a, e with (E)-1,4-
dibromo-2,3-dimethyl-but-2-ene (2 o).


Table 3. Reactions with 1,4-dibromobutenes 2n,o (Z�COOMe).


Ketone Halide t [h][a] Product Yield
(isomer ratio)[b] [%][c]


1 2 n 5 4 c : R�H 87
Z


O
Z


1a
O


Z


R


Z


R


2 2 o 24[d] 4 d : R�Me 95


O
Z


Z


(6.5)


4 e


3


Z


O
Z


1d 2 n 5 � 100


O
Z


Z


(1)


4 f


4 2 n 22 4 g : R�H 90
Z


O
Z


1e
O R


Z


R


Z


5 2 o 18[d]
4 h : R�Me 97


6 2 n 25 4 i : R�H 93
Z


O
Z


1 f
O R


Z


R


Z


7 2 o 20[d] 4 j : R�Me 96


8


Z


O


Z


1g 2 n 21


Z


O


Z


trans:cis = 17:1


4 k 92


9


N


N


Z


O


Z


1h 2 n 9


N


N


Z


O


Z


trans:cis = 6.5:1


4 l 91


[a] Unless noted otherwise, reactions were performed in refluxing THF. [b] Determined by 1H NMR spectra of
the crude reaction mixture. [c] Isolated. [d] Room temperature.
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ganization has been found general in a series of fused
polycyclic tetrahydrofurans allowing an efficient access to
functionalized bridged bicyclo[4.2.1] ring systems.[14a]


We observed total 1,3-diastereocontrol with five- and six-
membered ring cyloalkanones 1 a, d ± f (entries 1 ± 7, Table 3)
leading exclusively to the product bearing the vinyl substitu-
ent trans to the carbomethoxy group at the ring junction.
Moreover, it was found that 3-vinyl substituted cyclopenta-
none 1 d[37] was alkylated at C5 with complete diastereofacial
control and with good regioselectivity to give the expected
vinyl regioisomers 4 e, f in a 6.5:1 ratio (entry 3).


The structures of compounds 4 based by extensive 1H and
13C NMR studies confirmed by thermal rearrangement
leading to the expected bridged bicyclo[4.n.1] derivatives.[14a]


The following general trends can be observed: In the 1H NMR
spectra the signal due to the allylic hydrogen atom of the furan
ring appeared between d� 4.73 ± 5.95 for the major trans
isomers and d� 4.63 ± 4.96 for the cis derivatives, both usually
presenting characteristic coupling constant patterns. On the
other hand, 13C NMR spectra show the allylic methyne of the
furan ring from d� 81 to 94 and the characteristic high field
and low field signals of the enol ether function between d�
98 ± 103 and d� 163 ± 165 corresponding to b and a sp2-C,
respectively. Furthermore, selective irradiations and HMQC
coupled with NOESY interactions allowed for the character-
ization of each signal and for the determination of the
stereochemistry (Figure 5). For example, trans enol ether 4 c,


Figure 5. NOESY interactions for compound 4 c (Z�COOMe).


which serves as a model compound, reveals a characteristic
signal at d� 5.43 (dddd, J� 10.6, 7.2, 5.0, 1.0 Hz) for the allylic
hydrogen atom of the furan ring at C2, which showed a strong
interaction with H3b at d� 2.64 (dd, J� 12.5, 5.0 Hz). This
allowed the localization of H3a at d� 1.68 (dd, J� 12.5,
10.6 Hz) interacting with both H4a at d� 1.84 (ddd, J� 12.5,
10.4, 8.5 Hz) and the vinylic proton at C7.


In the case of compounds 4 e, f (entry 3) a total diaster-
eofacial control was observed and this is probably a conse-
quence of the almost planar structure of the enolate derived
from 1 d. By analogy with related systems bearing a stereo-
genic center at the b position, one can expect that this
endocyclic enolate will be attacked exclusively from the face
opposite to the vinyl sustituent.[38] This imposes a relative
stereochemistry 1,3-cis or 1,2-cis to the carbomethoxy group
at the ring junction and 1,5-trans or 1,4-trans to the vinyl
substituent form by the SN2' substitution in both isomers 4 e
and 4 f, respectively. On the other hand, we observed a good
regioselectivity in favor of 4 e (entry 3) arising from a selective
C-alkylation at the more accessible C5-position. The expected
structure and stereochemistry of 4 e, f were detucted from
extensive 1H and 13C NMR studies using essentially homo-
nuclear correlations as shown on Figure 6 for compound 4 e.


Figure 6. NOESY interactions for compound 4 e (Z�COOMe).


Cycloheptanones 1 g, h also give excellent yields of the
corresponding tri- and tetracyclic enol ethers 4 k, l but
surprisingly, a significant loss of the trans-selectivity was
observed leading to a trans/cis ratio of 17 and 6.5, respectively
(entries 8, 9).


Mechanistic discussion : The overall transformation most
likely proceeds under kinetic control since no equilibration
was observed under the experimental conditions. Moreover,
AM1 calculations,[39] performed on cis and trans bicyclic vinyl
furans 4 c, g, k, and l both in the gas phase and with solvatation
(THF),[40] showed no significant differences for their heats of
formation (Table 4). In order to verify the accuracy of the


semiempirical calculations in our case, we also run ab initio
calculations on both cis and trans isomers of vinyl furans 4 c.
Geometries were optimized at the HF/3-21G* level and
energies both at the HF/3-21G* and HF/6-31G* levels since it
is known that although the first one is accurate enough for
geometries, the latter is more reliable for energies.[41] Energy
results at the HF/6-31G* level show a small difference of
1.55 kcal molÿ1 in favor of the trans isomer. Although this
value is greater than the one obtained with AM1-RHF, it
could not account for the exclusive formation of the trans
isomer under thermodynamic control (Table 5).


Therefore the stereochemical outcome of the overall
transformation could well result from destabilization of
transition state J by 1,3-interaction between the ring junction
carbomethoxy group and the forming vinyl group as postu-
lated by Zhao (Figure 7).[15b]


Table 4. Calculated heats of formation for trans and cis isomers
[kcal molÿ1].


Vinyl ether AM1/RHF AM1/SM
(gas phase) (THF)


trans cis trans cis


4c ÿ 160.65 ÿ 160.62 ÿ 175.63 ÿ 175.65
4g ÿ 177.88 ÿ 177.73 ÿ 192.94 ÿ 192.97
4k ÿ 141.60 ÿ 140.40 ÿ 158.39 ÿ 158.00
4 l ÿ 96.04 ÿ 94.79 ÿ 116.13 ÿ 115.42


Table 5. Total energies calculated for 4c [au] and DE[transÿcis] [kcal molÿ1].


HF/3-21G* DE HF/6-31G*//HF/3-21G* DE
trans cis trans cis


ÿ 871.0265547 ÿ 871.0272253 ÿ 0.42 ÿ 875.8881667 ÿ 875.8856921 1.55
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Figure 7. Possible transition states for the CÿO cycloalkylation.


In order to verify and quantify this hypothesis, we did also
search for the transition states involved in the cyclization of
the intermediate cation free enolate to the corresponding cis
and trans [3.3.0] bicyclic vinyl furans. AM1 calculations were
performed in the gas phase on model enolate H, and with
solvatation (THF)[40] on both enolates H and I which is the
precursor of vinyl furan 4 c (Figure 8).


Figure 8. anti and syn Transition states J and K from AM1/SM (THF)
calculations.


It appears from Table 6 and Figure 8 that in each case the
differences between the two transition states leading to the cis
and trans isomers are very small both for the energy and the
geometry. This is not too surprising considering the length of


the O1ÿC5 bond (1.5045 � and 1.5075 � for the cis and trans
isomers, respectively), which is nearly formed completely and
accounts for the late character of the transition states.
However, although small and unable to account for the
exclusive formation of the trans isomer under kinetic control,
the energy gap between the two transition states leading to the
cis and trans bicyclic isomers, respectively, is always in favor of
the trans isomer.


In conclusion, these calculations, although minimizing the
influence of the 1,3-interaction between the ring junction


carbomethoxy group and the forming vinyl group (3.519 �)
on the outcome of the reaction, are qualitatively[42] in
agreement with the experimental results (Figure 8).


Interestingly enough, the chemoselective CÿO cycloalky-
lation using K2CO3 in THF and 2-substituted 1,4-dibromobu-
tenes 2 p, q also proceeded with a total trans stereoselectivity,
very good chemical yields. A good to excellent regioselectivity
was observed depending on the nature of the substituent at
the C2-position (Table 7). (E)-1,2,4-Tribromobut-2-ene (2 p)
gave 87 to 98 % of the corresponding mono- and bicyclic vinyl
ethers 4 m, p, s bearing a bromine atom at the vinylic position
arising from a highly regioselective C-alkylation at the more
accessible C4 allylic position (entries 1, 3, 5). The by-products
of the reaction are not exceeding 5 %, being furans 9 formed
by dehydrobromination of the other regioisomer under the
reaction conditions. Utilization of (E)-1,4-dibromo-2-methyl-
but-2-ene (2 q) also gave good chemical yields in the mono-,
bi-, and tricyclic series with a total trans stereoselectivity
(entries 2, 4, 6, and 7) but a lower regioselectivity in favor of
the trans-isopropylidene derivatives 4 n, q, t, and v was
observed varying from 1:3 to 1:6 depending on the nature of
the starting ketodiester (compare entries 2 and 4, 6, 7).


Conclusion


The synthetic versatility of stabilized carbanions derived from
easily accessible a,a'-diactivated ketones has been illustrated
by several selective anionic domino reactions with various
a,w-dielectrophiles. The overall transformation is governed
by the nature of the electrophile. A totally chemoselective
CÿC cycloalkylation is found when cis-fixed-1,3- and 1,4-
allylic or benzylic dihalides are used, leading to valuable
bridged bicyclic derivatives of the [3.2.1]octane and
[4.2.1]nonane series as precursors of the corresponding
functionalized seven-and eight-membered rings by a selective
retro-Dieckmann fragmentation. Alternatively, a stereoelec-
tronically controlled CÿO cycloalkylation leads to highly
functionalized and stereochemically defined monocyclic and
fused polycyclic enol ethers when trans-1,4-dihalides are used.
The stereochemical outcome of this heterocyclization has
been tentatively rationalized by semiempirical calculations
for competing diastereomeric transition states. Since the
experimental conditions are extremely simple, inexpensive,
and very mild, we hope that extensions of our methodologies
would be useful for stereoselective preparation of complex
natural and unnatural products.


Experimental Section


General : Melting points were observed in open Pyrex capillary tubes and
are uncorrected. FC (flash chromatography) was performed with Merck
silica gel 60 (230 ± 240 mesh).[43] TLC was performed on Alugram SIL G/
UV 254 silica gel analytical plates with a 250 mm coating. IR spectra were
recorded neat or in CHCl3, and NMR spectra were obtained at 200 or
400 MHz in CDCl3 using residual CHCl3 as internal reference. Elemental
analyses were determined by the Microanalytical Services at the University
of Marseille III.


Table 6. Energies of the transition states J ± M.


TS Energy [kcal molÿ1]
AM1 (gas phase) AM1/SM (THF)


M trans K cis L trans J cis


ÿ 111.08 ÿ 110.28 ÿ 165.95 ÿ 161.49
± ± ÿ 252.37 ÿ 252.22
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Calculations methodology : All calculations reported in this work were
performed using either the semiempirical AM1 method[39] (RHF/AM1)
available in the AMPAC program[44] or the GAUSSIAN 98 package[45] with
the 3-21G* and 6-31G* basis sets at the HF level. AM1 calculations were
run both in the gas phase phase and in a modeled solvent medium.[40] All
transition states reported showed only one negative eigenvalue in their
diagonalized force constant matrices and their belonging to the studied
reaction path was checked by intrinsic reaction coordinate (IRC) in all
semiempirical cases.


Materials : 1,4- and 1,3-Dihalides 2a, b, e, f, h, j, n are commercially
available and were used without further purification. 1,3-Dibromide 2 l was
obtained by reaction of the corresponding dichloride 2 k[46] with NaBr in
acetone under standard conditions and 2 m was obtained by radical allylic
halogenation of 2-methyl-1-phenylprop-1-ene (Fluka) under standard
protocol.[47] Finally, 1,3-dibromide 2c,[48] 1,3-dimesylate 2 d,[49] 1,4-dibro-
mides 2 g, o ± q,[50±52] and diodide 2 i[53] were prepared as previously
described. Commercially available anhydrous analytical grade acetone
(SDS) was used for the condensations while anhydrous MeOH, toluene,
and THF were obtained by distillation from magnesium and sodium/
benzophenone under argon, respectively. Unless otherwise specified, all


reactions involving air or moisture
sensitive compounds were carried out
under an atmosphere of dry argon.


General procedure for the preparation
of bicyclo[n.2.1]alkanones : A solution
of the corresponding dihalide
(1 mmol) in dry solvent (5 mL) was
added with a syringe to a solution of
cyclopentanone dicarboxylate 1 a
(1 mmol) and the appropriate base
(2,5 mmol) in dry solvent (20 mL).
The resulting reaction mixture was
stirred at room temperature or at
reflux under nitrogen for the indicated
time (Table 1). After completion,
when K2CO3 was used, simple filtra-
tion through a short pad of Celite and
evaporation of the filtrate under re-
duced pressure gave the crude bicyclic
compounds, which were purified by
FC. In the case of DBU, the solvent
and the volatiles were first eliminated
under reduced pressure, the residue
was dissolved in Et2O (25 mL), acidi-
fied with 1n HCl (15 mL), and the
organic layer was extracted with Et2O
(3� 30 mL), washed with H2O
(15 mL), and brine (20 mL) to give,
after drying (MgSO4) and evaporation
of the solvent, the crude compounds
which were purified by FC.


9-Oxobicyclo[4.2.1]non-3-ene-1,6-di-
carboxylic dimethyl ester (3a): Rf�
0.33 (diethyl ether/pentane 1:1); IR
(neat): nÄ� 3410, 2255, 1730, 1440,
1295, 910, 735 cmÿ1; 1H NMR: d�
5.65 ± 5.63 (m, 2H), 3.75 (s, 6H),
2.75 ± 2.59 (m, 4H), 2.52 ± 2.35 (m,
2 H), 2.01 ± 1.90 (m, 2H); 13C NMR:
d� 211.2, 171.7, 125.3, 57.6, 52.9, 35.0,
30.4; elemental analysis calcd (%) for
C13H16O5: C 61.90, H 6.39; found: C
60.87, H 5.98.


13-Oxotricyclo[8.2.1.03,8]trideca-
3(8),4,6-triene-1,10-dicarboxylic di-
methyl ester (3b): White crystals;
m.p. 49 ± 51 8C; Rf� 0.67 (diethyl
ether/pentane 7:3); IR (neat): nÄ �
2255, 1735, 1605, 1440, 1260,
1088 cmÿ1; 1H NMR: d� 7.22 (s, 4H),
3.80 (s, 6 H), 3.34 (d, J� 15.7 Hz, 2H),


3.09 (d, J� 15.7 Hz, 2H), 2.51 ± 2.42 (m, 2 H), 1.56 ± 1.46 (m, 2H); 13C
NMR: d� 212.7, 171.8, 136.3, 133.0, 127.6, 60.2, 52.9, 41.8, 27.3; elemental
analysis calcd (%) for C17H18O5: C 67.54, H 6.00; found: C 67.01, H 6.06.


4-Benzoyltetracyclo[11.2.1.03,11.05,10]hexadeca-3(11),5(10),6,8-tetraen-16-
one-1,3-dicarboxylic dimethyl ester (3 c): White crystals; m.p. 108 ± 110 8C;
Rf� 0.50 (diethyl ether/pentane 7:3); IR (neat): nÄ� 3070, 2955, 1760, 1460,
1245, 1060, 910 cmÿ1; 1H NMR: d� 7.75 (d, J� 7.5 Hz, 2H), 7.66 (tt, J� 7.5,
1.3, 1.2 Hz, 1 H), 7.55 (d, J� 7.9 Hz, 1 H), 7.48 (t, J� 7.5 Hz, 2 H), 7.17 (td,
J� 7.9, 0.8 Hz, 1 H), 7.07 (td, J� 8.3, 1.1 Hz, 1H), 6.86 (d, J� 8.3 Hz, 1H),
3.84 (s, 3 H), 3.76 (s, 3 H), 3.50 (d, J� 17.1 Hz, 1H), 3.33 (d, J� 16.1 Hz,
1H), 3.25 (dd, J� 17.1, 1.8 Hz, 1H), 3.18 (dd, J� 16.1, 0.8 Hz, 1H), 2.72 ±
2.66 (m, 2H), 1.94 ± 1.86 (m, 2 H); 13C NMR: d� 212.0, 171.8, 171.3, 169.4,
136.4, 135.1, 133.7, 133.1, 130.3, 130.2 (2CH), 129.1 (2CH), 124.1, 122.6,
118.5, 115.6, 113.8, 60.1, 59.2, 53.1 (2CH3), 35.3, 31.8, 30.2, 29.8; elemental
analysis calcd (%) for C26H23NO6: C 70.10, H 5.20, N 3.14; found: C 70.13,
H 5.33, N 3.13.


Bicyclo[8.2.1][b]quinoxalin-17-one-1,10-dicarboxylic dimethyl ester (3d):
White crystals; m.p. 141 ± 143 8C; Rf� 0.34 (diethyl ether/pentane 9:1); IR
(neat): nÄ � 3155, 2850, 2255, 1740, 1465, 735 cmÿ1; 1H NMR: d� 8.09 ± 8.01


Table 7. Heterocyclizations with 2-substituted 1,4-dibromobutenes 2p,q (Z�COOMe).


Ketone Halide t [h][a] Product (ratio)[b] Yield[%][c]


1 2 p 4[d]


O


Z


ZBr O


Z


Z
98


Z
O


Z 4m � 9a (<5%)


2 1c 2 q 4[d]


O


Z


ZMe O


Z


ZMe
100


4n (6) � 4o (1)


3


Z


O
Z


2 p 2[d]


OBr


Z


Z
O


Z


Z


87


4p � 9b (not observed)


4 1a 2 q 17
O


Z


Z
Me O


Z


Z


Me
96


4q (4) � 4r (1)


5


Z


O
Z


2 p 4[d]


OBr


Z


Z


O


Z


Z


94


1e 4s � 9c (<5%)


6


Z


O
Z


2 q 24
O


Z


Z


Me O


Z


Z


Me 96


1 f 4 t (4) � 4u (1)


7


N


N


Z


O


Z
2 q 24


O
N


N


Me


Z


Z


O
N


N


Z


Z


Me
89


1h 4v (3) � 4w (1)


[a] Unless noted otherwise, all reactions were performed at room temperature in THF. [b] Determined by 1H
NMR spectra of the crude reaction mixture. [c] Isolated. [d] Reflux.
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(m, 2H), 7.99 ± 7.74 (m, 2H), 3.97 (d, J� 16.0 Hz, 2H), 3.84 (s, 6 H), 3.52 (d,
J� 16.0 Hz, 2H), 2.71 ± 2.62 (m, 2H), 1.58 ± 1.48 (m, 2 H); 13C NMR: d�
211.7, 170.8, 152.4, 141.3, 130.2, 128.8, 59.0, 53.2, 44.5, 27.3; elemental
analysis calcd (%) for C19H18N2O5: C 64.40, H 5.12, N 7.91; found: C 65.10,
H 5.98, N 8.06.


3,4-Dimethylene bicyclo[4.2.1]nonan-9-one-1,6-dicarboxylic dimethyl es-
ter (3e): white crystals, m.p. 121 ± 123 8C; Rf� 0.45 (diethyl ether/pentane
1:1); IR (neat): nÄ� 3080, 2925, 1760, 1440, 1250, 1110, 910 cmÿ1; 1H NMR:
d� 4.97 (s, 4 H), 3.73 (s, 6H), 2.88 (d, J� 14.4, 1.0 Hz, 2 H), 2.67 ± 2.57 (m,
2H), 2.50 (d, J� 14.4 Hz, 2H), 2.11 ± 2.02 (m, 2 H); 13C NMR: d� 209.7,
171.6, 146.2, 117.3, 59.1, 52.9, 41.8, 30.5; elemental analysis calcd (%) for
C15H18O5: C 64.74, H 6.52; found: C 64.92, H 6.98.


Tetracyclo[8.8.1.03,8.012,17]nonadeca-3,5,7,12,14,16-hexaen-19-one-1,10-di-
carboxylic dimethyl ester (3 f): Rf� 0.55 (diethyl ether/pentane 1:1); IR
(neat): nÄ� 2955, 1730, 1440, 1240, 1120, 730 cmÿ1; 1H NMR: d� 5.08 ± 5.06
(m, 2H), 3.75 (s, 6 H), 3.00 (br d, J� 14.0 Hz, 2H), 2.63 (br d, J� 14.0 Hz,
2H), 2.54 (m, 2H), 1.91 (m, 2 H); 13C NMR: d� 208.7, 170.6, 139.1, 117.2,
58.4, 52.7, 46.3, 26.5; elemental analysis calcd (%) for C13H16O5: C 61.9, H
6.39; found: C 62.12, H 6.08.


3-Hexylidene bicyclo[3.2.1]octan-8-one-1,5-dicarboxylic dimethyl ester
(3g): Rf� 0.64 (diethyl ether/pentane 7:3); IR (neat): nÄ� 1735, 1435,
1240, 980 cmÿ1; 1H NMR: d� 5.50 (t, J� 7.2 Hz, 1 H), 3.77 (s, 3H), 3.75 (s,
3H), 3.02 ± 2.90 (m, 2H), 2.60 ± 2.43 (m, 4 H), 2.20 ± 1.43 (m, 4H), 1.39 ± 1.20
(m, 6H), 0.87 (t, J� 6.4 Hz, 3 H); 13C NMR: d� 207.8, 170.5, 170.0, 131.6,
128.2, 58.0, 57.8, 51.9, 51.8, 39.3, 37.4, 31.0, 27.6, 26.9, 26.0, 25.7, 22.0, 13.5;
elemental analysis calcd (%) for C18H26O5: C 67.06, H 8.13; found: C 66.73,
H 8.14.


3-Benzylidene bicyclo[3.2.1]octan-8-one-1,5-dicarboxylic dimethyl ester
(3h): Rf� 0.51 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2950, 2360,
1735, 1435, 910 cmÿ1; 1H NMR: d� 7.40 ± 7.20 (m, 5H), 6.67 (s, 1 H), 3.77 (s,
3H), 3.71 (s, 3H), 3.22 ± 3.18 (m, 2H), 2.96 ± 2.89 (m, 1 H), 2.80 ± 2.70 (m,
1H), 2.57 ± 2.46 (m, 2H), 1.76 ± 1.70 (m, 2H); 13C NMR: d� 208.3, 170.5,
136.5, 131.7, 131.6 (2CH), 128.4, 127.1, 120.0 (2CH), 58.6, 58.4, 52.6 (2 CH3),
48.4, 40.7, 26.5, 26.1; elemental analysis calcd (%) for C19H20O5: C 69.50, H
6.14; found: C 70.01, H 6.18.


Mixture of symmetric di-CÿC and di-CÿO cycloalkylation products (1:1):
Rf� 0.63 (diethyl ether/pentane 7:3); IR (neat): nÄ� 3075, 2945, 1765, 1260,
910 cmÿ1; compound 3 i : 1H NMR: d� 7.28 ± 6.99 (m, 8H), 4.30 (d, J�
15.1 Hz, 2H), 3.80 (s, 6 H), 3.61 (s, 6H), 3.13 ± 3.01 (m, 4H), 2.81 (d, J�
10.0 Hz, 2 H), 2.59 (d, J� 10.0 Hz, 2H); 13C NMR (only 16 signals for 32
carbon atoms): d� 208.1, 170.3, 170.0, 137.9, 137.2, 129.4 (2CH), 127.3
(2CH), 62.0, 61.9, 52.1 (2OCH3), 46.3, 44.3, 41.8.


Di-CÿO cycloalkylation product A or B : Characteristic signals: 1H NMR:
d� 7.40 ± 7.30 (m, 8H), 5.46 (d, J� 11.9 Hz, 2H), 4.80 (d, J� 11.9 Hz, 2H),
3.51 (s, 6H), 3.49 (s, 6H); 13C NMR (only 16 signals for 32 carbon atoms)
d� 169.6, 163.5, 161.5, 134.6, 134.2, 132.3, 131.9, 129.2, 128.4, 115.5, 71.5,
64.2, 50.9, 50.8, 46.6, 45.9; compound 3 j : white crystals; m.p. 164 ± 166 8C;
Rf� 0.66 (CHCl3/MeOH 4:1); IR (neat): nÄ� 3084, 2955, 1776, 1624, 1434,
1260, 913 cmÿ1; 1H NMR: d� 5.08 ± 5.01 (m, 4H), 3.65 (s, 3 H), 3.44 (s, 3H),
3.29 (s, 1H), 3.32 (dd, J� 13.5 Hz, 1H), 2.93 (d, J� 16.2 Hz, 1 H), 2.66 (d,
J� 12.8 Hz, 1H), 2.49 (d, J� 12.8 Hz, 1 H); 13C NMR (only 14 signals for 28
carbon atoms): d� 203.4, 169.9, 168.7, 148.6, 145.1, 118.5, 117.8, 63.0, 62.5,
52.1, 51.5, 50.3, 48.4, 41.2; elemental analysis calcd (%) for C28H30O10: C
63.87, H 5.74; found: C 63.04, H 5.86.


1,13-Dimethylcarboxylate-tetracyclo[11.2.03,11.05,10]hexadeca-
3(11),5(10),6,8-tetraen-4H-6-one (3 k): Obtained by debenzoylation
(DBU, MeOH, RT, 5 h of 3c); white crystals; m.p. 177 ± 179 8C; Rf� 0.38
(diethyl ether/pentane 7:3); IR (neat): nÄ� 3070, 1760, 1460, 1245, 1055,
910 cmÿ1; 1H NMR: d� 7.92 (br s, 1H), 7.52 ± 7.04 (m, 4H), 3.83 (s, 3 H), 3.81
(s, 3H), 3.52 ± 3.33 (m, 2H), 3.20 ± 3.08 (m, 2H), 2.71 ± 2.59 (m, 2 H), 1.90 ±
1.82 (m, 2H); 13C NMR: d� 212.6, 172.0, 171.9, 135.2, 130.2, 129.5, 122.3,
119.7, 118.4, 110.4, 107.6, 60.4, 59.3, 53.1, 53.0, 34.8, 32.2, 30.3, 30.1;
elemental analysis calcd (%) for C19H19NO5: C 66.85, H 5.61; found: C
65.09, H 5.86.


General procedure for the Diels ± Alder reaction with DMAD : A strirred
solution of the exocyclic 1,3-diene 3e or 5 d (0.5 mmol) and DMAD
(1.5 mmol) in benzene (10 mL) was refluxed under argon for the indicated
time (Schemes 4 and 5). After completion (TLC), evaporation of the
volatiles under reduced pressure gave the crude adducts 3 l and 7, which
were purified by FC.


1,5,6,10-Tetramethylcarboxylate-tricyclo[8,2,1,03,8]trideca-3(8),5-dien-13-
one (3 l): White crystals; m.p. 129 ± 131 8C; Rf� 0.51 (CH2Cl2/MeOH 98:2);
IR (neat): nÄ� 2955, 1730, 1435, 1275, 910 cmÿ1; 1H NMR: d� 3.75 (s, 6H),
3.74 (s, 6 H), 3.02 (s, 4 H), 2.65 ± 2.57 (m, 4H), 2.38 (d, J� 16.1 Hz, 2H),
1.86 ± 1.77 (m, 2H); 13C NMR: d� 211.6, 171.5, 167.7, 132.0, 124.5, 59.3, 52.9,
52.4, 40.7, 36.2, 29.2; elemental analysis calcd (%) for C21H24O9: C 60.00, H
5.75; found: C 60.54, H 5.84.


2,3,6,6,9-Pentamethylcarboxylate-1,5,7,8,9,10-hexahydro-4H-benzocyclo-
octane (7): Rf� 0.50 (CH2Cl2/MeOH 98:2); IR (neat): nÄ� 3000, 2960, 1730,
1435, 1200, 915 cmÿ1; 1H NMR: d� 3.74 (s, 3H), 3.73 (s, 3H), 3.70 (s, 6H),
3.64 (s, 3H), 3.11 ± 2.96 (m, 3 H), 2.83 ± 2.77 (m, 2 H), 2.50 ± 2.38 (m, 1H),
2.77 ± 2.55 (m, 2H), 2.39 ± 2.12 (m, 2H), 1.98 ± 1.87 (m, 2H), 1.63 ± 1.58 (m,
1H); 13C NMR: d� 175.4, 172.2, 171.8, 168.0, 167.9, 152.2, 132.3, 129.1,
125.2, 58.4, 53.4, 52.8, 52.7, 52.2, 51.8, 44.3, 35.3, 34.9, 33.6, 33.1, 29.0, 25.7;
elemental analysis calcd (%) for C22H28O10: C 58.40, H 6.24; found: C 59.11,
H 6.48.


General procedure for the retro-Dieckmann fragmentation of bicyclic
compounds : A solution of bridged bicyclic compounds 3 (1 mmol) and
DBU (1 mmol) in MeOH (15 mL) was stirred under argon at reflux for the
time indicated in Table 2. After completion (TLC), evaporation of the
volatiles under reduced pressure gave the corresponding crude seven- or
eight-membered rings 5 a ± n, which were purified by FC. Compounds 5a ±
d and 5 g ± i have been fully characterized and described by us, previously.[54]


Cyclooctane[b]indole-7,10,10(11H)-tricarboxylic methyl ester (5e) (major
isomer): White crystals; m.p. 137 ± 139 8C; Rf� 0.44 (diethyl ether/pentane
9:1); IR (neat): nÄ� 3390, 2995, 1725, 1460, 1435, 1270, 1245, 910, 735 cmÿ1;
1H NMR: d� 8.15 (br s, 1 H), 7.38 (d, J� 7.6 Hz, 1 H), 7.24 (d, J� 1.8 Hz,
1H), 7.07 (td, J� 7.0, 0.8, 1H), 7.02 (td, J� 7.3, 0.8 Hz, 1H), 3.72 (s, 3H),
3.68 (s, 3H), 3.66 (s, 3 H), 3.55 (d, J� 15.1 Hz, 1H), 3.43 (d, J� 15.1 Hz,
1H), 3.17 (d, J� 15.0 Hz, 1H), 3.03 (dd, J� 15.0, 3.8 Hz, 1H), 2.84 (m, 1H),
2.08 ± 1.77 (m, 4H); 13C NMR: d� 175.2, 172.3, 171.9, 135.0, 134.3, 128.2,
121.2, 119.3, 118.1, 110.8, 107.4, 59.2, 52.7, 52.6, 52.0, 44.7, 29.0, 27.9, 27.6,
24.7; elemental analysis calcd (%) for C20H23NO6: C 64.33, H 6.21, N 3.25;
found: C 63.98, H 6.19, N 3.68.


Cyclooctane[b]indole-7,7,10(6H)-tricarboxylic methyl ester (5 f) (minor
isomer): not isolated; 13C NMR: d� 175.2, 172.3, 171.9, 135.0, 134.3, 128.2,
121.2, 119.3, 118.1, 110.8, 107.4, 59.6, 53.0, 52.9, 51.8, 45.9, 29.0, 28.8, 25.7,
22.5.


Inseparable mixture of 5k ± m : Characteristic NMR signals of the mixture;
1H NMR: d� 7.44 ± 6.83 (m, 4 H), 3.75 (s, 3 H), 3.69 (s, 3H), 3.65 (s, 3H),
3.64 (s, 3H), 3.62 (s, 3H); 13C NMR: d� 175.3, 173.4, 171.8, 170.8, 166.7,
141.4, 138.5, 127.6, 123.6, 58.9, 52.8, 52.5, 52.3, 52.2, 51.8, 43.7, 37.1, 35.4, 34.8,
31.6, 28.7, 25.2.


5,6,7,8,9,10-Hexahydrobenzocyclooctene-2,3,6,9-tetramethylcarboxylate
(5n): IR (neat): nÄ� 2950, 1730, 1440, 1200, 1035, 980, 790 cmÿ1; 1H NMR:
d� 7.52 (s, 1 H), 7.49 (s, 1 H), 3.88 (s, 3H), 3.87 (s, 3 H), 3.71 (s, 3H), 3.69 (s,
3H), 3.20 ± 2.96 (m, 4H), 2.76 ± 2.48 (m, 2 H), 2.23 ± 1.49 (m, 4H); 13C
NMR: d� 175.0 (2 CO), 174.7 (2CO), 141.8, 142.5, 130.8 (2CH), 130.4,
130.0, 52.7 (2OCH3), 52.0, 51.9, 47.2, 46.4, 34.8, 34.1, 25.9, 25.6; elemental
analysis calcd (%) for C20H24O8: C 61.22, H 6.16; found: C 61.52, H 6.63.


General procedure for the preparation of cyclic enol ethers : Powdered
K2CO3 (2.5 mmol) was added to a solution of keto dicarboxylate 1
(1 mmol) in dry THF (15 mL) and the mixture was stirred under nitrogen
for 15 min at room temperature. The selected 1,4-dihalide 2 (1 mmol) in dry
THF (10 mL) was then added through a syringe and the resulting reaction
mixture was stirred under reflux for the time indicated in Table 3. After
completion (TLC), filtration through a short pad of celite and evaporation
of the volatiles under reduced pressure gave crude enol ethers 4 with very
high chemical purety. Analytical samples were obtained by rapid flash
chromatography on SiO2.


4,5-Dihydro-2-methoxycarbonylmethyl-3-methylcarboxylate-5-vinylfuran
(4a): Rf� 0.59 (diethyl ether/pentane 7:3); IR (neat): nÄ� 3060, 1745, 1700,
1655, 1000, 940 cmÿ1; 1H NMR: d� 5.92 (ddd, J� 17.1, 10.3, 6.6 Hz, 1H),
5.30 (dt, J� 17.1, 1.1 Hz, 1 H), 5.19 (dt, J� 10.3, 1.1 Hz, 1H), 5.13 ± 5.04 (m,
1H), 3.73 (s, 2 H), 3.70 (s, 3H), 3.68 (s, 3H), 3.10 (ddt, J� 14.7, 10.5, 1.0 Hz,
1H), 2.69 (ddt, J� 14.7, 7.7, 1.0 Hz, 1 H); 13C NMR: d� 168.3, 165.4, 162.4,
136.3, 116.5, 103.8, 82.9, 52.0, 50.8, 35.1, 33.4; elemental analysis calcd (%)
for C11H14O5: C 58.40, H 6.24; found: C 58.39, H 6.26.


4,5-Dihydro-5-isopropenyl-2-methoxycarbonylmethyl-5-methyl-3-methyl-
carboxylate furan (4b): Rf� 0.35 (diethyl ether/pentane 7:3); IR (neat):
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nÄ� 2955, 1750, 1700, 1650, 1440, 1245, 1050, 910, 760 cmÿ1; 1H NMR: d�
5.00 ± 4.98 (m, 1 H), 4.81 (t, J� 1.4 Hz, 1 H), 3.74 (s, 2 H), 3.69 (s, 3 H), 3.67
(s, 3 H), 2.93 (dt, J� 14.7, 1.0 Hz, 1 H), 2.68 (dt, J� 14.7, 1.0 Hz, 1H), 1.76 (s,
3H), 1.46 (s, 3 H); 13C NMR: d� 168.5, 165.8, 161.5, 146.7, 109.9, 103.3, 90.1,
52.0, 50.8, 40.8, 33.7, 25.8, 18.2; elemental analysis calcd (%) for C13H18O5:
C 61.41, H 7.13; found: C 61.45, H 7.11.


3a,6-Dimethylcarboxylate-2,3,4,5-tetrahydro-2-vinyl-cyclopenta[b]furan
(4c): White crystals; m.p. 42 ± 44 8C; Rf� 0.39 (diethyl ether/pentane 7:3);
IR (neat): nÄ� 3060, 1730, 1720, 1700, 1670, 1000, 940 cmÿ1; 1H NMR: d�
5.92 (ddd, J� 17.1, 10.4, 7.2 Hz, 1H), 5.43 (dddd, J� 10.6, 7.2, 5.0, 1.0 Hz,
1H), 5.36 (dt, J� 17.1, 1.0 Hz, 1 H), 5.24 (dt, J� 10.4, 1.0 Hz, 1 H), 3.73 (s,
3H), 3.71 (s, 3H), 3.02 (ddd, J� 14.5, 10.4, 6.0 Hz, 1H), 2.75 (dd, J� 14.5,
8.5 Hz, 1H), 2.64 (dd, J� 12.5, 5.0 Hz, 1 H), 2.35 (dd, J� 12.5, 6.0 Hz, 1H),
1.84 (ddd, J� 12.5, 10.4, 8.5 Hz, 1H), 1.68 (dd, J� 12.5, 10.6 Hz, 1H); 13C
NMR: d� 172.8, 170.6, 165.0, 135.7, 118.9, 98.8, 94.2, 64.7, 52.8, 51.3, 40.9,
34.2, 33.9; elemental analysis calcd (%) for C13H16O5: C 61.90, H 6.39;
found: C 61.80, H 6.35.


3a,6-Dimethylcarboxylate-2-isopropenyl-2-methyl-2,3,4,5-tetrahydro-cy-
clopenta[b]furan (4d): Rf� 0.45 (diethyl ether/pentane 7:3); IR (neat) d�
2950, 1730, 1700, 1670, 1440, 1230, 1060, 910 cmÿ1; 1H NMR: d� 5.07 (s,
1H), 4.76 (t, J� 1.4 Hz, 1 H), 3.75 (s, 3H), 3.73 (s, 3H), 2.95 (ddd, J� 14.3,
10.4, 5.7 Hz, 1 H), 2.73 (dd, J� 14.1, 7.7 Hz, 1H), 2.69 (d, J� 12.7 Hz, 1H),
2.21 (dd, J� 12.3, 5.7 Hz, 1 H), 1.97 ± 1.83 (m, 1H), 1.89 (d, J� 12.7 Hz,
1H), 1.76 (t, J� 0.6 Hz, 3 H), 1.45 (s, 3H); 13C NMR: d� 173.8, 170.0, 165.1,
148.1, 109.4, 100.4, 100.2, 64.1, 52.7, 51.1, 44.1, 36.5, 33.0, 25.3, 18.5;
elemental analysis calcd (%) for C15H20O5: C 64.27, H 7.19; found: C 64.21,
H 7.21.


3a,6-Dimethylcarboxylate-2,5-divinyl-2,3,4,5-tetrahydro-cyclopenta[b]fur-
an (4 e): Rf� 0.47 (diethyl ether/pentane 7:3); IR (neat): nÄ� 3080, 1740,
1730, 1700, 1665, 990, 935 cmÿ1; 1H NMR: d� 5.92 (ddd, J� 16.2, 10.3,
7.1 Hz, 1 H), 5.90 (ddd, J� 17.1, 11.6, 6.1 Hz, 1H), 5.42 ± 5.37 (m, 1 H), 5.37
(dt, J� 16.2, 1.0 Hz, 1 H), 5.27 (dt, J� 10.3, 1.0 Hz, 1H), 5.00 (dt, J� 17.1,
1.5 Hz, 1H), 4.96 (dt, J� 11.6, 1.5 Hz, 1 H), 3.79 ± 3.67 (m, 1H), 3.69 (s, 3H),
3.71 (s, 3H), 2.44 (dd, J� 12.7, 4.8 Hz, 1 H), 2.38 (d, J� 12.8 Hz, 1 H), 2.14
(dd, J� 12.8, 8.5 Hz, 1H), 171.5, 1.78 (dd, J� 12.7, 10.8 Hz, 1H); 13C NMR:
d� 173.5, 164.6, 139.1, 135.3, 119.2, 114.1, 100.0, 93.1, 63.3, 52.7, 51.3, 50.0,
41.8, 39.5; elemental analysis calcd (%) for C15H18O5: C 64.74, H 6.52;
found: C 64.86, H 6.36.


3a,6-Dimethylcarboxylate-2,4-divinyl-2,3,4,5-tetrahydro-cyclopenta[b]fur-
an (4 f): Rf� 0.73 (diethyl ether/pentane 7:3); IR (neat): nÄ� 3080, 1760,
1745, 1715, 1665, 1645, 995, 930 cmÿ1; 1H NMR: d� 5.93 (ddd, J� 16.2,
10.3, 7.1 Hz, 1 H), 5.73 (ddd, J� 17.1, 10.4, 6.6 Hz, 1 H), 5.34 (d, J� 16.2,
1H), 5.23 (d, J� 10.3 Hz, 1H), 5.20 ± 5.16 (m, 1H), 5.08 (dt, J� 17.1, 1.1 Hz,
1H), 5.05 (dt, J� 10.4, 1.1 Hz, 1H), 3.72 (s, 3H), 3.71 (s, 3H), 3.08 (dd, J�
13.0, 9.3 Hz, 1 H), 2.95 ± 2.91 (m, 1H), 2.86 (dd, J� 12.2, 4.8 Hz, 1H), 2.84
(dd, J� 13.0, 7.5 Hz, 1 H), 1.64 (dd, J� 12.2, 10.9 Hz, 1 H); 13C NMR: d�
170.8, 170.0, 164.4, 141.1, 135.2, 119.0, 117.4, 98.8, 93.0, 68.2, 52.3, 51.8, 50.9,
39.8, 38.8; elemental analysis calcd (%) for C15H18O5: C 64.74, H 6.52;
found: C 64.66, H 6.41.


3a,7-Dimethylcarboxylate-2,3,5,6-tetrahydro-2-vinyl-4H-benzofuran (4g):
Rf� 0.40 (diethyl ether/pentane 7:3); IR (neat): nÄ� 3070, 1730, 1685,
1650 cmÿ1; 1H NMR: d� 5.83 (dddd, J� 17.1, 10.3, 6.5, 1.0 Hz, 1 H), 5.37
(dt, J� 17.1, 1.0 Hz, 1H), 5.21 (dt, J� 10.3, 1.0 Hz, 1H), 4.86 ± 4.75 (m, 1H),
3.70 (s, 3H), 3.69 (s, 3 H), 2.57 (ddt, J� 12.7, 4.8, 1.0 Hz, 1 H), 2.46 ± 2.40 (m,
1H), 2.44 (dd, J� 8.4, 3.9 Hz, 1H), 1.85 ± 1.78 (m, 1 H), 1.70 ± 1.58 (m, 1H),
1.38 ± 1.31 (m, 3H); 13C NMR: d� 173.5, 167.4, 163.5, 135.7, 118.1, 99.5, 82.1,
55.2, 52.8, 51.2, 42.3, 31.8, 23.7, 19.6; elemental analysis calcd (%) for
C14H18O5: C 63.15, H 6.81; found: C 63.05, H 6.78.


3a,7-Dimethyl-2-isopropenyl-2-methyl-2,3,5,6-tetrahydro-4H-benzofuran
(4h): White crystals; m.p. 92 ± 94 8C; Rf� 0.55 (diethyl ether/pentane 7:3);
IR (neat): nÄ� 2950, 1730, 1700, 1670, 1440, 1380, 1230, 1055, 910, 770 cmÿ1;
1H NMR: d� 5.13 (m, 1H), 4.73 (t, J� 1.4 Hz, 1 H), 3.73 (s, 3 H), 3.72 (s,
3H), 2.64 (d, J� 12.9 Hz, 1 H), 2.30 ± 2.39 (m, 3H), 1.89 (d, J� 12.9 Hz,
1H), 1.74 (m, 3 H), 1.52 ± 1.40 (m, 3H), 1.37 (s, 3 H); 13C NMR: d� 174.8,
167.2, 163.1, 148.5, 109.1, 99.4, 89.0, 54.7, 52.6, 51.0, 45.8, 33.1, 25.2, 23.3, 19.0,
18.5; elemental analysis calcd (%) for C16H22O5: C 65.29, H 7.53; found: C
65.88, H 7.58.


3a,7-Dimethylcarboxylate-5-methylene-2-vinyl-2,3,5,6-tetrahydro-4H-
benzofuran (4 i): Rf� 0.41 (diethyl ether/pentane 7:3); IR (neat): nÄ� 3080,
1785, 1730, 1690, 1010, 865 cmÿ1; 1H NMR: d� 5.88 (ddd, J� 17.0, 10.3,


6.3 Hz, 1H), 5.41 (dt, J� 17.0, 1.2 Hz, 1H), 5.25 (dt, J� 10.3, 1.1 Hz, 1H),
4.92 ± 4.80 (m, 3H), 3.74 (s, 3 H), 3.66 (s, 3H), 3.20 (dm, J� 19.5 Hz, 1H),
3.03 (d, overlapping, J� 19.5 Hz, 1H), 3.00 (d, J� 12.7 Hz, 1H), 2.98 (d,
J� 12.7 Hz, 1 H), 2.66 (dd, J� 12.6, 4.9 Hz, 1H), 2.19 (br d, J� 12.7 Hz,
1H), 1.75 (dd, J� 12.6, 11.3 Hz, 1H); 13C NMR: d� 172.3, 166.6, 163.8,
139.9, 135.2, 118.5, 112.3, 98.3, 83.0, 56.9, 52.6, 51.2, 41.6, 40.9, 31.3;
elemental analysis calcd (%) for C15H18O5: C 64.74, H 6.52; found: C 64.83,
H 6.36.


3a,7-Dimethylcarboxylate-2-isopropenyl-2-methyl-5-methylene-2-vinyl-
2,3,5,6-tetrahydro-4H-benzofuran (4 j): Rf� 0.40 (diethyl ether/pentane
7:3); IR (neat): nÄ� 3155, 3080, 1790, 1730, 1680, 1650, 1215, 890 cmÿ1; 1H
NMR: d� 5.15 (m, 1 H), 4.90 (m, 1 H), 4.77 (m, 2 H), 3.74 (s, 3H), 3.65 (s,
3H), 3.21 (dm, J� 19.7 Hz, 1H), 3.03 (dm, J� 19.7 Hz, 1 H), 2.85 (d, J�
12.6 Hz, 1H), 2.68 (d, J� 12.9 Hz, 1 H), 2.21 (br d, J� 12.6 Hz, 1 H), 1.97 (d,
J� 12.9 Hz, 1H), 1.76 (br s, 3H), 1.37 (s, 3H); 13C NMR: d� 173.9, 166.9,
163.7, 148.3, 140.2, 112.0, 109.5, 98.5, 90.3, 56.8, 52.6, 51.3, 45.3, 42.8, 31.2,
25.4, 18.7; elemental analysis calcd (%) for C17H22O5: C 66.65, H 7.24;
found: C 67.02, H 7.38.


3a,10-Dimethylcarboxylate-1-oxa-2,3,4,9-tetrahydro-2-vinyl-benzo[f]azu-
lene (4k): Two isomers (trans/cis� 17:1): White crystals; m.p. 126 ± 128 8C;
Rf� 0.54 (diethyl ether/pentane 7:3); IR (neat): nÄ� 3080, 1730, 1685, 1640,
975, 940, 920 cmÿ1; elemental analysis calcd (%) for C19H20O5: C 69.50, H
6.14; found: C 68.37, H 5.96.


trans Isomer : 1H NMR: d� 7.01 ± 7.22 (m, 4 H), 5.77 (ddd, J� 17.0, 10.3,
6.3 Hz, 1H), 5.35 (dt, J� 17.0, 1.0 Hz, 1H), 5.19 (dt, J� 10.3, 1.0 Hz, 1H),
4.73 (dddd, J� 11.0, 6.3, 5.0, 1.0 Hz, 1H), 3.76 (s, 3H), 3.71 (d, J� 2.2 Hz,
2H), 3.46 (s, 3H), 3.31 (d, J� 14.0 Hz, 1H), 3.12 (d, J� 14.0 Hz, 1 H), 2.74
(dd, J� 12.4, 5.0 Hz, 1H), 1.83 (dd, J� 12.4, 11.0 Hz, 1 H); 13C NMR: d�
172.8, 168.0, 163.2, 141.1, 135.7, 135.0, 129.5, 129.0, 127.4, 126.6, 118.1, 103.3,
80.8, 58.0, 52.8, 51.7, 41.8, 39.0, 31.5.


cis Isomer : 1H NMR: d� 7.22 ± 7.10 (m, 4 H), 5.76 (ddd, J� 17.1, 10.4,
6.3 Hz, 1 H), 5.28 (dt, J� 17.1, 1.5 Hz, 1 H), 5.11 (dt, J� 10.4, 1.5 Hz, 1H),
4.86 ± 4.87 (m, 1H), 3.71 (s, 3 H), 3.71 (d, J� 2.2 Hz, 2H), 3.38 (s, 3 H), 3.27
(d, J� 14.5 Hz, 1 H), 3.14 (d, J� 14.5 Hz, 1 H), 2.60 (dd, J� 12.7, 3.2 Hz,
1H), 2.28 (dd, J� 12.7, 8.4 Hz, 1 H).


3a,12-Dimethyldicarboxylate-2,3,4,11,12,12 a-hexahydro-1-oxa-2-vinyl-
5,10-diazanaphtho[2,3-f]azulene (4 l): Two isomers (trans/cis� 6.5:1):
White crystals; m.p. 152 ± 154 8C; Rf� 0.54 (diethyl ether/pentane 7:3);
IR (neat): nÄ� 3080, 1735, 1690, 1640, 965, 915 cmÿ1; elemental analysis
calcd (%) for C21H20N2O5: C 66.31, H 5.30, N 7.36; found: C 67.01, H 5.66, N
7.57.


trans Isomer : 1H NMR: d� 8.05 ± 7.91 (m, 3 H), 7.73 ± 7.63 (m, 1 H), 5.66
(ddd, J� 17.0, 10.3, 6.2 Hz, 1H), 5.25 (d, J� 17.0 Hz, 1 H), 5.07 (d, J�
10.3 Hz, 1H), 4.96 ± 4.80 (m, 1H), 4.10 (d, J� 15.9 Hz, 1 H), 3.95 (d, J�
15.9 Hz, 1H), 3.76 (s, 3H), 3.63 (s, 3H), 3.72 (d, J� 14.9 Hz, 1H), 3.37 (d,
J� 14.9 Hz, 1H), 2.81 (dd, J� 12.7, 5.4 Hz, 1 H), 1.83 (dd, J� 12.7, 10.3 Hz,
1H); 13C NMR: d� 171.5, 166.3, 163.5, 155.0, 151.2, 140.8, 140.6, 135.0,
129.2, 128.8, 128.4, 128.0, 118.0, 100.8, 81.9, 56.5, 53.0, 51.4, 41.4, 41.2, 33.2.


cis Isomer : 1H NMR: d� 8.05 ± 7.91 (m, 3H), 7.73 ± 7.63 (m, 1H), 5.90 (ddd,
J� 17.0, 10.4, 6.0 Hz, 1 H), 5.27 (d, J� 17.0 Hz, 1H), 5.13 (d, J� 10.4 Hz,
1H), 4.96 ± 4.63 (m, 1H), 4.10 (d, J� 15.9 Hz, 1H), 3.95 (d, J� 15.9 Hz,
1H), 3.75 (s, 3 H), 3.72 (d, J� 14.9 Hz, 1H), 3.62 (s, 3H), 3.37 (d, J�
14.9 Hz, 1H), 2.81 (dd, J� 12.8, 6.6 Hz, 1 H), 2.40 (dd, J� 12.8, 7.3 Hz,
1H); 13C NMR: d� 172.0, 166.2, 165.9, 152.6, 151.3, 140.6, 140.4, 134.9,
129.1, 129.0, 128.3, 127.8, 117.8, 99.6, 82.6, 58.7, 55.4, 51.9, 41.4, 41.2, 33.8.


5-(1-Bromovinyl)-2-methoxycarbonylmethyl-3-methylcarboxylate-4,5-di-
hydrofuran (4m): Rf� 0.53 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2955,
1745, 1710, 1630, 1440, 1240, 1070, 915 cmÿ1; 1H NMR: d� 6.00 (dd, J� 2.1,
1.0 Hz, 1 H), 5.58 (dd, J� 2.1, 1.0 Hz, 1H), 5.16 (ddt, J� 10.9, 7.4, 1.0 Hz,
1H), 3.81 (dd, J� 16.4, 8.1 Hz, 1 H), 3.75 ± 3.65 (m, 1 H), 3.70 (s, 3 H), 3.69
(s, 3 H), 3.15 (ddt, J� 15.2, 10.9, 1.0 Hz, 1H), 2.93 (ddt, J� 15.2, 7.4, 1.0 Hz,
1H); 13C NMR: d� 168.6, 164.3, 162.1, 131.2, 117.9, 104.3, 83.9, 52.4, 51.3,
35.4, 33.6; elemental analysis calcd (%) for C11H13BrO3: C 43.30, H 4.29;
found: C 42.92, H 4.03.


2-Methoxycarbonylmethyl-3-methylcarboxylate-5-vinylfuran (9a): Rf�
0.55 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2960, 1750, 1720, 1440,
1410, 1260, 1075, 790 cmÿ1; 1H NMR: d� 6.51 (s, 1 H), 6.41 (dd, J� 17.5,
11.3 Hz, 1H), 5.67 (dd, J� 17.5, 1.0 Hz, 1H), 5.21 (dd, J� 11.3, 1.0 Hz, 1H),
4.05 (s, 2 H), 3.80 (s, 3H), 3.71 (s, 3 H); 13C NMR: d� 169.0, 163.8, 153.5,
153.4, 124.3, 116.9, 114.1, 108.2, 52.5, 51.6, 33.7.
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Methyl-substituted 4,5-dihydrofurans 4n and 4 o : Two isomers (6:1); Rf�
0.72 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2960, 2905, 1750, 1710, 1655,
1410, 1260, 1070, 800 cmÿ1; elemental analysis calcd (%) for C12H16O5: C
59.99, H 6.71; found: C 59.82, H 6.56.


5-Isopropenyl-2-methoxycarbonylmethyl-3-methylcarboxylate-4,5-dihy-
drofuran (4 n) (major isomer): 1H NMR: d� 5.95 (dd, J� 17.3, 10.8 Hz,
1H), 5.00 (m, 1H), 4.87 (t, J� 1.4 Hz, 1 H), 3.73 (s, 2 H), 3.70 (s, 3 H), 3.68 (s,
3H), 3.07 (ddt, J� 14.8, 11.6, 1.0 Hz, 1 H), 2.73 (ddt, J� 14.8, 8.3, 1.0 Hz,
1H), 1.73 (s, 3H); 13C NMR: d� 168.4, 165.5, 162.6, 143.1, 112.2, 103.9, 85.3,
52.0, 50.8, 34.1, 33.5, 16.5.


5-Methyl-2-methoxycarbonylmethyl-3-methylcarboxylate-5-vinyl-4,5-di-
hydrofuran (4o) (minor isomer): 1H NMR: d� 5.29 ± 5.11 (m, 1H), 5.11 (d,
J� 8.4 Hz, 1H), 5.05 (d, J� 8.4 Hz, 1H), 3.78 (s, 2H), 3.71 (s, 3 H), 3.67 (s,
3H), 2.89 (dt, J� 14.7, 1.0 Hz, 1H), 2.73 (dt, J� 14.7, 1.0 Hz, 1 H), 1.46 (s,
3H); 13C NMR: d� 168.5, 165.7, 161.5, 140.8, 112.8, 103.2, 87.9, 52.0, 50.8,
41.3, 33.6, 26.0.


2-(1-Bromovinyl)-3 a,6-dimethylcarboxylate-2,3,4,5-tetrahydrocyclopen-
ta[b]furan (4p): Rf� 0.51 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2950,
2870, 1730, 1670, 1440, 1290, 1195, 1020, 915 cmÿ1; 1H NMR: d� 6.08 (dd,
J� 2.0, 1.0 Hz, 1H), 5.63 (dd, J� 2.0, 1.0 Hz, 1 H), 5.51 (ddt, J� 10.0, 5.6,
1.0 Hz, 1H), 3.74 (s, 3 H), 3.73 (s, 3 H), 3.07 (ddd, J� 14.4, 10.0, 6.0 Hz, 1H),
2.85 ± 2.73 (m, 1 H), 2.76 (dd, J� 12.5, 5.6 Hz, 1H), 2.42 (dd, J� 12.5,
6.0 Hz, 1H), 1.91 (dd, J� 12.5, 10.0 Hz, 1H), 1.86 (dd, J� 12.5, 10.0 Hz,
1H); 13C NMR: d� 172.3, 169.4, 164.5, 130.4, 118.9, 99.9, 93.8, 63.9, 52.8,
51.4, 40.0, 33.8 (2CH2); elemental analysis calcd (%) for C13H15BrO5: C
47.15, H 5.57; found: C 48.01, H 6.22.


Methyl-substituted 4,5-dihydrofurans 4 q and 4 r : Two isomers (4:1); Rf�
0.48 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2950, 1730, 1700, 1440, 1200,
905 cmÿ1; elemental analysis calcd (%) for C14H18O5: C 63.15, H 6.81;
found: C 63.18, H 6.86.


3a,6-Dimethylcarboxylate-2-methyl-2-vinyl-2,3,4,5-tetrahydrocyclopen-
ta[b]furan (4q) (major isomer): 1H NMR: d� 5.44 (dd, J� 10.5, 5.0 Hz,
1H), 5.09 (s, 1 H), 4.92 (s, 1H), 3.74 (s, 3 H), 3.72 (s, 3 H), 3.05 (ddd, J� 14.4,
9.8, 5.9 Hz, 1 H), 2.77 (dd, J� 14.4, 8.5 Hz, 1 H), 2.64 (dd, J� 12.5, 5.4 Hz,
1H), 2.38 (dd, J� 12.5, 5.9 Hz, 1 H), 1.74 (s, 3H), 1.93 ± 1.67 (m, 2H); 13C
NMR: d� 172.8, 170.7, 165.0, 142.2, 113.1, 98.7, 95.6, 64.5, 52.7, 51.2, 39.4,
34.2, 33.7, 17.1.


3a,6-Dimethylcarboxylate-2-isopropenyl-2,3,4,5-tetrahydrocyclopenta[b]-
furan (4 r) (minor isomer): 13C NMR: d� 172.8, 170.0, 165.0, 142.2, 113.1,
98.7, 95.6, 64.5, 52.7, 51.2, 39.4, 34.2, 33.7, 17.1.


2-(1-Bromovinyl)-3 a,7-dimethylcarboxylate-2,3,5,6-tetrahydro-4H-benzo-
furan (4s): White crystals; m.p. 61 ± 63 8C; Rf� 0.59 (diethyl ether/pentane
7:3); IR (neat): nÄ� 2950, 1735, 1695, 1435, 1270, 1150, 910 cmÿ1; 1H NMR:
d� 6.14 (dd, J� 2.0, 1.0 Hz, 1 H), 5.57 (dd, J� 2.0, 1.0 Hz, 1H), 4.90 (ddt,
J� 10.5, 5.5, 1.0 Hz, 1 H), 3.73 (s, 3H), 3.72 (s, 3 H), 2.76 (dd, J� 12.8,
5.5 Hz, 1H), 2.55 ± 2.21 (m, 3H), 1.91 ± 1.75 (m, 2 H), 1.55 ± 1.27 (m, 2H);
13C NMR: d� 173.0, 166.9, 162.4, 130.1, 117.6, 100.6, 82.9, 54.3, 52.8, 51.2,
41.7, 31.4, 23.5, 19.3; elemental analysis calcd (%) for C14H17BrO5: C 48.71,
H 4.96; found: C 49.43, H 5.47.


5,6-Dihydro-3 a,7-dimethylcarboxylate-2-vinyl-4H-benzofuran (9c): Rf�
0.63 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2950, 1730, 1680, 1435,
1130, 1015, 930 cmÿ1; 1H NMR: d� 6.23 (dd, J� 17.3, 11.0 Hz, 1H), 5.84
(dd, J� 17.3, 0.7 Hz, 1H), 5.42 (dd, J� 11.0, 1.2 Hz, 1H), 5.28 (s, 1H), 3.78
(s, 3H), 3.67 (s, 3 H), 2.66 ± 2.50 (m, 2 H), 2.30 ± 2.16 (m, 1 H), 1.82 ± 1.68 (m,
1H), 1.61 ± 1.40 (m, 2H); 13C NMR: d� 166.5, 163.5, 156.0, 123.9, 119.7,
105.4, 102.9, 59.1, 53.0, 51.6, 29.7, 22.7, 17.9; elemental analysis calcd (%) for
C14H16O5: C 63.63, H 6.10; found: C 63.76, H 6.22.


Methyl-substituted 4,5-dihydrofurans 4 t and 4u : Two isomers (4:1); Rf�
0.47 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2980, 1670, 1443, 1265, 1150,
1005, 905 cmÿ1.


3a,7-Dimethylcarboxylate-2-methyl-5-methylene-2-vinyl-2,3,5,6-tetrahy-
dro-4H-benzofuran (4 t) (major isomer): 1H NMR: d� 5.13 (m, 1H), 4.91
(m, 1 H), 4.83 (m, 2H), 4.87 ± 4.79 (m, 1H), 3.74 (s, 3H), 3.66 (s, 3H), 3.21
(dq, J� 19.5, 1.7 Hz, 1 H), 3.02 (d, J� 19.5 Hz, 1H), 2.97 (d, J� 12.5 Hz,
1H), 2.66 (dd, J� 12.6, 5.1 Hz, 1 H), 2.18 (d, J� 12.5 Hz, 1H), 1.77 (dd, J�
12.6, 11.2 Hz, 1H), 1.73 (s, 3H); 13C NMR: d� 172.6, 166.9, 163.9, 142.0,
140.0, 112.4 (2CH2), 98.4, 84.7, 57.0, 52.7, 51.4, 41.1, 40.6, 31.4, 17.7.


3a,6-Dimethylcarboxylate-2-methyl-2-vinyl-2,3,4,5-tetrahydrocyclopen-
ta[b]furan (4u) (minor isomer): 1H NMR (characteristic signals): d� 5.96


(dd, J� 17.2, 10.7 Hz, 1 H), 5.36 (dd, J� 16.2, 1.1 Hz, 1H), 5.05 (dd, J� 10.7,
1.1 Hz, 1 H), 3.73 (s, 3 H), 3.64 (s, 3H), 2.85 (d, J� 12.7 Hz, 1H), 2.64 (d, J�
13.0 Hz, 1 H), 1.95 (d, J� 13.0 Hz, 1 H).


Methyl-substituted 4,5-dihydrofurans 4 v and 4w: Two isomers (3:1); Rf�
0.45 (diethyl ether/pentane 7:3); IR (neat): nÄ� 2950, 1735, 1690, 1435, 1260,
1135, 910, 730 cmÿ1; elemental analysis calcd (%) for C22H22N2O5: C 66.99,
H 5.62, N 7.10; found: C 67.23, H 5.46, N 7.37.


3a,12-Dimethylcarboxylate-2-isopropenyl-2,3,4,11-tetrahydro-1-oxa-5,10-
diazanaphtho-[2,3-f]azulene (4 v) (major isomer): 1H NMR: d� 8.06 ± 7.64
(m, 4H), 5.06 (s, 1H), 5.02 ± 4.87 (m, 1 H), 4.84 (d, J� 1.2 Hz, 1H), 4.22 (d,
J� 15.9 Hz, 1 H), 4.10 (d, J� 15.9 Hz, 1H), 3.77 (s, 3 H), 3.67 ± 3.04 (m, 2H),
3.60 (s, 3 H), 2.93 (dd, J� 12.6, 5.6 Hz, 1H), 2.06 ± 1.94 (m, 1 H), 1.64 (s,
3H); 13C NMR: d� 171.9, 166.9, 163.8, 155.5, 151.6, 141.9, 141.2, 140.9,
130.3, 129.8, 129.5, 128.2, 112.3, 101.0, 83.9, 56.9, 53.4, 51.9, 41.3, 40.1, 33.4,
17.7.


3a,12-Dimethyl-2-methyl-1-oxa-2,3,4,11-tetrahydro-2-vinyl-5,10-diaza-
naphtho[2,3-f]azulene (4w) (minor isomer): 13C NMR: d� 172.4, 170.2,
166.8, 152.2, 151.9, 141.9, 141.3, 140.8, 130.4, 129.8, 129.1, 128.2, 113.1, 101.0,
84.8, 58.7, 53.2, 52.0, 40.4, 39.8, 34.0, 18.1.


Acknowledgement


We are indebted to Professor D. Liotard from the University of Bordeaux I
for the fruitful dicussions.


[1] L. M. Jackman, B. C. Lange, Tetrahedron 1977, 33, 2737; D. Caine in
Comprehensive Organic Synthesis, Vol. 3 (Eds.: B. M. Trost, I.
Fleming), Pergamon, Oxford, 1991, p. 1; G. S. Thompson, J. A. Hirsch,
J. Org. Chem. 1998, 63, 1098.


[2] T. M. Harris, C. M. Harris, Org. React. 1969, 17, 155; W. J. Le Noble,
Synthesis 1970, 1; E. M. Kaiser, J. D. Petty, P. L. A. Knutson, Synthesis
1977, 509.


[3] C. M. Thompson, D. L. C. Green, Tetrahedron 1991, 47, 4223; C. M.
Thompson, Dianion Chemistry in Organic Synthesis, CRC, Boca
Raton, 1994 ; for a recent review on the chemistry of b-ketoesters, see:
S. Benetti, R. Romagnoli, C. De Risi, G. Spalluto, V. Zanirato, Chem.
Rev. 1995, 95, 1065; M. Moreno-ManÄ as, J. Marquet, A. Vallribera,
Tetrahedron 1996, 52, 3377.


[4] For a study on the related a,a'-dialkylation of unfunctionalized cyclic
and acyclic ketones or using b-ketophosphonates, see: R. B. Bates,
S. R. Taylor, J. Org. Chem. 1994, 59, 245; S. Y. Lee, C.-W. Lee, D. Y.
Oh, J. Org. Chem. 2000, 65, 245.


[5] R. L. Funk, J. F. Fitzgerald, T. A. Olmstead, K. S. Para, J. A. Wos, J.
Am. Chem. Soc. 1993, 115, 8849.


[6] For a review on the Weiss reaction, see: A. K. Gupta, X. Fu, J. P.
Snyder, J. M. Cook, Tetrahedron 1991, 47, 3665.


[7] H. Stetter, K. Elfert, Synthesis 1974, 36.
[8] J. K. F. Geirsson, J. F. Johannesdottir, J. Org. Chem. 1996, 61, 7320.
[9] A. Covarrubias-ZuÂ nÄ iga, E. Ríos-Barrios, J. Org. Chem. 1997, 62, 5688;


A. Covarrubias-ZuÂ nÄ iga, L. A. Maldonado, E. Ríos-Barrios, A. Gon-
zalez-Lucas, Synth. Commun. 1998, 28, 3461; K. Aoyagi, H. Naka-
mura, Y. Yamamoto, J. Org. Chem. 1999, 64, 4148.


[10] a) H. Tada, Y. Takeuchi, Y. Amatatsu, K. Furuichi, M. Kato, S.
Matsumoto, M. Hashimoto, J. Chem. Soc. Perkin Trans. 2 1993, 1305;
b) G. E. Mertzanos, J. Stephanidou-Stephanatou, C. A. Tsoleridis,
Synth. Commun. 1997, 27, 493; c) K. Krohn, C. Freund, U. Floerke,
Eur. J. Org. Chem. 1998, 12, 2713.


[11] a) T. Lavoisier-Gallo, J. Rodriguez, Synth. Commun. 1998, 28, 2259;
b) S. Mataka, K. Takahashi, T. Hirota, K. Takuma, H. Kobayashi, M.
Tashiro, J. Org. Chem. 1986, 51, 4618; c) S. Mataka, T. Mimura, S. T.
Lee, H. Kobayashi, K. Takahashi, M. Tashiro, J. Org. Chem. 1989, 54,
5237.


[12] Y. Huang, X. Lu, Tetrahedron Lett. 1988, 29, 5663.
[13] For preliminary results on the selective CÿC dialkylation of 1,3-


diactivated cyclopentanone, see: T. Lavoisier, J. Rodriguez, Synlett
1995, 1241.


[14] For examples of synthetic transformations of related intermediates,
see: a) T. Lavoisier-Gallo, E. Charonnet, J. Rodriguez, Synthesis 1997,







FULL PAPER J. Rodriguez et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-1068 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 51068


1258, and references therein; b) T. Wang, J. Chen, D. W. Landry, K.
Zhao, Synlett 1995, 543; c) T. Wang, F. Hong, K. Zhao, Tetrahedron
Lett. 1995, 36, 6407.


[15] For preliminary results on the selective CÿO cycloalkylation of cyclic
and acyclic 1,3-diactivated ketones, see: a) T. Lavoisier, J. Rodriguez,
Synlett 1996, 339. While this work was underway a similar approach
concerning the reactivity of a-substituted cyclohexanone anions with
cis- or trans-1,4-dibromo-2-butene has been reported: b) T. Wang, J.
Chen, K. Zhao, J. Org. Chem. 1995, 60, 2668.


[16] A. D. Mitchell, J. F. Thorpe, J. Chem. Soc. 1910, 97, 997.
[17] S. H. Bertz, J. M. Cook, A. Gawish, U. Weiss, Org. Synth. 1986, 64, 27.
[18] C. D. Gutsche, D. Redmore, Carbocyclic Ring Expansion Reactions,


Academic Press, New York, 1968 ; M. Hesse, Ring Enlargement in
Organic Chemistry, VCH, Weinheim, 1991.


[19] W. Carruthers, M. I. Qureshi, J. Chem. Soc. Perkin Trans. 1 1973, 51.
[20] For an excellent review on the synthesis and reactivity of bicy-


clo[4.2.1]nonanes, see: J. Casanova, G. Koukoua, B. Waegell, Bull.
Soc. Chim. Fr. 1990, 127, 528.


[21] For a recent review on the synthesis and reactivity of bicyclo[3.2.1]oc-
tanes, see: M.-H. Filippini, J. Rodriguez, Chem. Rev. 1999, 1, 27.


[22] M. H. Filippini, R. Faure, J. Rodriguez, J. Org. Chem. 1995, 60, 6872.
[23] For a review on eight-membered rings, see: N. A. Petasis, M. A.


Patane, Tetrahedron 1992, 48, 5757.
[24] For other synthetic transformations involving 1,2-bis(methylene)cy-


cloalkanes, see: R. D. Rieke, H. Xiong, J. Org. Chem. 1992, 57, 6560;
E. R. Hieckey, L. A. Paquette, J. Am. Chem. Soc. 1995, 117, 163.


[25] M. F. Raub, J. H. Cardilla III, J. G. Schwede, Phytochemistry 1987, 26,
619. For other related naturally occurring indole structures, see: E.
Wenkert, E. W. Hagaman, N. Kunesch, N.-Y. Wang, B. Zsadon, Helv.
Chim. Acta 1976, 59, 2711.


[26] L. M. Rice, E. Hertz, M. E.Freed, J. Med. Chem. 1964, 7, 313; B. N.
Rosloff, J. M. Davis, Pyschopharmacologia Berlin 1974, 40, 53.


[27] W.-S. Chung, J.-H. Liu, J. Chem. Soc. Chem. Commun. 1997, 205; R. B.
Baudy, L. P. Greenblatt, I. L. Jirkovsky, M. Conklin, R. J. Russo, D. R.
Bramlett, T. A. Emrey, J. T. Simmonds, D. M.Kowal, R. P. Stein, R. P.
Tasse, J. Med. Chem. 1993, 36, 331.


[28] J. E. Baldwin, L. I. Kruse, J. Chem. Soc. Chem. Commun. 1977, 233.
See also ref. [15].


[29] Y. Bahurel, F. Collonges, A. Menet, F. Pautet, A. Poncet, G. Descotes,
Bull. Soc. Chem. Fr. 1971, 2203; A. A. Vardapetian, D. S. Khatcha-
trian, G. A. Panosian, N. M. Morlian, Zh. Org. Khim. SSSR 1986, 22,
2266.


[30] For recent applications of this approach for the construction of
hydrofurans, see for example: T. Lavoisier-Gallo, J. Rodriguez, J. Org.
Chem. 1997, 62, 3787; T. Hayashi, M. Yamane, A. Ohno, J. Org. Chem.
1997, 62, 204; Y. R. Lee, N. S. Kim, B. S. Kim, Tetrahedron Lett. 1997,
38, 5671; P. Li, T. Wang, T. Emge, K. Zhao, J. Am. Chem. Soc. 1998,
120, 7391; E. P. Peçanha, C. A. Fraga, M. E. J. Barreiro, Heterocycles
1998, 48, 2621; S. Arai, K. Nakayama, Y. Suzuki, K.-I. Hatano, T.
Shioiri, Tetrahedron Lett. 1998, 39, 9739; H. Hagiwara, K. Sato, T.
Suzuki, M. Ando, Heterocycles 1999, 51, 497; M. Nakada, Y. Iwata, M.
Takano, Tetrahedron Lett. 1999, 40, 9077; P. Langer, M. Stoll, Angew.
Chem. 1999, 111, 1919; Angew. Chem. Int. Ed. 1999, 38, 1803; P.
Langer, I. Freifeld, E. Holtz, Synlett 2000, 501; P. Langer, I. KarimeÂ,
Synlett 2000, 743.


[31] For a review on synthetic routes to tetrahydrofurans, see: T. L. B.
Boivin, Tetrahedron 1987, 43, 3309. For some recent synthetic
applications of related functionalized tetrahydrofurans, see for
example: V. Dalla, P. Pale, Tetrahedron Lett. 1996, 37, 2777; V. Dalla,
P. Pale, Tetrahedron Lett. 1996, 37, 2781.


[32] S. J. Rhoads, C. F. Brandenburg, J. Am. Chem. Soc. 1966, 88, 4294.
[33] J. Tsuji, Y. Koboyashi, H. Kataoka, T. Takahashi, Tetrahedron Lett.


1980, 21, 1475; B. M. Trost, T. A.Runge, J. Am. Chem. Soc. 1981, 103,
7550; B. M. Trost, T. A.Runge, J. Am. Chem. Soc. 1981, 103, 7559.


[34] H. Nemeto, Tetrahedron Lett. 1994, 35, 7785; B. Lygo, Tetrahedron
1988, 44, 6889.


[35] J.-P. DepreÂs, A. E. Greene, J. Org. Chem. 1984, 49, 928. See also
ref. [29]. For the selective CÿC cycloalkylation of dimethyl malonate
with (Z)-1,4-dichloro-2-butene, see: J.-P. DepreÂs, A. E. Greene, Org.
Synth. 1997, 75, 195.


[36] T. Hayashi, A. Yamamoto, Y. Ito, Tetrahedron Lett. 1988, 29, 669; H.
Yoshizaki, H. Satoh, Y. Sato, S. Nukui, M. Shibasaki, M. Mori, J. Org.
Chem. 1995, 60, 2016.


[37] R. W. Kierstead, R. P. Linstead, B. C. L. Weedon, J. Chem. Soc. 1952,
3616.


[38] For preferred trans alkylation of related endocyclic enolates with an
asymmetric center at the b-position, see: N. Ouvrard, J. Rodriguez, M.
Santelli, Angew. Chem. 1992, 104, 1658; Angew. Chem. Int. Ed. Engl.
1992, 31, 1651, and references therein.


[39] M. J. S. Dewar, E. G. Zoebisch, E. F. Healy, J. J. P. Stewart, J. Am.
Chem. Soc. 1985, 107, 3902.


[40] The SMx solvatation models found in AMPAC were contributed from
the University of Minnesota by G. D. Hawkins, D. A. Liotard, C. J.
Cameron and D. G. Truhlar.


[41] J. B. Foresman, A. Frisch, Exploring Chemistry with Electronic
Structure Methods, 2nd ed., Gaussian Inc., Pittsburgh, PA, 1996.


[42] AM1 calculations do not offer the possibility to modelize the influence
of the potassium cation. Although highly time consuming and
therefore beyond our possibilities, ab initio calculations might provide
a better quantification of the observed selectivity of the reaction.


[43] W. C. Still, M. Hahn, A. Mitra, J. Org. Chem. 1978, 43, 2923.
[44] Calculations were performed with the AMPAC 6.56, Semichem,


Shawnes, KS 66216, USA.
[45] Gaussian 98, Revision A.7, Gaussian, Inc., Pittsburgh, PA, 1998.
[46] K. Opitz, A.-D. Schlüter Angew. Chem. 1989, 101, 513; Angew. Chem.


Int. Ed. Engl. 1989, 28, 456.
[47] R. K. Boeckman, Jr., S. S. Ko, J. Am. Chem. Soc. 1982, 104, 1033.
[48] R. Breslow, J. Pecoraro, T. Sugimoto, Org. Synth. 1997, 57, 41.
[49] R. K. Crossland, K. L. Servis, J. Org. Chem. 1970, 35, 3195.
[50] A. K. Mohanakrishnan, P. C. Srinivasan, Synth. Commun. 1995, 16,


2415.
[51] O. J. Sweeting, J. R. Johnson, J. Am. Chem. Soc. 1946, 68, 1057; A. C.


Cope, F. Kagan, J. Am. Chem. Soc. 1958, 80, 5499.
[52] F. Wille, K. Dirr, H. Kerber, Liebigs Ann. Chem. 1955, 591, 177; A. W.


Johnson, J. Chem. Soc. 1946, 1014.
[53] D. P. G. Hamon, P. R. Spurr, Synthesis 1981, 873.
[54] T. Lavoisier-Gallo, E. Charonnet, J. Rodriguez, J. Org. Chem. 1998, 63,


900.


Received: August 1, 2000 [F2643]








Toward Direct Determination of Conformations of Protein Building Units
from Multidimensional NMR Experiments Part II:
A Theoretical Case Study of Formyl-l-Valine Amide


AndraÂs Perczel*[a] and Attila G. CsaÂszaÂr[b]


Abstract: Chemical shielding anisotro-
py tensors have been determined for all
twenty-seven characteristic conformers
of For-l-Val-NH2 using the GIAO-RHF
formalism with the 6-31�G* and TZ2P
basis sets. The individual chemical shifts
and their conformational averages have
been compared to their experimental
counterparts taken from the BioMag-
netic Resonance Bank (BMRB). At the
highest level of theory applied, for all
nuclei but the amide proton, deviations
between statistically averaged theoret-
ical and experimental chemical shifts are
as low as 1 ± 3 %. Correlated chemical
shift plots of selected nuclei, as function
of the respective f, y, c1, and c2 torsional


angles, have been generated. On two-
dimensional chemical shift ± chemical
shift plots, for example, 1HNH ± 15NNH


and 15NNH ± 13Ca, regions corresponding
to major conformational clusters have
been identified, providing a basis for
the quantitative identification of con-
formers from NMR shift data. Exper-
imental NMR resonances of nuclei of
valine residues have been deduced from
18 selected proteins, resulting in 93


1Ha ± 13Ca chemical shift pairs. These
experimental results have been com-
pared to relevant ab initio values reveal-
ing remarkable correlation between the
two sets of data. Correlations of 1Ha and
13Ca values with backbone conforma-
tional parameters (f and y) have also
been found for all pairs (e.g. 1Ha/f and
13Ca/f) but 1Ha/y. Overall, the appealing
idea of establishing backbone folding of
proteins by employing chemical shift
information alone, obtained from select-
ed multiple-pulse NMR experiments
(e.g. 2D-HSQC, 2D-HMQC, and 3D-
HNCA), has received further support.


Keywords: ab initio calculations ´
chemical shifts ´ conformational
analysis ´ NMR spectroscopy ´
structure elucidation


Introduction


The entrenched protocol for determining the three-dimen-
sional structure of proteins utilizing NMR spectroscopy is
based primarily on the extraction of structural constraints
from nuclear Overhauser exchange spectroscopy (NOESY).[1]


NOEs are first assigned to pairs of atoms (typically protons)
and then converted into distances between spatially close
pairs of atoms.[1±7] Data on selected dihedral angles, with
information on the hydrogen bonds, could complete the set of
constraints employed during structure analysis. Full reso-
nance assignment of 1H, 13C, and 15N nuclei can be achieved
without the use of NOE-type information, through specific
sets of 3D experiments (e.g. HNCA, HN(CO)CA, CBCA-
(CO)NH, HBHA(CO)NH, CC(CO)NH, HCC(CO)NH, and


HCCH-TOCSY),[6] if and only if doubly-labeled (13C and 15N)
protein samples are available. Such resonance assignment
strategies, developed for proteins and based on homo- and
heteronuclear coupling constants,[7] bring forth the hope of
automated spectrum assignment.[8] New techniques emerge to
directly measure angles between bond vectors[9a,b] in the solid
phase and methods are being developed to determine the
secondary structure of proteins in the solid state.[9c] The use of
dipole ± dipole cross-correlated relaxation of double- and
zero-quantum coherences open new frontiers[9d] and can
provide additional sources of information that can comple-
ment NOEs in structure calculation. Nevertheless, even if a
full resonance assignment is obtained without NOEs, the most
common technique, routinely used at present, to acquire the
large number of constraints required for structure elucidation
is based primarily on NOE data. Consequently, in one way or
another proton ± proton distances deduced from dipole ± di-
pole relaxation of protons are quite crucial for the structure
determination of peptides and proteins.


Chemical shift changes of a selected nucleus located in the
same type of amino acid residue at different sites within a
protein are due either to differences in backbone orientations
or to the individual molecular environment. If the conforma-
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tional effect dominates over other environmental changes, it is
reasonable to assume that information on dihedral angles are
coded in the chemical shifts themselves. Computer programs
developed recently, for example TALOS,[10] search chemical
shift databases for strings of adjacent amino acid residues in
order to predict their f,y values. Nicely resolved chemical
shift data can often be obtained from triple-resonance NMR
experiments, since information is spread out in three dimen-
sions. From these 3D data sets useful 2D cuts (e.g., 1H ± 15N,
1H ± 13C, and 15N ± 13C) can be extracted and analyzed. An
increasing number of chemical shifts have become available
for a growing number of proteins investigated by NMR
techniques, and they have been deposited in BMRB.[11] Both
these experimental and the complementary computational
studies[12±17] have clearly established a few structure-induced
13Ca, 15NNH, and 1HNH chemical shift changes in peptides and
proteins. On the other hand, due to the still low number of
protein structures determined by heteronuclear NMR tech-
niques, correlation between backbone conformers and chem-
ical shifts has been established only for the a-helical and b-
sheet regions of the Ramachandran surface.[18±20] Neverthe-
less, these results support the appealing idea that analysis of
NMR chemical shifts could directly provide vital structural
data. However, it is not yet clear whether the analysis of
chemical shifts alone provides an effective alternative to the
distance-based (NOE) strategy for the elucidation of


the dihedral angle space of proteins. If unambiguous
structure ± chemical shift correlations were established
from shielding data, dependable dihedral angles could be
extracted from multiple-pulse experiments (e.g. 2D-
HMQC,[21] 2D-HSQC,[22] and 3D-HNCA[23]). To achieve this
goal a systematic research correlating NMR shieldings of
nuclei with torsional parameters is needed. Today, due to
the lack of large number of reliable experimental data,
theoretical and as such ab initio computation of conforma-
tion-dependent NMR chemical shifts seems to offer the
alternative route in establishing and probing such relation-
ships.[18, 24±31]


The primary goal of ab initio NMR computations on
peptides and proteins has been the determination of chemical
shielding anisotropy (CSA) tensors and chemical shifts of the
13C, 15N, and 1H nuclei.[18, 25±30] Considerable progress has been
achieved since the pioneering study of Jiao and co-workers,[25]


who determined the 13Ca CSA tensor of For-Gly-NH2 as a
function of the backbone conformation. It is now well
established that 13Ca values in the helical and in the extended
backbone conformations are shifted by �2.3 ppm downfield
and �2.9 ppm upfield, respectively, as compared to the
random coil value. Alanine diamide models (e.g. For-l-Ala-
NH2)[18c, 26, 31] proved to be particularly popular for such
studies. In order to investigate the effect of intramolecular
hydrogen bonds on shieldings of different nuclei, for example
on 13C', GIAO-RHF calculations have been performed both
on small model systems (e.g. N-methylacetamide interacting
with formamide[32, 33]) and on larger molecules such as For-
(Ala)5-NH2.[33] The most significant perturbation caused by
hydrogen bonding was observed on carbonyl carbons.[34]


Although alanine-containing peptide models are of impor-
tance to decipher NMR shielding properties of peptides,
additional amino acid residues must be investigated to
understand the influence of different side chains and con-
formations on the NMR properties of nuclei forming the
backbone of proteins. In the present study we attempt to
provide a full NMR description of a peptide model containing
valine, namely For-l-Val-NH2.


Although longer polypeptides and proteins exhibit unique
and more or less stable folds, their building units are
inherently flexible. Few details are known about how tor-
sional angles of amino acid residues take their ªstableº values
when incorporated in proteins. Unlike experiments, compu-
tations can determine the library of all accessible conformers
for any amino acid residue found in these macromolecules.
Therefore, theoretical conformational analysis of computa-
tionally accessible model systems, such as For-l-Val-NH2, are
of considerable utility[35] and nowadays peptide models of the
size of For-l-Val-NH2 can be routinely studied by ab initio
techniques. Nevertheless, results from ab initio calculations
are occasionally ignored or downplayed by skeptics, ques-
tioning particularly the relevance of ªenvironment-freeº
conformers when deciphering protein structures. Therefore,
we must note that in proteins most valines (�80 %) are
buried, often contributing to the hydrophobic core region of
the globular system, where water is mostly excluded. For this
reason we consider ab initio results obtained for hydrophobic
amino acid residues as adequate for ªrealº polypeptide units


Abstract in Hungarian: A For-l-Val-NH2 molekula mind a 27
lehetsØges konformereÂre kiszaÂmítottuk az összes atom NMR
kØmiai eltoloÂdaÂsaÂnak ØrtØkeit a GIAO-RHF formalizmus
valamint a 6-31�G* eÂs a TZ2P baÂzisok. A szaÂmított ØrtØkeket,
valamint azok konformaÂcioÂs aÂtlagait rendre összevetettük a
ªBio Magnetic Resonance Bankº-ban (BMRB) talaÂlhatoÂ
kísØrleti adatokkal. A szaÂmítaÂsoknaÂl alkalmazott legmagasabb
elmØleti szint esetØnÐaz amid protonoktoÂl eltekintveÐaz ösz-
szes atomtípusra igaz, hogy a meghataÂrozott kísØrleti Øs
elmØleti adatok különbsØge mindössze 1 ± 3 relatív szaÂzalØk.
A f, y, c1 Øs c2 torzioÂszögek függvØnyØben elkØszítettük a
fontosabb atomtípusok korrelaÂcioÂs tØrkØpeit. A peptidgerinc
fo}bb konformaÂcioÂs csalaÂdjai joÂl meghataÂrozott Øs egymaÂstoÂl
elkülönülo} alcsoportokat alkotnak olyan kØmiai eltoloÂdaÂs ±
kØmiai eltoloÂdaÂs kØtdimenzioÂs tØrkØpeken, mint pØldaÂul a
1HNH ± 15NNH vagy a 15NNH ± 13Ca felületek. Ez a megfigyelØs elvi
alapkØnt szolgaÂl a molekulaÂris tØrszerkezet NMR-eltoloÂdaÂsØr-
tØkeken alapuloÂ meghataÂrozaÂsaÂnak kvantitatív kidolgozaÂsaÂ-
hoz. Tizennyolc gondosan kivaÂlogatott fehØrje NMR-adatai-
nak analízise a valinra vonatkozoÂan összesen 93 darab 1Ha ±
13Ca adatpaÂrt hataÂrozott meg, Øs ezek a kísØrleti ØrtØkek az
elmØleti szaÂmítaÂsok soraÂn meghataÂrozott adatokkal nagyfokuÂ
egyezØst mutatnak. A 1Ha Øs 13Ca valamint a f Øs y adatok
korrelaÂcioÂja (pl. 1Ha/f, 13Ca/f) a 1Ha/y adatpaÂr kivØtelØvel
rendre szignifikaÂns. A fenti eredmØnyek tovaÂbb ero}sitik azt az
elkØpzelØst, hogy a fehØrjØk gerinckonformaÂcioÂit csupaÂn a
megfelelo} többdimenzioÂs NMR kísØrletekbo}l (pl. 2D-HSQC,
2D-HMQC, 3D-HNCA) meghataÂrozhatoÂ kØmiai eltoloÂdaÂsØr-
tØkek alapjaÂn is meglehet hataÂrozni.
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folded in aqueous media. We also note, especially in this
respect, that one of our recent studies[36] indicates that ab
initio conformers of For-l-Val-NH2 show great similarity
to -Val- conformations found in globular proteins and that
computed relative energies and natural occurrences of
relevant conformers correlate remarkably well.


Using the gauge-including atomic orbital restricted Har-
tree ± Fock (GIAO-RHF) method,[37, 38] the 13C CSA tensors
of For-l-Val-NH2


[18c] have been determined as a function of
the main-chain fold. It has been concluded that a) substitution
on Ca consistently induces larger shielding shift on Cb than on
Ca ;[18c] and b) the f, y, and c1 conformational parameters have
a significant influence on chemical shifts. By careful analyses
of chemical shift changes of Ala and Val residues in proteins
such as calmodulin and nuclease the applicability of a direct
strategy for structure elucidation has been probed,[18c] al-
though the NMR shieldings have been investigated[28] only
with respect to the helical and b-sheet conformations. For all
residues studied 13Ca showed the expected�5 ppm increase in
the isotropic shielding of the b-conformation over the helical
structure. Furthermore, the diagonal tensor elements were all
found to be sensitive to changes in the f, y, and c1 torsion
angles. Pearson and co-workers[27] have found that in a
protein-like nuclease the [f,y] values of Val residues can be
estimated using chemical shifts, although the results obtained
are less dependable than those derived from NOE values or
from J-coupling constraints. In summary, all calculations
indicate that it is possible to deduce certain backbone and side
chain orientations and to some extent even their torsion
angles from 13Ca shielding tensors. Laws and co-workers[39]


have conducted a research project to determine the lowest
appropriate theoretical level (n-particle space) and basis set
(one-particle space) to calculate CSA tensors of peptides.
Somewhat unfortunately, only substandard and split-valence
basis sets [STO-3G, 3-21G, 4-31G, and 6-311�G(2d)] have
been tested on Ala and Val amino acid residues. Nevertheless,
it has been found that chemical shifts of these residues
determined using smaller basis sets correlate remarkably well
with results obtained with larger basis sets, even when the
underlying reference geometries are slightly different. This
opens up the possibility of scaling of chemical shifts computed
under rather different conditions. In a further study of
relevance,[40] by using empirical chemical shift surfaces
Pearson et al. attempted to predict 13C NMR shifts of valine
residues in calmodulin, nuclease, and ubiquitin, utilizing their
X-ray structures. Most RHF results and experimental values
showed worse agreement than expected, which improved
slightly by using density functional theory-type calculations.
Pearson and co-workers[39] have thus concluded that for
accurate chemical shift computations, geometry optimization
and the inclusion of electron correlation in the theoretical
treatment appear to be important.


In this report a library of calculated geometric parameters
and chemical shifts is established for the model peptide For-l-
Val-NH2. Partly because of the lack of detailed experimental
information, it is not obvious what is the best use of the large
number of quantum chemical data in the library. We feel that
a thorough statistical analysis, even in its simplest, linearized
form, offers the best way to confirm existing structure ±
structure, structure ± chemical shift, and chemical shift ±
chemical shift correlations and derive new ones. Therefore,
we compare direct and statistically averaged chemical shifts,
obtained from BMRB, to their theoretically determined
counterparts. Furthermore, an attempt is made to correlate
calculated isotropic NMR shieldings and chemical shifts with
all characteristic backbone conformations[41] of For-l-Val-
NH2, concentrating not only on 13C but also on 15N and
1H NMR shifts. Finally, an effort is made, utilizing exper-
imental and ab initio results determined as part of this study,
to understand valine chemical shifts found in 18 selected
proteins.


Experimental Section


The For-l-Val-NH2 model system is depicted on Figure 1. Average
chemical shifts of all nuclei forming the amino acid core are also reported
therein, as taken from the BioMagnetic Resonance Bank (BMRB).[11]


Computation of NMR chemical shielding anisotropy (CSA) tensors,
performed at the GIAO-RHF (gauge including atomic orbitals restricted
Hartree ± Fock)[37, 38] level employing basis sets of 6-31�G*[42] and TZ2P[43]


quality, utilized the Gaussian94[44] and Gaussian98[45] program packages.


Figure 1. The For-l-Val-NH2 model; approximate chemical shifts of valine
residues within proteins (d values taken from BMRB) are indicated next to
certain nuclei.


Reference geometries employed for CSA computations have been
determined at the 3-21G RHF and 6-311��G** DFT(B3LYP) levels.
The DFT level was employed extensively for geometry optimizations as it
proved to be especially reliable not only for peptides (e.g., For-Gly-NH2,[31]


For-l-Ala-NH2,[31] and For-l-Val-NH2
[36]) but also for neutral amino acids,


such as glycine[46, 47] and a-alanine.[48] Consequently, geometric results
obtained at the DFT level are considered to be much more reliable than the
3-21G RHF ones. Our goal has been to obtain a library of chemical shifts
covering all twenty-seven characteristic conformers of For-l-Val-NH2.
Therefore, in addition to full geometry optimizations, for selected con-
formers constrained geometry optimizations had to be performed keeping
the f and y torsional angles constant at values characteristic for the related
catchment regions. Different combinations of full and constrained geom-
etry optimizations and CSA calculations are designated as levels A1 to B2,
as given on Table 1.


Table 1. Calculations employed for the For-l-Val-NH2 model system.


Level NMR computation Geometry optimization No. of structures Comment


A1 GIAO-RHF/6-31�G* RHF/3-21G 27 full opt. plus [f,y] constraints
A2 GIAO-RHF/6-31�G* RHF/3-21G 20 full optimization
B1 GIAO-RHF/TZ2P B3LYP/6-311��G** 27 full opt. plus [f,y] constraints
B2 GIAO-RHF/TZ2P B3LYP/6-311��G** 18 full optimization
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Selected geometric parameters (including optimized/fixed f and y values),
as well as energies and isotropic chemical shielding values (s scale) are
reported in Table 2 ± 3. When relative chemical shifts (d scale) are used, the
appropriate isotropic chemical shielding values of 1H, 13C, and 15N are
referenced to 1H and 13C of tetramethylsilane (TMS) and to 15N of NH3.


(The reference geometry chosen for NH3 corresponds to the aug-cc-pVTZ
CCSD(T) optimized geometry,[49] while the geometry of TMS has been
optimized at the 3-21G RHF level.).


Average (or random) chemical shifts and associated standard deviations for
Val are taken from data deposited in BMRB[11] (see Figure 1 and Table 4).


Table 2. Selected conformational parameters and ab initio chemical shift (d) values[a] of For-l-Val-NH2 determined at the GIAO-RHF/TZ2P//
DFT(B3LYP)/6-311��G** (B1) and at the GIAO-RHF/6-31�G*//RHF/3-21G (A1) levels of theory.


Conf.[b] PDB conf.[c] Level[d] f,y[e] f y c1
15NNH 1HNH 13Ca 1Ha 13Cb 1Hb 13C'


aD(g�) (a) A1 opt. 60.3 40.9 76.4 101.24 4.36 55.45 2.45 24.05 2.76 170.40
B1 63.2 39.1 83.2 120.15 4.87 59.43 2.65 27.06 2.85 182.71


aD(a) (gÿ ) A1 opt. 47.3 44.6 178.7 95.37 4.20 54.12 2.80 27.53 2.27 168.64
B1 51.7 33.7 ÿ 179.8 115.12 4.73 60.00 3.06 29.93 2.77 182.20


aD(gÿ ) (g�) A1 opt. 50.0 43.1 ÿ 44.9 106.99 4.28 52.83 2.88 34.65 1.31 168.82
B1 51.2 39.6 ÿ 42.8 127.78 4.77 58.39 3.12 38.56 1.51 181.86


aL(g�) (a) A1 constr. ÿ 54.0[f] ÿ 45.0 61.5 104.14 4.19 56.05 3.25 26.74 1.21 170.77
B1 ÿ 54.0 ÿ 45.0 54.8 125.65 4.72 60.20 3.55 30.58 1.40 183.40


aL(a) (gÿ ) A1 constr. ÿ 54.0 ÿ 45.0 176.0 97.76 4.01 54.56 3.68 24.87 1.88 170.88
B1 ÿ 54.0 ÿ 45.0 176.6 117.57 4.68 59.16 3.97 28.59 2.14 184.38


aL(gÿ ) (g�) A1 constr. ÿ 54.0 ÿ 45.0 ÿ 54.8 105.73 3.97 54.08 3.72 26.14 1.34 169.22
B1 ÿ 54.0 ÿ 45.0 ÿ 54.2 126.36 4.56 58.77 3.98 30.85 1.55 182.29


bL(g�) (a) A1 opt. ÿ 137.5 143.5 66.5 104.94 5.45 52.21 3.74 30.02 1.46 174.17
B1 ÿ 118.8 125.8 59.2 124.64 5.36 54.37 3.97 31.77 1.77 185.07


bL(a) (gÿ ) A1 opt. ÿ 142.4 163.5 172.9 97.04 5.64 50.02 4.12 30.86 1.28 173.59
B1 ÿ 131.1 162.2 178.8 114.21 6.09 52.81 4.42 33.61 1.63 184.58


bL(gÿ ) (g�) A1 opt. ÿ 163.2 157.4 ÿ 55.2 103.11 5.85 52.16 3.75 24.81 2.37 171.88
B1 ÿ 151.9 157.6 ÿ 49.6 121.65 6.56 54.81 4.12 31.23 2.20 182.95


dD(g�) (a) A1 opt. ÿ 136.7 ÿ 59.9 67.2 103.26 4.16 54.43 4.17 31.02 0.98 171.11
B1 ÿ 126.9 ÿ 68.0 60.0 122.49 4.62 57.59 4.46 34.10 1.16 182.16


dD(a) (gÿ ) A1 opt. ÿ 170.4 ÿ 46.6 141.4 100.63 4.03 56.21 3.64 28.14 1.50 172.36
B1 constr. ÿ 144.0 ÿ 54.0 169.0 115.67 4.68 58.41 4.68 31.92 1.78 182.58


dD(gÿ ) (g�) A1 opt. ÿ 175.5 ÿ 34.6 ÿ 55.4 100.64 3.96 56.62 3.87 22.49 3.20 171.09
B1 ÿ 159.3 ÿ 40.1 ÿ 55.1 119.07 4.91 60.18 4.35 28.10 2.76 182.99


dL(g�) (a) A1 opt. ÿ 130.0 30.0 80.8 109.38 3.85 49.90 4.33 27.96 1.68 173.23
B1 ÿ 130.0 30.0 83.7 128.03 4.34 53.38 4.46 30.51 1.96 184.17


dL(a) (gÿ ) A1 constr. ÿ 125.5 28.9 178.9 98.66 4.06 49.37 4.64 24.87 2.47 171.84
B1 ÿ 114.0 12.1 177.2 115.97 4.67 54.19 4.68 27.48 2.90 183.65


dL(gÿ ) (g�) A1 opt. ÿ 137.0 36.1 ÿ 49.2 109.42 4.35 48.33 4.58 30.59 1.39 171.95
B1 ÿ 112.1 4.3 ÿ 43.0 128.25 4.86 53.08 4.74 35.68 1.52 184.04


eD(g�) (a) A1 opt. 75.2 152.6 61.9 98.34 3.68 59.72 2.35 24.77 3.53 170.70
B1 85.1 133.3 61.4 119.22 4.03 64.50 2.51 27.61 3.56 183.42


eD(a) (gÿ ) A1 opt. 70.5 170.3 ÿ 152.6 96.23 3.72 55.29 3.02 27.11 1.47 169.25
B1 constr. 84.1 152.0 ÿ 158.1 119.23 4.02 61.47 3.22 31.49 1.79 182.57


eD(gÿ ) (g�) A1 opt. 75.4 162.6 ÿ 17.6 102.56 3.86 57.15 2.58 28.09 2.15 169.63
B1 83.7 160.6 ÿ 18.7 122.83 4.19 61.59 2.96 30.09 2.57 181.68


eL(g�) (a) A1 constr. ÿ 60.0[g] 120.0 60.6 109.83 4.27 55.40 2.96 25.96 1.77 174.96
B1 ÿ 60.0 120.0 60.2 128.63 4.73 57.96 3.29 29.49 1.85 188.39


eL(a) (gÿ ) A1 constr. ÿ 60.0 120.0 172.8 106.40 4.66 51.75 3.34 25.82 1.53 174.58
B1 ÿ 60.0 120.0 172.0 117.95 5.08 54.81 3.62 28.91 1.85 188.38


eL(gÿ ) (g�) A1 constr. ÿ 60.0 120.0 ÿ 62.6 100.30 4.49 51.88 3.30 25.51 1.66 175.67
B1 ÿ 60.0 120.0 ÿ 58.6 125.07 5.30 54.91 3.67 30.12 1.75 187.47


gD(g�) (a) A1 opt. 74.2 ÿ 61.5 58.0 102.75 4.48 62.56 2.65 22.93 2.70 172.19
B1 72.8 ÿ 63.2 63.3 122.51 5.09 66.86 2.87 27.12 2.75 183.13


gD(a) (gÿ ) A1 opt. 59.5 ÿ 38.5 ÿ 168.8 101.19 4.10 61.48 3.17 29.66 1.94 172.39
B1 57.2 ÿ 31.0 ÿ 172.1 121.46 4.70 65.77 3.34 33.33 2.27 184.06


gD(gÿ ) (g�) A1 opt. 62.8 ÿ 39.1 ÿ 35.8 110.56 4.45 60.76 3.07 33.47 1.57 171.81
B1 61.5 ÿ 39.0 ÿ 36.8 131.69 5.04 65.31 3.32 37.94 1.77 182.27


gL(g�) (a) A1 opt. ÿ 86.6 71.4 65.9 113.02 4.27 51.79 3.57 24.30 1.91 172.18
B1 ÿ 83.9 82.4 65.8 130.78 4.82 54.94 3.79 27.04 2.13 183.12


gL(a) (gÿ ) A1 opt. ÿ 84.9 62.7 173.2 103.07 4.54 49.31 3.83 24.16 2.06 173.24
B1 ÿ 83.2 62.0 170.4 121.84 5.23 53.06 4.06 26.67 2.39 183.46


gL(gÿ ) (g�) A1 opt. ÿ 85.3 65.6 ÿ 56.9 110.77 4.76 48.22 3.88 27.96 1.36 172.77
B1 ÿ 83.8 74.1 ÿ 57.8 128.49 5.51 51.53 4.13 31.36 1.61 182.87


[a] All chemical shifts reported are relative to the appropriate TMS and NH3 isotropic chemical shieldings, determined at ab initio levels A1 and B1,
respectively. [b] Symbols employed for the relevant conformation type aL, bL, eL etc. describe backbone conformations, while g�, a and gÿ describe side
chain (c1) orientation using the N-Ca-Cb-Hb torsional angle. [c] Description of side chain conformations according to the convention used in PDB. [d] See
Table 1. [e] Opt. : all (3nÿ 6) internal coordinates are optimized; constr.: all internal coordinates but the [f,y] torsions, i.e., (3nÿ 8) coordinates altogether,
are optimized. [f] The torsional angles f�ÿ548 and y�ÿ458 are typical values for helical secondary structural elements found in globular proteins. [g] The
torsional angles f�ÿ608 and y� 1208 are typical values for poly-proline II secondary structural elements found in globular proteins.
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Chemical shift data used for statistical purposes has to be referenced rather
carefully to a common standard. This was done by Dr. David Wishart and
the results were kindly provided for us for the following 18 proteins: 1BPI,
3LZM, 1LZ1, 2RN2, 2RNT, 1SNC, 1HCB, 1UBQ, 1CEX, 1GZI, 5P21,
1ROP, 1ICM, 192L, 1IGD, 3RN3, 2TRX, and 1A2P. The relevant


experimental structures of these proteins were retrieved from the Protein
Data Bank (PDB).[50] Data from the above two sources (BMRB[11] and
PDB[50]) were aligned and employed as an experimental database for
testing theoretically predicted chemical shift values. One has to note that
no Ca chemical shifts are available for proteins 1LZ1, 2RNT, 1GZI, 1A2P,


Table 3. Unsigned differences[a] between GIAO-RHF/TZ2P//DFT(B3LYP)/6-311��G** and GIAO-RHF/6-31�G*//RHF/3-21G conformational and
chemical shift (d) parameters of For-l-Val-NH2.[b]


Conf.[c] PDB conf.[d] f,y[e] Df Dy Dc1 D15N D1H D13Ca D1Ha D13Cb D1Hb D13C'


aD(g�) (a) opt. 2.88 1.76 6.76 18.91 0.51 3.97 0.20 3.01 0.10 12.31
aD(a) (gÿ ) opt. 4.45 10.84 1.12 19.74 0.53 5.88 0.26 2.39 0.50 13.56
aD(gÿ ) (g�) opt. 1.17 3.52 2.15 20.79 0.50 5.55 0.25 3.91 0.20 13.04
aL(g�) (a) constr. 0.00 0.00 6.79 21.51 0.53 4.15 0.30 3.84 0.19 12.63
aL(a) (gÿ ) constr. 0.00 0.00 0.62 19.81 0.67 4.60 0.29 3.72 0.26 13.50
aL(gÿ ) (g�) constr. 0.00 0.00 0.54 20.63 0.59 4.69 0.26 4.71 0.21 13.07
bL(g�) (a) opt. 18.63 17.66 7.23 19.70 0.09 2.16 0.23 1.74 0.32 10.90
bL(a) (gÿ ) opt. 11.26 1.34 5.95 17.16 0.45 2.79 0.31 2.75 0.35 10.99
bL(gÿ ) (g�) opt. 11.36 0.19 5.67 18.54 0.71 2.65 0.37 6.42 0.17 11.07
dD(g�) (a) opt. 9.79 8.08 7.18 19.23 0.46 3.16 0.29 3.08 0.18 11.04
dD(a) (gÿ ) opt.-constr. 26.38 7.45 27.53 15.04 0.65 2.20 1.04 3.77 0.28 10.21
dD(gÿ ) (g�) opt. 16.24 5.52 0.33 18.43 0.95 3.56 0.48 5.61 0.44 11.90
dL(g�) (a) opt. 0.00 0.00 2.88 18.65 0.50 3.48 0.13 2.55 0.28 10.93
dL(a) (gÿ ) constr. 11.55 16.81 1.72 17.31 0.61 4.82 0.04 2.61 0.43 11.80
dL(gÿ ) (g�) opt. 24.84 31.71 6.18 18.83 0.51 4.75 0.16 5.09 0.13 12.09
eD(g�) (a) opt. 9.90 19.32 0.48 20.88 0.35 4.78 0.16 2.84 0.03 12.72
eD(a) (gÿ ) opt.±constr. 13.57 18.36 5.52 23.00 0.30 6.18 0.20 4.38 0.32 13.31
eD(gÿ ) (g�) opt. 8.23 2.02 1.13 20.26 0.34 4.44 0.38 2.00 0.42 12.05
eL(g�) (a) constr. 0.00 0.00 0.48 18.79 0.46 2.56 0.33 3.53 0.08 13.43
eL(a) (gÿ ) constr. 0.00 0.00 0.72 11.55 0.42 3.06 0.28 3.09 0.32 13.80
eL(gÿ ) (g�) constr. 0.00 0.00 3.99 24.76 0.81 3.03 0.37 4.61 0.09 11.80
gD(g�) (a) opt. 1.34 1.75 5.28 19.76 0.61 4.29 0.23 4.19 0.05 10.94
gD(a) (gÿ ) opt. 2.30 7.55 3.30 20.27 0.60 4.29 0.17 3.67 0.33 11.67
gD(gÿ ) (g�) opt. 1.27 0.09 0.98 21.12 0.60 4.55 0.25 4.47 0.20 10.46
gL(g�) (a) opt. 2.65 11.02 0.03 17.76 0.55 3.15 0.22 2.74 0.23 10.94
gL(a) (gÿ ) opt. 1.76 0.68 2.83 18.77 0.69 3.75 0.23 2.50 0.33 10.22
gL(gÿ ) (g�) opt. 1.55 8.46 0.90 17.72 0.75 3.31 0.25 3.40 0.25 10.10


average unsigned difference 19.2 0.5 3.9 0.3 3.6 0.2 11.9
standard deviation from average 2.4 0.2 1.1 0.2 1.1 0.1 1.2


[a] All chemical shifts reported are relative to TMS or NH3, determined at ab initio levels A1 or B1 (see text). [b] Values reported in Table 2 have been used
when subtracting level B1 data from level A1 data. See Table 1 for the definition of the theoretical levels. [c] See footnote b of Table 2. [d] Description of side
chain conformations according to convention used in PDB. [e] Opt.� all (3nÿ 6) internal coordinates are optimized; constr.� all internal coordinates but f
and y are optimized.


Table 4. Selected structural and relative chemical shift (d) values of all conformers of For-l-Val-NH2 obtained by simple arithmetical averaging.


Conf.[a] Level[b] sc.[c] f y DE[d] p(i)/Sp(i)[e] NNH HNH Ca Ha Cb Hb C'


aL A1 3 ÿ 54.0 ÿ 45.0 5.68 0.00 102.54 4.06 54.90 3.55 25.92 1.48 170.29
B1 3 ÿ 54.0 ÿ 45.0 5.35 0.00 123.19 4.65 59.37 3.83 30.00 1.70 183.35


aD A1 3 52.5 42.9 7.26 0.00 101.20 4.28 54.13 2.71 28.74 2.11 169.29
B1 3 55.4 37.5 6.74 0.00 121.01 4.79 59.27 2.94 31.85 2.38 182.25


bL A1 3 ÿ 147.7 154.8 0.21 0.58 101.70 5.65 51.46 3.87 28.56 1.70 173.21
B1 3 ÿ 133.9 148.5 0.24 0.60 120.16 6.00 53.99 4.17 32.20 1.87 184.20


gL A1 3 ÿ 85.6 66.6 0.86 0.35 108.95 4.52 49.77 3.76 25.47 1.78 172.73
B1 3 ÿ 83.6 72.9 0.99 0.33 127.03 5.19 53.17 3.99 28.35 2.04 183.15


gD A1 3 65.5 ÿ 46.4 4.33 0.02 104.83 4.34 61.60 2.96 28.69 2.07 172.13
B1 3 63.9 ÿ 44.4 4.62 0.01 125.22 4.94 65.98 3.18 32.79 2.26 183.15


dL A1 3 ÿ 130.8 31.6 2.88 0.03 105.82 4.09 49.20 4.52 27.80 1.85 172.34
B1 3 ÿ 118.7 15.5 3.31 0.01 124.08 4.62 53.55 4.63 31.22 2.13 183.95


dD A1 3 ÿ 160.9 ÿ 47.0 7.26 0.00 101.51 4.05 55.75 3.90 27.22 1.89 171.52
B1 3 ÿ 143.4 ÿ 54.0 6.82 0.00 119.07 4.74 58.72 4.50 31.37 1.90 182.57


eL A1 3 ÿ 60.0 120.0 2.78 0.03 105.51 4.47 53.01 3.20 25.76 1.65 175.07
B1 3 ÿ 60.0 120.0 2.26 0.05 123.88 5.04 55.89 3.53 29.50 1.82 188.08


eD A1 3 73.7 161.9 9.98 0.00 99.04 3.75 57.39 2.65 26.65 2.38 169.86
B1 3 84.3 148.6 9.96 0.00 120.42 4.08 62.52 2.90 29.73 2.64 182.55


[a] Conf.� backbone conformation (see text). [b] See Table 1. [c] sc.�number of side chain conformers used when chemical shift values have been averaged
(for relevant CSA data see Table 2). [d] Averages of relative energies within a given backbone catchment region. Typically three (in some cases less) side
chain conformations have been determined at the 6-31�G* (Level A1) or TZ2P (Level B1) RHF levels. [e] Relative populations are calculated based on
relative energies as exp(ÿDE/kT)/S exp(ÿDE/kT), where kT� 0.595371 [kcal molÿ1] at T� 300 K.
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and 192L. Furthermore, for 2TRX there are two, while for 1A2P there are
three relevant PDB files, with slightly different coordinates. By removing
all questionable entries a total of 93 unambiguous Val residues remained,
where both proton and carbon chemical shifts as well as dihedral
parameters were available. Although the 93 valines form a significantly
larger database than any previous one, even more experimental data is
needed to draw an unambigous statistical picture.


Results and Discussion


Structures and energetics : Traditionally, the [f,y]i torsional
angle pair is used to describe the backbone conformation of
residue i within a protein.[51, 52] The torsional potentials along
both f and y are expected to have a maximum of three minima
for an alpha amino acid residue. Consequently, we expect nine
characteristic conformers for each ªpeptide unitº (-NH-CHR-
CO-).[53, 54, 35, 55] These nine conformers are named, according
to our established convention,[53, 35] as follows: aL, aD, bL, gL,
gD, dL, dD, eL, and eD (see also Figure 2 for the Ramachandran
surface of For-l-Val-NH2 determined at two levels of theory).


The [f,y] values of residues found in hundreds of non-
homologous proteins, in which the structures have been
investigated by X-ray diffraction, revealed the existence of all
nine backbone conformer types, though with very different


Figure 2. 3-21G RHF (^, top) and 6-311��G** B3LYP (^, bottom)
locations of the different conformers of For-l-Val-NH2 on a Ramachandran
surface. (* stands for conformers with constrained [f,y] torsional angles,
three stars (e.g. in the case of aL) means that all three side chain rotamers
(g�, a, and gÿ ) were calculated with constrained backbone parameters.)


abundances. Conformers such as bL, gL, dL, and eL, forming
the broad b region, or structures such as aL, symbolizing the
helical subspace (310- and/or 413-helices) of the Ramachandran
surface, are observed most often. On the other hand, d-type
conformers (aD, gD, dD, and eD) are rare for amino acid
residues of S chirality.


Systematic ab initio calculations carried out on amino acid
diamide models For-Xaa-NH2 and Ac-Xaa-NHMe, where
Xaa�Gly,[31] Ala,[31, 56] Ser,[55, 57] Phe,[58] Val,[36, 59] resulted in
considerably fewer minima than the maximum number
allowed. For example, at the 3-21G(6-311��G**) RHF
level two (three) conformers could not be located for For-l-
Ala-NH2. These calculations showed that the aL, eL, and eD


conformers are missing most often in dipeptides of various
amino acids. Nevertheless, existence of these ªmissingº
minima has been verified by ab initio techniques for larger
peptide models.


The hydrophobic and rather compact side chain of Val is a
typical representative of those amino acid residues (Val, Ile,
and Thr) which have a single Hb. Formally, the isopropyl side
chain of Val, -CH(CH3)2, is derived from the methyl side
chain of Ala: the two Hbs are replaced by two methyl groups.
Both methyl groups adopt typically a gauche�-like orienta-
tion (c2� 608 and c2'� 608). Consequently, it is important to
restrict the systematic conformational analysis of a valine
dipeptide model (HCO-l-Val-NH2 or CH3CO-l-Val-NHCH3)
to three torsional variables: E�E(f,y,c1), with c2 and c2' both
around 608. The resulting potential energy hypersurface is
expected to have 27 characteristic conformers (three c1


orientations for each of the nine typical backbone con-
formers). Twenty out of the twenty-seven molecular struc-
tures were indeed determined previously at the 3-21G
RHF level.[59] When the side chain (c1) has a gauche� or
gaucheÿ orientation, all seven backbone conformers (aD, bL,
gL, gD, dL, dD, and eD) typical of For-l-Ala-NH2 have also been
assigned for For-l-Val-NH2. However, if c1 has an anti
orientation, not only the expected aL and eL but also the dL


minimum vanishes.
In this study we do not intend to discuss structural and


energetic features of For-l-Val-NH2 in detail, since this has
been done both at the 3-21G RHF[59] and 6-311��G**
DFT(B3LYP) levels.[36] Selected relevant conclusions of these
studies are nevertheless repeated here as follows: a) Out of
the 27 expected characteristic structures, at the RHF level
only 20, while at the DFT level only 18 conformers correspond
to minima. As mentioned in the previous section, in the
present study the remaining 7(9) structures of For-l-Val-NH2


have also been optimized, using constrained [f,y] torsion
angles; b) the [f,y] torsional angles do not change signifi-
cantly when the 3-21G RHF geometries are reoptimized at
the DFT level (compare panels A and B of Figure 2); c) the
dihedral angles of the conformers correlate well with those
derived from proteins;[36] and d) the calculated energy order
of the ab initio conformers shows remarkable correlation with
the relative abundances of conformers found in proteins.[36]


Accuracy of computed chemical shifts : The average NMR
chemical shifts (and their standard deviations) for all nuclei of
the valine residue have been extracted from BMRB[11] and are
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reported in Table 5 and Table 6. Utilizing these data we have
attempted to answer the question of how well the calculated
chemical shifts compare with their experimental counterparts.


The conformationally averaged experimental shifts of all
nuclei of interest (15NNH, 13Ca, 13Cb, 13C', 1HNH) retrieved from
the database can be compared either to a simple arithmetical
or to a Boltzmann-type (energy-weighted) average of the ab
initio shifts of the nuclei of individual conformers. The
corresponding data are presented in Table 5 and on Figure 3.
Overall, the agreement between the average theoretical and
experimental shifts is rather impressive, especially for those
ab initio data obtained using the higher level of theory (level
B1). As the level of ab initio theory employed for geometry
optimization increases, that is as the basis changes from 3-21G
to 6-311��G** and the method changes from RHF to
DFT(B3LYP), the deviation between theoretically and ex-
perimentally determined average shifts becomes small for
all nuclei but the amide proton. At the highest level of theory
(level B2), neglecting the 1HNH shifts, the error for all nuclei is
down to a few percent. For example, using the energy-
weighted sum of the theoretical values (Table 6), the differ-
ence between the best calculated (level B1) and experimen-
tally determined shifts for 15NNH is only 1.03 ppm (d� 122.60
vs 123.63). For the Ha and Hb protons the difference be-
tween ab initio and experimental average shifts is less than
0.1 ppm. For the Ca values the difference is larger, 7.94 ppm,
which represents an error of 13 % (Table 6). These observa-
tions are very similar to those found for For-l-Ala-NH2 and
For-Gly-NH2.[31] It is not clear why the error between the
calculated and observed amide proton (1HNH) shifts is so much
larger (33 %) than for any other nucleus. Although deviation
of the calculated 1HNH shift from the experimental value
decreases when higher levels of theory are applied, it remains
substantial. One has to note that this large error is associated
with the most acidic (i.e., deshielded) proton, HNH, of the
molecule. As deshielding decreases, accuracy of the computed


Figure 3. Correlation between ab initio (top: GIAO-RHF/6-31�G*//
RHF/3-21G and bottom: GIAO-RHF/TZ2P//B3LYP/6-311��G**) and
experimentally determined average (conformation independent) chemical
shifts for all nuclei of For-l-Val-NH2.


Table 5. Statistical analysis of chemical shifts averaged over all backbone conformations using simple arithmetical averaging.[a]


Level Conf.[b] 15NNH 1HNH 13Ca 1Ha 13Cb 1Hb 13C'


av. std. acc. std. acc. av. std. acc. av. std. acc. av. std. acc. av. std. acc. av. std. acc.


A1 27 103.46 4.86 16 4.36 0.54 47 54.13 3.94 13 3.46 0.63 15 27.20 3.10 17 1.88 0.63 3 171.83 1.86 2
A2 20 102.99 5.01 17 4.41 0.60 47 54.40 4.40 12 3.44 0.69 16 27.57 3.50 16 1.98 0.69 2 171.50 1.54 2
B1 27 122.68 5.01 1 4.90 0.55 41 58.05 4.31 7 3.74 0.65 9 30.78 3.18 6 2.08 0.57 7 183.70 1.80 5
B2 18 122.67 5.15 1 5.00 0.60 39 58.24 4.98 6 3.70 0.72 10 31.04 3.83 5 2.23 0.64 15 183.12 0.93 4
exptl. 123.63 27.04 8.25 0.73 62.17 2.95 4.09 0.77 32.82 1.81 1.94 0.62 175.64 2.00


[a] See Table 1 for the levels of theory applied. av.� average (in ppm); std.� standard deviation (in ppm); acc.� accuracy (in %), defined as (CSAexptl ±
CSAcalcd)/CSAexptl. Exptl� experimental average shifts and their standard deviations taken from BMRB. [b] Number of conformers.


Table 6. Statistical analysis of chemical shifts averaged over all backbone conformations using energy-weighted (Boltzmann) averaging.[a]


Level Conf.[b] 15NNH 1HNH 13Ca 1Ha 13Cb 1Hb 13C'


av. std. acc. std. acc. av. std. acc. av. std. acc. av. std. acc. av. std. acc. av. std. acc.


A1 27 104.16 16 5.09 38 51.34 17 3.81 7 27.12 17 1.77 9 172.96 2
A2 20 103.99 16 5.12 38 51.23 18 3.83 6 27.16 17 1.77 9 172.90 2
B1 27 122.60 1 5.55 33 54.23 13 4.06 1 30.57 7 1.93 1 184.14 5
B2 18 122.32 1 5.59 32 54.05 13 4.10 0 30.63 7 1.93 0 183.93 5
exptl 123.63 27.04 8.25 0.73 62.17 2.95 4.09 0.77 32.82 1.81 1.94 0.62 175.64 2.00


[a] See footnote [a] to Table 5.
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shielding increases: The less acidic Ha and Hb protons are
calculated with an impressive precision. Although both the
1HNH and 13Ca calculated shifts are considerably off on the
NMR scale, they remain sensitive to conformational changes
(see below). Until now, theoretical studies have concentrated
only on 13C and 15N shifts of the a-helical and b-sheet
conformers of the peptide models. It is demonstrated here
that for all nuclei but perhaps one, considering all typical
backbone orientations, the average chemical shifts can be
determined with remarkable accuracy.


Chemical shift ± chemical shift correlation maps : Chemical
shifts of backbone nuclei are modified not only by the
composition of the side chain (note, for example, the
characteristic 15NNH upfield shift of Gly, Ser, and Thr
residues[60]) but for the same residue significant up- or
downfield shifts are expected due to changes in the molecular
environment and/or the backbone and side chain orientations.
Simple rotation of the adjacent amide planes can have a
remarkable effect on the chemical shifts of selected nuclei.
For example, the gL(a)) gD(a) (at level A1 {fgL�ÿ84.98,
ygL� 62.78}) {fgD� 59.58, ygD�ÿ38.58}) conformational
change is followed by a 12.2 ppm change for the 13Ca and a
5.5 ppm change for the 13Cb chemical shifts (Table 2). Fur-
thermore, interconversion between two conformational
neighbors, for example that of gL(g�))bL(g�), can easily
be monitored through changes of selected chemical shifts (at
level B1 the appropriate changes are D15NNH� 6.14 ppm and
D13Cb�ÿ4.73 ppm) (see Table 2).


Such shifts are clearly noticable on correlated 3D-plots
(e.g., on the 15NNH ± 1HNH ± 13Ca plot of an HNCA- or
HN(CO)CA-type triple-resonance NMR experiment) (Fig-
ure 4). Figure 4, as well as any of the related 2D plots,
referring to the 15NNH ± 1HNH, 13Ca ± 15NNH, and 13Ca ± 1HHN


planes (not shown), reveal different locations for the nine
characteristic backbone conformations of For-l-Val-NH2.
Structure-induced changes in the experimentally easily ame-
nable 1HNH shifts are relatively small. However, if the amide
proton (1HNH) shifts are correlated with those of amide
nitrogens (15NNH), a seemingly useful (and popular HSQC-
type) 2D plot emerges, where all characteristic backbone
orientations separate clearly (HNH ± NNH 2D planes on Fig-
ure 4). All l-type conformers but bL occupy the left part of
this 2D plot. A similarly useful 2D plot is that of the 13Ca ± 1Ha


correlation map, presented on Figure 5. When chemical shift
averaging is performed according to the backbone clusters,
the influence of the different side chain orientations (g�, a, or
gÿ ) on chemical shifts are hidden. These average values,
representative for the different backbone clusters, differ from
each other to a great extent. Furthermore, the relative
positions of these shifts on a 13Ca ± 1Ha correlation map are
similar to those calculated for For-l-Ala-NH2.[31] It seems to
be straightforward to recognize and assign the backbone
conformations of the amino acid residues from these relative
chemical shifts.


At all levels of theory the l-type and the d-type conformers
cluster in two distinct regions (Figure 5/A and 5/C). All
enantiomeric pairs of conformers (aL,aD, gL, gD, dL, dD


and eL, eD) are connected by a solid line on Figure 5.


Figure 4. 15NNH ± 1HNH ± 13Ca correlated 3D-plots for For-l-Val-NH2 at two
levels of theory: Top: GIAO-RHF/6-31�G*//RHF/3-21G and bottom:
GIAO-RHF/TZ2P//B3LYP/6-311��G**. Chemical shifts for each back-
bone type were obtained by averaging all three side chain rotamers.


Compared to the relevant l-type structures all d-type con-
formers but aD are markedly downfield shifted along the
carbon axes and slightly upfield shifted along the proton axes.
In the case of aL,aD, while the Ca shift is insignificant, the
Ha upfield shift is almost 1 ppm. Considering the resolu-
tion of modern spectrometers, these chemical shift differ-
ences seem to be sufficient to distinguish and assign
the different backbone conformer types of the same residue
in a protein. However, if the side chain rotation is slow, or if
due to structural reasons individual c1 rotamers are to be
expected, the assignment of the residue to a backbone cluster
based on 13Ca ± 1Ha chemical shifts may prove to be cumber-
some.


There are several factors determining the position of the
backbone conformers on ab initio chemical shift ± chemical
shift correlation maps. Some of them are related to compu-
tations, such as the effects of one-particle basis set deficiency,
the extent of electron correlation considered, and the effect of
geometry optimization. Results reported in Table 2 and
Table 3, as well as data shown on Figure 4 and Figure 5,
reveal that the backbone conformational clusters of For-l-
Val-NH2 are clearly distinguishable on the correlated plots,
especially on the 13Ca ± 1Ha plot, independent of the basis set
employed (6-31�G* or TZ2P) for the calculation of the
chemical shieldings. Although the choice of whether the
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GIAO-RHF calculations were performed at constrained
(levels A1 and B1) or at fully optimized (levels A2 and B2)
reference geometries does have an effect on the calculated
shifts, the separation of the conformers is clearly not affected.
Unlike in the case of For-Gly-NH2,[31] the effect of electron
correlation on CSA has not been determined directly by
performing, for example, GIAO-MP2 calculations for the
present valine model. Nevertheless, based on data found for
the glycine model For-Gly-NH2,[31] it is not expected that
electron correlation will alter profoundly the following
qualitative picture: The characteristic peptide conformers
appear at different regions on certain chemical shift ± chemi-
cal shift correlation plots. Therefore, the usefulness of the
approach of direct determination of conformations of protein
building units from multidimensional NMR experiments
seems to depend on what effect the side chains, solvation,
anisotropic factors, and inter- and intramolecular hydrogen
bonds have on the relative chemical shifts of the selected
nuclei. As to the future, detailed theoretical investigations of
more model compounds and more correlated-level chemical
shielding plots are needed, while it is also hoped that our


present and previous[31] theoretical results will encourage
experimental work in order to establish the magnitude of
these effects.


Chemical shift ± structure correlations : One principal goal of
our research has been the investigation of the efficacy of the
use of chemical shift information to predict the main chain
fold of peptides and proteins. So far, we have demonstrated
that a) theoretical and experimental chemical shifts, when
averaged over the entire conformational space, are rather
similar); and b) chemical shifts form distinct groups on
chemical shift ± chemical shift correlation plots as a function
of the [f,y] conformational clusters. Prompted by these
results, we decided to perform a systematic linear correlation
analysis between all important conformational parameters (f,
y, w0, w, and c1) and all chemical shifts (15NNH, 1HNH, 13Ca, 1Ha,
13Cb, 1Hb, and 13C') of interest of For-l-Val-NH2. We repeated
these studies using both sets of ab initio data determined. The
linear correlation (Pearson) coefficient, R, and the related
standard error, SY´X, have been employed during these
correlation studies.[61]


Figure 5. 1Ha ± 13Ca correlated 2D-plots for For-l-Val-NH2. Panels B and D compile all 27 conformers, while data reported on panels A and C were
calculated after averaging the effect of side chain orientation. On panels A and C the conformational mirror images (xL and xD) are connected by arrows, the
l-type backbone conformers are circled by solid lines while the d-type conformers by broken lines, each associated with three side chain conformers. All ab
initio chemical shifts were corrected, the global average of all calculated and all experimentally observed conformational shifts were shifted to a common
value (see text for details). Two computational levels have been employed: GIAO-RHF/6-31�G*//RHF/3-21G [square//empty symbol] (A, B) and GIAO-
RHF/TZ2P//B3LYP/6-311��G** [triangle//filled symbols] (C, D).
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Typical correlation result are shown in Table 7, obtained at
level B1 and using R 2 values as a measure for the goodness of
the regression. For structure ± shift correlation only those R 2


values are relevant which relate conformational parameters
with chemical shifts, as given in the box of broken lines in
Table 7. (In this respect all other R 2 data, reported in italics in
Table 7, are irrelevant). A technical problem arises when
correlating a set of chemical shifts with torsional variables, x,
where x�f, y, etc., since torsions have a periodic nature.
Both the IUPAC [ÿ1808� x��1808] and the classical
definition of Ramachandran [08� x��3608] used for defin-
ing the periodicity of the torsions influence the outcome of the
correlation. To avoid this ambiguity, R 2 values are calculated,
unless noted otherwise, using the periodic unit 08� x��3608
for all torsion angles, reported as R 2�0ÿ360�. It is evident that
often the goodness of the linear correlation can be maximized
by simply finding the ªoptimumº definition of the periodicity
of a particular torsional variable. When reported, the
optimum correlation between relevant pairs is described as
R 2


max.
The arithmetical average (R 2�0ÿ360�� of all calculated R 2�0ÿ360�


values at level B1 is rather low: 0.087 with a standard
deviation (s) of 0.14 (Table 7). This means that on average
there is no meaningful linear correlation between conforma-
tional parameters and chemical shifts. Nevertheless, for a few
pairs of variables R 2�0ÿ360� values can be three to four times
higher than the above stated average. For example, R 2�0ÿ360�
[f/13Ca]� 0.473, R 2�0ÿ360�[f/1Ha]� 0.418, and R 2�0ÿ360�[y/13Ca]�
0.345. All significant correlations are printed in bold in
Table 7. The squares of the optimized Pearson correlation
coefficients between these variables are usually even higher:
R 2


max[f/13Ca]� 0.557, R 2�0ÿ360�[f/1Ha]� 0.818, and R 2�0ÿ360�[y/Ca]�
0.345. Undoubtedly, f/1Ha provides the most significant cor-
relation between a backbone parameter and a chemical shift
(see Figure 6). The correlations between [f,y]/[13Ca,1Ha]
provide the possibility to ªprojectº backbone conformational
parameters on the 1Ha ± 13Ca 2D plot and vice versa. This means
that even a simple 1H ± 13C HSQC-type spectrum, once
resonances are assigned to the different amino acid residues,
could provide a handful of structural information. This is
discussed further below.


Figure 6. The maximized fit between 1Ha and f at level B1 (R 2� 0.818).


Statistical measures (R and R 2/s) of selected structure/shift
and shift/shift pairs (f/13Ca, f/1Ha, . . . , 1Ha/13Ca, etc.) for the
four theoretical levels, A1 through B2, are reported in Table 8.
The variable pairs were selected either because the correla-
tion found was high enough to consider (e.g., f/13Ca, f/1Ha,
y/13Ca, and 1Ha/13Ca) or because the type of correlation must
be discussed regardless of the goodness of the correlation
(e.g., y/1Ha). The most important conclusions which can be
drawn from the data presented in Table 7 and 8 are as follows:
a) All elements of the two by two data set [f,y]/[13Ca,1Ha] but
y/1Ha show significant correlation; for example, f/1Ha can be
as high as jRmax j �0.904 (Figure 6). b) The 1Ha/13Ca shift ±
shift correlation is significant with R 2/s �3 at all investigated
levels of theory. c) We do not find correlation between y and
1Ha at any of the levels investigated. d) The 13Ca shift of For-l-
Val-NH2 correlates with y almost as well as with f. e) None of
the shifts of the remaining nuclei (1HNH, 13Cb, 1Hb, and 13C'),
except for that of 15NNH, correlate with any of the structural
parameters. Nevertheless, if R 2 is maximized, the c1/15NNH


correlation becomes significant with jRmax j� 0.657. f) None of
the correlations mentioned become significantly different if
data are calculated at a higher level of theory, the overall
qualitative picture remains the same.


Although linear correlation of selected chemical shifts with
conformational parameters is not as high as one would hope,


Table 7. R 2 values determined between selected conformational and chemical shift values of For-l-Val-NH2.[a]


w0 f y w1 c1
15NNH 1HNH 13Ca 1Ha 13Cb 1Hb 13C'


w0 1 0.000 0.016 0.668 0.006 0.006 0.262 0.002 0.001 0.023 0.036 0.130
f 0.000 0.002 0.010 0.020(0.220) 0.069(0.213) 0.473(0.557) 0.418(0.818) 0.056(0.104) 0.198(0.260) 0.267(0.267)
y 1 0.007 0.000 0.007(0.137) 0.003(0.116) 0.345(0.345) 0.000(0.127) 0.014(0.089) 0.027(0.077) 0.026(0.272)
w1 1 0.000 0.010 0.127 0.015 0.010 0.006 0.012 0.056
c1 1 0.015(0.431) 0.048(0.144) 0.006(0.155) 0.024(0.145) 0.190(0.297) 0.026(0.298) 0.050(0.085)


NNH 1 0.001 0.005 0.003 0.114 0.180 0.000
HNH 1 0.204 0.097 0.013 0.042 0.038
Ca 1 0.457 0.001 0.141 0.096
Ha 1 0.022 0.188 0.004
Cb 1 0.412 0.042
Hb 1 0.020
C' 1


[a] A total of 27 conformers are involved; theoretical shifts refer to level B1 values. All conformational variables (f, y, w0 , w1 , and c1) are scaled between 08
and 3608. Auto-correlation values, that is R 2[f/f], are all equal to 1. The average of all R 2 values, hR 2i, is 0.087, with a standard deviation (s) of 0.140. All
values larger than R 2�1.5s (0.087�0.21� 0.297) are marked bold. Selected maximized R 2


max values are given in parentheses, obtained by shifting
systematically (with an increment of 58) the periodic unit of the conformational variables f, y, and c1 .
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pairs with large jR j values certainly warrant further inves-
tigation. All available results suggest that relative changes in
the chemical shifts of 13Ca and 1Ha are coupled with backbone
conformational changes: correlation between f/13Ca, f/1Ha,
and y/13Ca are significant. Therefore, we decided to inves-
tigate the dependence of the calculated shifts of Ha and Ca


nuclei as a function of the applied level of theory (not detailed
here), as performed previously for For-l-Ala-NH2.[31] We
observed that extension of the basis set or improvement in the
quality of the reference geometry do not increase appreciably
the reliability of predicting [f, y] values from calculated 13Ca


and 1Ha values.


Chemical shifts of valine as function of its conformation in
proteins : The two predominant secondary structural elements
of proteins are the a-helix and the b-sheet. Therefore,
accurate description of the NMR characteristics of
these two conformational building units has been of


primary interest for experimentalists and theoreticians
alike.[12, 13, 17, 18, 24, 62] In this section the correlation between
experimentally determined chemical shifts of selected nuclei
and the backbone fold of 93 Val residues in 18 selected
proteins is discussed. The analysis is more detailed than
previous ones in the sense that all backbone conformational
types are investigated.


As detailed in the last Section, correlation between tor-
sional variables (x�f, y, and c1) and NMR chemical shifts
(15NNH, 1HNH, 13Ca, 1Ha, 13Cb, and 13C') can be maximized. This
has been done for the experimental data and selected results
are reported in Table 9 and Table 10. Experimental R 2


max data
sets (Table 9) and comparison with their theoretical counter-
parts (Table 7) results in the following conclusions: a) Neither
15NNH nor 1HNH show correlation with conformational varia-
bles f, y, or c1; b) the f/13Ca, f/1Ha, and y/13Ca correlations
are among the most significant ones; c) 13Ca/1Ha data from
both sources show significant correlation (Figure 7) with
Rexptl[13Ca/1Ha]�ÿ0.83 and RLevel B2[13Ca/1Ha]�ÿ0.73; and
d) the only obvious discrepancy between ªtheory and experi-
mentº concerns R 2


max[f/13Cb] and R 2
max[y/13Cb]. While for


experimental data these R 2 values are relatively large with
R 2


exptl�max�[f/13Cb]� 0.57 and R 2
exptl�max�[y/13Cb]� 0.36 (Table 9),


for data determined by ab initio techniques they are typically
low, R 2


Level B1�max�[f/13Cb]� 0.10 and R 2
Level B1�max�[y/13Cb]� 0.09


(Table 7).


Table 8. Selected statistical parameters of the correlation analysis between
conformational and chemical shift values of For-l-Val-NH2 determined at
four levels of theory.[a]


A1 A2 B1 B2


R R 2/s R R 2/s R R 2/s R R 2/s


f/1Ha ÿ 0.60 3.12 ÿ 0.84 4.42 ÿ 0.65 2.98 ÿ 0.85 4.25
y/1Ha 0.10 0.08 0.10 0.06 0.08 0.04
f/13Ca 0.58 2.97 0.74 3.42 0.69 3.37 0.84 4.16
y/13Ca ÿ 0.67 3.94 ÿ 0.72 3.24 ÿ 0.59 2.46 ÿ 0.62 2.28
f/15N ÿ 0.31 0.83 ÿ 0.35 0.75 ÿ 0.14 0.14 -0.10 0.06
c1/13C' 0.22 0.41 0.24 0.36 0.22 0.35 0.34 0.67
1Ha/13Ca ÿ 0.69 4.08 ÿ 0.69 3.03 ÿ 0.68 3.26 ÿ 0.73 3.15
1Ha/13Cb 0.10 0.09 0.10 0.06 0.15 0.16 0.15 0.14
1HNH/15NNH 0.10 0.09 0.17 0.18 ÿ 0.03 0.00 ÿ 0.03 0.01


[a] See Table 1 for details about the levels of theory (A1, A2, B1, and B2)
applied. R�Pearson coefficient, s� standard error. The average R 2/s
values, obtained after considering all possible correlations between
conformational and chemical shift values are 0.115, 0.159, 0.140, and
0.170 for levels A1, A2, B1, and B2, respectively. All conformational
variables have been defined using the range [08, 3608].


Table 9. Selected R 2
max values determined between major periodic con-


formational variables and chemical shifts assigned for valines in 18
proteins.[a]


15NNH 1HNH 13Ca 1Ha 13Cb 13C'


f 0.128 0.054 0.648 0.555 0.569 0.266
y 0.182 0.08 0.669 0.434 0.363 0.291
c1 0.201 0.045 0.194 0.085 0.100 0.100


[a] The periodic unit of the three conformational variables f, y, and c1


were shifted systematically (with an increment of 58) in order to maximize
fitting. A total of 18 proteins was analyzed for the torsional and NMR
properties of valine residues.


Table 10. Experimentally determined[a] and ab initio (level A1[b] and B1[c]) 1Ha, 13Ca, f, and y parameters for valine conformers occurring frequently in
proteins.


Experiment Level A1 Level B1


conf.[d] abundance[e] av. dev.[f] 1Ha 13Ca f y 1Ha 13Ca f y 1Ha 13Ca f y


aL(gÿ ) 5 18 4.28 63.5 ÿ 78.0 ÿ 25.0 4.31 62.6 ÿ 54.0 ÿ 45.0 4.32 63.3 ÿ 54.0 ÿ 45.0
aL(g�) 1 12 3.6 65.2 ÿ 53.0 ÿ 31.0 4.35 62.1 ÿ 54.0 ÿ 45.0 4.33 62.9 ÿ 54.0 ÿ 45.0
aL(a) 22 18 3.51 66.1 ÿ 66.0 ÿ 42.0 3.88 64.1 ÿ 54.0 ÿ 45.0 3.90 64.3 ÿ 54.0 ÿ 45.0
bL(a) 27 30 4.66 60.9 ÿ 120.0 131.0 4.37 60.2 ÿ 137.5 143.5 4.32 58.5 ÿ 118.8 125.8
bL(gÿ ) 13 21 4.83 58.8 ÿ 133.0 157.0 4.75 58.1 ÿ 142.4 163.5 4.77 56.9 ÿ 131.1 162.2
bL(g�) 2 20 4.95 58.9 ÿ 151.0 141.0 4.38 60.2 ÿ 163.2 157.4 4.47 58.9 ÿ 151.9 157.6
dD(a) 1 27 3.76 63.3 ÿ 109.0 ÿ 55.0 4.81 62.5 ÿ 136.7 ÿ 59.9 4.81 61.7 ÿ 126.9 ÿ 68.0
dL(gÿ ) 2 26 4.48 60.2 ÿ 116.0 ÿ 8.0 5.27 57.4 ÿ 125.5 28.9 5.03 58.3 ÿ 114.0 12.1
eL(g�) 2 14 4.04 63.3 ÿ 60.0 136.0 3.93 59.9 ÿ 60.0 120.0 4.02 59.0 ÿ 60.0 120.0
eL(gÿ ) 4 32 3.96 61.0 ÿ 86.0 153.0 3.97 59.8 ÿ 60.0 120.0 3.97 58.9 ÿ 60.0 120.0
eL(a) 8 34 4.27 62.3 ÿ 89.0 124.0 3.59 63.4 ÿ 60.0 120.0 3.64 62.1 ÿ 60.0 120.0
gL(a) 6 37 4.00 62.3 ÿ 99.0 107.0 4.20 59.8 ÿ 86.6 71.4 4.14 59.1 ÿ 83.9 82.4


[a] Values extracted from the 18 proteins given in the Experimental Section. [b] Level A1�GIAO-RHF/6-31�G*//RHF/3-21G. [Computed chemical shifts
for 13Ca and 1Ha are uniformly shifted by 8.04 and 0.63 ppm, respectively (cf. Table 5), to match BMRB experimental averages (Table 5).] [c] Level B1�
GIAO-RHF/TZ2P//B3LYP/6-311��G**. [Computed chemical shifts for 13Ca and 1Ha are uniformly shifted by 4.12 and 0.35 ppm, respectively (Table 5), to
match BMRB experimental averages (Table 5).] [d] Type of valine conformers found in the present protein data set. [e] Number of cases assigned for the
appropriate type of conformation in the 18 proteins. [f] Average deviation (in degrees) between valine conformers in proteins and the reference f, y, and c1


values.
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Figure 7. 13Ca ± 1Ha chemical shift ± chemical shift correlation plot for 93
valines found in 18 proteins.


On experimental proton/carbon correlation maps (e.g., 1H/
13C HSQC) it is easy to see that the 13Ca/1Ha region shows
higher conformational dependence than the rest of the
spectrum: dots characterizing 13Ca/1Ha correlations are much
more spread out than 13Cb/1Hb or 13Cg/1Hg values. The level of
correlation found for f/Ca, f/Ha, y/Ca, and y/Ha allows for
prediction of backbone conformations from selected NMR
shielding values. Under optimal conditions this could result in
determination of the backbone fold solely from 13Ca and 1Ha


chemical shifts and vice versa. Therefore, in this study we
focused primarily on understanding the nature of 13Ca and 1Ha


chemical shift changes and their relation to parameters [f, y]
(Table 10 and Figure 8). Down- and upfield shifts are relative


Figure 8. 13Ca/f (top) and 13Ca/y (bottom) chemical shift conformation
correlation plot for 93 valines found in 18 proteins.


to the following average values extracted from BMRB for
valine residues: d(13Ca


BMRD)� 62.17 and d(1Ha
BMRD)� 4.09.


The results obtained can be summarized as follows:
a) There is a characteristic downfield shift for the 13Ca


chemical shifts associated with the right-handed helix
conformation (aL-type structure). The 13Ca downfield shift
of the helical building unit is especially significant for the
most populated anti side chain orientation aL(aÿ ),
13Ca


aL(a) exptl� 66.1 ppm. The experimentally observed
downfield shift is reproduced at both ab initio levels,
although its magnitude is slightly smaller: 13Ca


aL(a) Level A1�
64.1 ppm and 13Ca


aL(a) Level B1� 64.3 ppm. Along the proton
direction, both the calculated and the experimental 1Ha


chemical shifts of the aL(aÿ ) conformer are shifted up-
field: 1Ha


aL(a) Level A1� 3.88 ppm, 1Ha
aL(a) Level B1� 3.90 ppm,


and 1Ha
aL(a) exptl� 3.51 ppm. Within the helical parts of the


18 proteins analyzed here, valines adopt a gaucheÿ
orientation in only 18 % of all cases, the anti side chain
orientation is much more frequent. Both the 13Ca and the
1Ha chemical shifts associated with the aL(gÿ ) conformers
show small but significant downfield shifts: 13Ca


aL(gÿ) exptl�
63.5 ppm and 1Ha


aL(gÿ) exptl� 4.28 ppm. These shifts are
reproduced at both ab initio levels: 13Ca


aL(gÿ) Level A1�
62.6 ppm, 13Ca


aL(gÿ) Level B1� 63.3 ppm and 1Ha
aL(gÿ) Level A1�


4.31 ppm, 1Ha
aL(gÿ) Level B1� 4.32 ppm (see also Table 10 and


Figure 9). Since for the third type of side chain orientation,
aL(g�), only a single experimental case was found, analysis
of properties of this conformation is not possible. In
summary, the sign of the shifts characteristic for helical
backbone conformations are reproduced by calculations
for both side chain orientations aÿ and gÿ . Furthermore,
for aL(g�) ab initio calculations reproduce the carbon and
proton experimental shifts remarkably well.


b) Among all valine residues found in b-pleated sheet
conformation approximately 1/3 (13/42) have a
gaucheÿ , bL(gÿ ), and 2/3 (27/42) have an anti, bL(a),


Figure 9. Experimentally determined (in 18 proteins) and ab initio
calculated (level A1 and B1) Ha and Ca chemical shifts of valine
conformers (see also Table 8). Only those conformers are plotted which
were found in the 18 proteins more than twice. (Computed values are
uniformly shifted by 8.04 ppm [Ca] and 0.63 ppm [1Ha] at level A1, and by
4.12 ppm [13Ca] and 0.35 ppm [Ha] at level B1 to match BMRB exper-
imental average values d(13Ca)� 62.17 and d(1Ha)� 4.09.)
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side chain orientation (Table 10). For both types of side
chain orientations there is a significant upfield shift for
13Ca and a characteristic downfield shift for 1Ha (Table 10
and Figure 9). Once again, our ab initio calculations nicely
predict the sign of these changes relative to the average
value deduced from BMRB. For the bL(gÿ ) conformer
even the magnitudes of the calculated proton chemical
shifts, 1Ha


b(gÿ) Level A1� 4.75 ppm and 1Ha
b(gÿ) Level B1�


4.77 ppm, are very close to the average value (1Ha


b(gÿ) exptl� 4.83 ppm) of the 13 bL(gÿ ) conformers assigned
in the present protein database. Similarly to a-helices,
valines in b-sheets having a g� side chain orientation are
rather rare, only two cases have been found out of a total
of 42.


c) Besides the helical (aL) and the extended (bL) conforma-
tions discussed already, the third most frequently assigned
backbone conformer of proteins is that of poly-proline II,
built up from eL-type conformational units. As for helices
and b-sheets, in poly-proline II structures the anti side
chain orientation is the more frequent one, eL(a) �60 %,
while gaucheÿ is found in about 30 % of the cases. The g�
side chain orientation with eL-type backbone structure was
found only twice among the 93 valines analyzed. During ab
initio calculations for the For-l-Val-NH2 model system, the
following typical poly-proline IIfand y values were em-
ployed: f�ÿ608 and y� 1208. For all three types of eL


conformers the experimental average [f, y] values ob-
tained from X-ray data deviate significantly, �258, from
these typical backbone values, resulting in the possibility of
sizeable differences between experimental and ab initio
chemical shifts. Due to the generally established f/1Ha


correlation (Table 9), a few tenth of ppm discrepancy is
expected between 1Ha


theor and 1Ha
exptl . Indeed, for


this conformer the ab initio 1Ha chemical shift is signifi-
cantly upfield shifted (1Ha


eL(a) Level A1� 3.59 ppm and
1Ha


eL(a) Level B1� 3.64 ppm) when compared to the experi-
mental value of 1Ha


eL(a) exptl� 4.27 ppm (Table 10 and Fig-
ure 9). Nevertheless, for the eL(gÿ ) structures the ab initio
values agree well with experimental data, especially for
the 1Ha chemical shifts (1Ha


eL(gÿ) Level A1� 3.97 ppm,
1Ha


eL(gÿ) Level B1� 3.97 ppm, and 1Ha
eL(gÿ) exptl� 3.96 ppm).


d) In addition to the a-helix, b-sheet, and poly-proline II
conformers six inverse g-turns were assigned in the 18
proteins investigated, all having an anti side chain ori-
entation, denoted as gL(a). As for eL, the torsional
parameters of gL, especially y, are off by some 258 ;
causing expected differences between calculated and
observed chemical shifts. As reported in Table 10 and
Figure 9, this difference is indeed present, suggesting that
both 1Ha and 13Ca are sensitive to conformational mis-
matches.


Conclusion


Establishing correlations between peptide backbone confor-
mations and chemical shifts of relevant nuclei has provided a
continuous challenge for experimentalists and theoreticians
alike. When performing ab initio chemical shift calculations


uncertainties arise from the problem of ideal size and type of
peptide model to be used, from the required level of quantum
theory, and from the incorporation of important structural
and environmental factors (e.g., non-planarity of the amide
groups and solvation effects). To consider all these effects at
once is an almost formidable task. An important challenge for
experimentalists is to provide a much larger, non-homolo-
gous, and carefully revised protein NMR database, something
similar to BMRB. In the meantime, studies such as the present
one incorporating both selected ab initio results and carefully
chosen values from experimental databases provide perhaps
the most promising approach. Important findings of our study
are detailed as follows:
* For the first time the entire conformational library of For-l-


Val-NH2, a typical representative of hydrophobic but non-
aromatic side chain containing amino acids, is presented.
The ab initio data set comprises 27 different structures
optimized at two levels of theory. All aL, eL, and some of
the eD and dD conformers are found not to correspond to
local minima at the 6-311��G** DFT(B3LYP) level of
theory. For these structures partially constrained geometry
optimizations were performed. As many as 54 medium-
and/or high-level GIAO-RHF NMR shielding calculations
were performed to map the conformational hyperspace of
valines in proteins.


* Agreement between theoretical and experimental chem-
ical shifts averaged over all conformers for the different
types of proton, nitrogen and carbon nuclei is impressive,
R 2 values as high as 0.99 are observed. As the size of the
basis set employed for the shielding calculation increases,
deviation between the experimental and theoretical shifts
decreases to a few percent for all nuclei but the amide
proton.


* In correlating 1HNH and 15NNH chemical shifts, as well as 1Ha


and 13Ca chemical shifts, useful 2D plots emerge independ-
ently of the basis set employed. In the case of our valine
model peptide, after averaging the chemical shift modify-
ing effect of the side chain orientation, the positions of the
correlated shifts of the various backbone conformers differ
from each other to such an extent that it is straightforward
to recognize and assign the appropriate backbone con-
formations from their relative chemical shifts. The 15NH ±
1HNH and/or the 1Ha and 13Ca planes, which correspond to
results of HSQC (N,H)-type NMR experiments, reveal that
all nine typical backbone conformations separate clearly.


* The empirical structure ± chemical shift correlations ob-
served by Wishart,[12, 13] Oldfield,[18] Bax[8] and others have
been successfully applied in structural determinations of
helical and extended-like secondary structures. Data pre-
sented in this paper for valine give further justification to
these structure ± chemical shift correlations and shows that
they hold for all typical backbone conformers. Our present
comprehensive analysis, augmented by our previous re-
sults[31] for the For-Gly-NH2 and For-l-Ala-NH2 models,
reveals the intrinsic correlation of all nine characteristic
backbone conformations of peptides and their chemical
shift information (especially 1Ha and 13Ca).


* Our detailed NMR shift investigation, covering the entire
conformational hyperspace available for a valine diamide
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model and all experimental valine chemical shifts extracted
from 18 carefully matched proteins, reveals significant
conformational dependence of 1Ha and 13Ca chemical
shifts. However, more model compounds, for example
For-Ser-NH2 (a model for hydrophilic amino acids) and
For-Phe-NH2 (a model of amino acids with aromatic side
chains), should be studied to obtain a conclusive and
general answer as to whether chemical shift information in
general is good enough to use for structure determination
of peptides and proteins.


In summary, ab initio isotropic NMR shielding results
presented in this paper for the model system For-l-Val-NH2


facilitate and encourage the application of correlated relative
chemical shift information from {1H ± 15N}HSQC, {1H ±
13C}HSQC, HNCA, HNCB, and other multiple-pulse NMR
experiments to extract structural information directly from
these measurements, thus opening an alternative route to
NOEs in deriving structures of proteins from their NMR
spectra.
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Abstract: A detailed study concerning
the size-selective electrochemical prep-
aration of R4N�Brÿ-stabilized palladium
colloids is presented. Such colloids are
readily accessible using a simple elec-
trolysis cell in which the sacrificial anode
is a commercially available Pd sheet, the
surfactant serving as the electrolyte and
stabilizer. It is shown that such param-
eters as solvent polarity, current density,
charge flow, distance between electrodes
and temperature can be used to control


the size of the Pd nanoparticles in the
range 1.2 ± 5 nm. Characterization of the
Pd colloids has been performed using
transmission electron microscopy
(TEM), small angle X-ray scattering
(SAXS) and X-ray powder diffractom-
etry (XRD) evaluated by Debye-func-


tion-analysis (DFA). Possible mecha-
nisms of particle growth are discussed.
Experiments directed towards the size-
selective electrochemical fabrication of
(n-C6H13)4N�Brÿ-stabilized nickel col-
loids are likewise described. Finally, a
new strategy for preparing bimetallic
colloids (e.g., Pt/Pd nanoparticles) elec-
trochemically is presented, based on the
use of a preformed colloid (e.g., (n-
C8H17)4N�Brÿ-stabilized Pt particles)
and a sacrificial anode (e.g., Pd sheet).


Keywords: colloids ´ electrochemis-
try ´ palladium ´ surfactants ´
transition metals


Introduction


Nanoscale transition metal colloids and clusters are of
considerable interest as catalysts in organic and inorganic
transformations, as electrocatalysts in fuel cells and as
materials with novel electronic, optical and magnetic proper-
ties.[1] In many cases the size of the nanoparticles, especially in
the range of 1 ± 6 nm, strongly influences the catalytic and
electronic properties, which is the reason why research efforts
directed towards the development of reliable methods for the
size-selective preparation of these materials are increasing.
Indeed, Bradley�s statement in 1994 that ªthe true control of
particle size remains the most attractive goal for the synthetic
chemist in the fieldº is still relevant today.[2, 3] The standard
methods for colloid formation are based on the chemical
reduction of transition metal salts using such different
reducing agent as hydrogen, alcohols, aldehydes, hydrazine,


carbon monoxide, hydroxylamines, silanes, borohydrides or
electrides in the presence of such stabilizers as special
ligands,[1] solvents,[1] polymers[1] or surfactants[1, 4] of the type
R4N�Xÿ which prevent undesired agglomeration with forma-
tion of metal powders. Generally, the actual size of the
nanoparticles obtained varies from system to system, an
observation that is not easy to explain, especially in view of
the fact that not only the stabilizer, the reducing agent and the
nature of the metal are varied, but also other parameters such
as solvent, concentration, temperature and reaction time. To
make things worse, in some publications experimental details
concerning these parameters are not provided.


Truly systematic studies of size-selective syntheses of
transition metal colloids are not as common as one would
wish.[1] In a series of classical papers Turkevich postulated that
the relative rates of two crucial processes determine the size
of metal particles, namely that of nucleation and growth.[5a±c]


Accordingly, fast nucleation relative to growth tends to result
in small particle size. In its most basic form, this postulate is
still accepted today.[1, 5d±f] The problem is then reduced to the
question of how to identify and how to control the factors
which govern the kinetic processes. Nucleation and growth
are themselves complicated processes which have been
illuminated only in a few select cases, as in Henglein�s
classical studies of silver and palladium clusters using pulse
radiolysis.[6] Accordingly, charged dimers Ag2


� (or Pd2
�) are


the first intermediates to be formed. However, in bulk
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preparations of transition metal colloids using other methods
it is generally not clear at what particular size the nucleus
begins to constitute a new phase. Moreover, following
formation of a stable nucleus, various mechanisms for further
growth are possible. For example, an ªatom by atomº buildup
has been discussed, as in photographic emulsions.[7] Such
surface catalytic growth also appears to be the primary
principle in other processes as well.[8] This also pertains to the
formation of [Bu4N]9P2W15Nb3O32-stabilized iridium colloids
which has been termed by Finke as ªliving metal polymer-
izationº.[9] Other than the atom by atom mechanism, growth can
also be imagined to occur by collision of unstable assemblies of
metal atoms (agglomerative growth). The operation of both
mechanisms in a given metal colloid preparation is also
conceivable.


Returning to purely synthetic aspects, several new ap-
proaches to size selectivity have been described recently. For
example, older work by the groups of Boutonnet, Nagy,
Fendler and others[1] on the preparation of colloidal metals in
constrained environments has been elaborated with the
emergence of efficient synthetic processes, as in the reduction
of transition metal salts in micelles,[10a±g] surfactant emul-
sions,[10h] liquid crystals,[10i] or polymerized vesicles.[10j] In other
work thiolate-encapsulated Au nanoparticles were prepared
size-selectively in the range of 2 ± 6 nm by manipulating the
thiol-to-gold ratio during the reduction process.[11] In yet a
different approach, the nature of reducing alcohols has been
systematically varied.[12, 13] Upon changing from methanol to
ethanol to isopropanol, the size of Pd or Pt nanoparticles
increases, although the range actually observed is rather
small.[12] It turned out that the alcohol concentration plays a
more dominant role. Oddly enough, the opposite trend, with
respect to the nature of the alcohol, was observed upon


switching from palladium or platinum to rhodium.[13] One
might expect that nanoparticle size should correlate with the
reducing power of the system, strong reducing agents leading
to fast nucleation relative to growth and therefore to smaller
particles. However, this is not evident in these or other
systems.[1, 14] The hydrogenation of [Ru(cod)(cot)] (cod� 1,5-
cyclooctadiene; cot� 1,3-cyclooctatriene) in mixtures of
THF/methanol affords novel types of spongy Ru nanoparti-
cles in the size range of 12 to >500 nm, depending upon the
solvent composition.[15] Ligand-stabilized giant metal clusters,
the size of which were originally postulated to be character-
ized by the so-called magic numbers, constitute a special class
of nanoparticles.[1d, 16] The discussion concerning the actual
factors which govern the size of these monodisperse particles
is controversial.[1d, 16, 17]


One of the most definitive synthetic and mechanistic
studies with respect to size-selectivity in the preparation of
transition metal colloids is the report that the mild thermolysis
of palladium salts such as Pd(NO3)2 in the presence of an
excess of tetraalkylammonium carboxylates R4N�(R'CO2


ÿ) as
reducing agents and stabilizers makes possible the size-
selective preparation of the corresponding Pd nanoparticles
in the range 2.5 to 6.8 nm depending upon the electronic
nature of the carboxylate anion.[18] Electron-withdrawing
substituents in the R' group of the carboxylate R'CO2


ÿ


correlate with peak potentials Ep(ox) and therefore with lower
reducing power, which in turn results in slow nucleation and
consequently in large particle size. Electron-donating sub-
stitutents induce the opposite effects, all other parameters
such as temperature, solvent and concentration being con-
stant. Thus, in this system, the controlling element which
determines the size of the metal colloids is fairly well
understood.[18] The situation is therefore quite different from
previous syntheses of R4N�Brÿ or R4N�Clÿ-stabilized tran-
sition metal colloids in which various types of reducing agents
ranging from H2 to [Et3BH]ÿR4N� were employed.[4]


Several years ago we described an electrochemical method
for the preparation of R4N�Xÿ-stabilized transition metal
colloids.[19] Previously, electrochemical processes had been
employed in the preparation of insoluble metal powders,
usually in aqueous acidic medium.[20] More recently, con-
trolled electrochemical deposition of nanostructured Pd and
Cu particles has been reported by Hempelmann.[21a, b] This
work is related to that of Penner concerning the electro-
chemical deposition of silver nanocrystallites on atomically
smooth graphite basal plane,[21c] and to the report of Searson
and Chien concerning the electrochemical deposition of Ni
and Co in polycarbonate templates of nanometer-sized pores
created by nuclear track etching.[21d] Other forms of electro-
chemical metal deposition have been reported by Wiley[21e]


and Bartlett.[21f] In contrast, we used a sacrificial anode as the
metal source in a simple electrolysis cell, R4N�Xÿ serving as
the electrolyte and as the stabilizer in an organic solvent
(Scheme 1).[19, 22] This means that the bulk metal at the anode
is oxidized to metal cations which then migrate to the cathode
where reduction occurs with the formation of ad-atoms. These
form clusters which are trapped by the surfactant, a process
which results in stabilized colloids rather than insoluble metal
powders (Figure 1).


Abstract in German: Eine detaillierte Studie über die grössen-
selektive elektrochemische Darstellung von R4N�Brÿ-stabili-
sierten Palladium-Kolloiden wird beschrieben. Solche Kolloide
sind mithilfe einer einfachen Elektrolyse-Zelle leicht zugäng-
lich, in der ein kommerziell erhältliches Pd-Blech als Opfer-
anode dient und das Tensid als Elektrolyt und zugleich als
Stabilisator fungiert. Parameter wie Polarität des Solvens,
Stromdichte, Ladungsfluss, Abstand zwischen Elektroden
sowie Temperatur können herangezogen werden, um die
Grösse der Pd-Nanopartikel im Bereich von 1.2 bis 5 nm zu
steuern. Die Charakterisierung der Pd-Kolloide erfolgte durch
Anwendung der Transmissionselektronenmikroskopie (TEM),
Kleinwinkel Röntgen-Streuung (SAXS) sowie Röntgen-Pulver
Diffraktometrie (XRD) auf der Basis von Debye-Funktion-
Analysen (DFA). Mögliche Mechanismen des Partikelwachs-
tums werden diskutiert. Experimente zur grössenselektiven
elektrochemischen Präparation von (n-C6H13)4N�Brÿ-stabili-
sierten Nickel-Kolloide werden ebenfalls beschrieben. Schliess-
lich wird eine neue Strategie zur elektrochemischen Herstel-
lung von bimetallischen Kolloiden, z.B. von Pt/Pd-Nanoteil-
chen, vorgestellt, die von präformierten Kolloiden [z.B.
(n-C8H17)4N�Brÿ-stabilisierten Pt-Partikeln] und von einer
Opferanode (z.B. Pd-Blech) Gebrauch macht.
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Scheme 1. Electrochemical fabrication of nanosized transition metal
colloids (the stabilizer is usually a tetraalkylammonium salt).


Figure 1. Schematic representation of electrochemical formation of
R4N�Xÿ-stabilized transition metal colloids.


In the case of palladium colloids a certain degree of size-
selectivity was observed, depending upon the current den-
sity.[19] Other parameters such as the duration of electrolysis
and distance between electrodes were not considered nor
were they specifically controlled. The present paper consti-
tutes a careful and systematic study of the effect of these and
other factors, including solvent polarity and temperature. It is
demonstrated that all of these parameters must be considered
in order to obtain synthetically useful results in a simple and
reproducible manner.[22] The size of the nanoparticles was
determined by transmission electron microscopy (TEM) and
small angle X-ray scattering (SAXS). We also report X-ray
diffraction (XRD) data and present the results on the basis of
a Debye-function-analysis (DFA), thereby shedding some
light on the growth mechanism. Finally, the extension to the
electrochemical preparation of R4N�Xÿ-stabilized nickel
colloids and bimetallic Pt/Pd nanoparticles is described.


Results and Discussion


Methods for determining the size of metal nanoparticles : The
size of transition metal colloids is generally determined by


transmission electron microscopy (TEM).[1] Previously, we
published a study of R4N�Xÿ-stabilized Pd colloids in which
TEM was combined with scanning tunnel microscopy (STM)
in order to define the structural relationship between the
metal core and the outer stabilizer.[24] It was shown that the
ammonium salt R4N�Xÿ forms a monomolecular layer around
the Pd clusters. In the present study we again utilize TEM as a
standard tool of analysis. In doing so, samples were prepared
by simple dip-coating onto conventional Cu grids which were
covered by a carbon film. In order to enable a statistically
meaningful TEM analysis, at least 300 particles, but in most
cases 800 ± 1000 particles on a given grid were considered. In
general it can safely be assumed that the values of the
nanoparticle size measured by this method following immo-
bilization on a TEM grid also correspond to those prevalent in
the actual colloidal solution.


Small angle X-ray scattering (SAXS)[25] was used as a
second, independent method to determine the size of the
nanoparticles for some of the colloids produced. This method
can be used on the original colloidal solutions as prepared, no
additional sample preparation involving heterogenization of
the sample on a surface being necessary. In addition a very
large number of particles is used for the analysis. The solutions
considered were in a dilute state; the scattering intensity is
then given by Equation (1).


I(q)� cp V 2
p D12 jF(q) j 2 (1)


where cp is the number concentration of the particles, Vp the
volume of the particles and D12 the electron density differ-
ence between the particle and the surrounding solvent.
Because of the high electron density of the metallic particles,
the scattering signal caused by the surfactants in the solvent
can be neglected. The scattering vector is q� (4p/l)sin q, with
2q being the scattering angle. F(q) is the form factor of the
particles, which for spherical particles of radius R can be given
explicitly as Equation (2):


F(qR)� 3
sin qRÿ qR cos qR


�qR�3 (2)


Independent of the exact shape of the particles the form factor
can be approximated for small values of q by the Guinier
law,[26] [Eq. (3)].


jF(q) j 2� exp(ÿq2R2
g/3) (3)


For spherical particles the relation between the radius of
gyration Rg and the radius of the sphere R is given by
Equation (4):


R�
���
5


3


s
Rg (4)


For a polydisperse collection of particles, the result of a SAXS
measurement corresponds to a superposition of the contribu-
tions from particles of different size. It can be seen from
Equation (1), that larger particles contribute more strongly to
this average because the scattering power of a particle is
proportional to the square of its volume. Consequently, small
particles contribute very little to the scattering intensity and
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the particle size determined in this way will be larger than the
corresponding mean value as determined by TEM.


Solvent effects : In the original version of the electrochemical
preparation of R4N�Xÿ-stabilized Pd colloids a mixture of
acetonitrile (AN) and tetrahydrofuran (THF) was used, but
the exact percentage composition was neither varied nor
rigorously controlled.[19a] AN is a very polar solvent with a
solvent polarity parameter of ET� 45.6, whereas THF is
considerably less polar (ET� 37.4).[27] As a first step in
understanding and defining the system more closely, we
studied the possible influence of solvent polarity by using AN/
THF mixtures of precisely defined composition in which the
percentage of AN varied from 50 % to 0 %. All other
parameters including the distance between electrodes (DE�
0.75 mm) were kept constant. The time allowed for electrol-
ysis varied only slightly corresponding to a charge flow (Q) of
0.30 ± 0.44 Ah. The samples obtained in each case were first
analyzed by TEM. The results, as summarized in Figure 2,


Figure 2. Size distribution (TEM) of electrochemically prepared (n-
C8H17)4N�Brÿ-stabilized Pd colloids as a function of the solvent composi-
tion (T� 27 8C, DE� 0.75 mm, IE� 2.16 mA cmÿ2): a) AN/THF� 0.5;
b) AN/THF� 0.25; c) AN/THF� 0.17; d) AN/THF� 0.1; e) AN/THF� 0.


show a clear trend: with increasing polarity of the medium,
the average size of the Pd nanoparticles increases, the range
stretching from 1.4 nm in pure THF to 4.8 nm in a 1:1 mixture
of THF and AN. Thus, variation of solvent polarity constitutes
a simple means to control the particle size. Upon repeating
the experiments several times under identical conditions, a
high degree of reproducibility was demonstrated, the average


particle diameter varying by less than �0.25 nm. Isolation in
solid form is best performed by adding water to the deep black
colloidal solutions which causes the precipitation of the Pd
nanoparticles. All samples show a metal content of > 65 %
and can be fully redispersed in THF if so desired.


The same samples in the form of colloidal solutions were
then studied by SAXS. The Guinier analysis was performed in
addition to the application of a model based on spheres with a
Gaussian distribution in the radius. Not unexpectedly, the size
of the particles was found to be systematically larger than the
TEM values by a small amount (Figure 3).


Figure 3. Influence of the solvent composition on the Pd particle size as
determined by TEM and SAXS (same samples as in Figure 2).


In order to shed more light on these analyses two scattering
curves are shown as an example in Figure 4. The data are
taken from the series of experiments corresponding to
Figure 3 (ratio AN/THF� 0.17) and from those in which
current density was varied (5.41 mA cmÿ2, charge flow 0.5 Ah;
see data presentation below). The diagram shows the scatter-
ing curves on a double logarithmic scale, for the upper curve
together with a model corresponding to spheres with a
Gaussian distribution in the radius. Whereas in the upper
curve the minima of the form factor are visible, these cannot
be distinguished as clearly in the lower curve, due to
polydispersity and limited q range of the instrument. In the
inset, a Guinier plot is shown for the same data sets. Here the
Guinier law corresponds to a straight line. The broken lines
show the corresponding model curves. Since the full analysis
of the scattering curves is not applicable to all samples, the
Guinier method was used as a consistent way to analyze the
data. A comparison between the two methods was made for
some selected data sets. The result is as expected: The Guinier
analysis gives a value for the size which corresponds to the
upper wing of the distribution in case of the full analysis. For
the upper curve shown in Figure 4, TEM gives a particle
diameter of 3 nm, the full SAXS analysis leads to a value of
3.8 nm and s� 0.3 nm. The Guinier value (d� 4.6 nm) is even
higher. Such limitations concerning the absolute value of the
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Figure 4. SAXS scattering curves for two selected samples of different size
as described in the text. The line corresponds to a fit by a model assuming a
polydisperse collection of spheres. In the inset, the data are shown in a
Guinier representation. The linear parts of the curves correspond to a
Guinier law. The broken lines underneath the data show the corresponding
model curves. The resulting radii of gyration are indicated.


particle size must be kept in mind when performing and
analyzing scattering experiments using polydisperse samples.
Nevertheless, trends in particle size due to different con-
ditions of synthesis are in fact consistent when comparing the
TEM and SAXS results.


Effect of charge flow: Subsequent to these initial studies, the
possible effect of electrolysis duration as measured by the
charge flow (Q) on particle size was investigated. In an
exploratory experiment an electrolyte was chosen in which
the AN/THF ratio was fixed at 0.17. Interestingly, the particle
diameter was found to increase with increasing time (Fig-
ure 5). The most pronounced effect occurs in the early phase
of electrolysis and levels off after a charge flow of about
0.5 Ah.


Figure 5. Influence of charge flow Q on Pd particle size (TEM) (solvent
AN/THF� 0.17, T� 27 8C, DE� 0.75 mm, IE� 2.16 mA cmÿ2).


The data indicate that the size of the particles is largely
determined by a growth process taking place during the
synthesis. The details depend on the polarity of the solvent,
higher polarity enhancing the probability of further growth. A


reduced electrostatic interaction between the metal colloid
and the surfactants in a polar surrounding would be a possible
explanation for this observation. In a less polar solvent the
stabilizing shell would then more effectively shield the
particle against further growth. No conclusions can be drawn
at this point about the exact mechanism of growth. One
possibility is further growth of particles by reaction with ad-
atoms or small reactive clusters thereof. A different possible
explanation for the variation of particle size with time can be
tested, namely an effect due to the changing concentration
during the time resolved measurements resulting from the
consumption of the ammonium salt as electrolyte and
stabilizer during the synthesis. This would mean that the ad-
atoms or clusters thereof are not stabilized sufficiently, unlike
in the early phase, leading to larger nanoparticles. However, it
was easy to exclude this possibility by the following experi-
ments. Electrolysis in THF was repeated in the early part of
the process (up to 0.31 Ah), additional (n-C8H17)4N�Brÿ being
added periodically to compensate for surfactant uptake in its
function as a colloid stabilizer. No significant effect on particle
size was observed.[22]


The role of current density : Although the size of the Pd
nanoparticles can be controlled conveniently by adjusting the
AN/THF solvent ratio, the method does have the potential
disadvantage that the colloids contain AN. Indeed, even if the
solid materials obtained following work-up are subjected to
prolonged vacuum by a diffusion pump, some AN remains
incorporated, as shown by infrared spectroscopy and mass
spectrometric analyses.[22] It is likely that in these systems the
surfactant and the solvent AN jointly function in stabilizing
the Pd colloids. Although this might be of secondary
importance, it is conceivable that the presence of AN may
have an adverse effect in certain catalytic applications.
Therefore, the search for possible control elements for the
size-selective fabrication of R4N�Xÿ-stabilized Pd colloids in
the absence of AN was continued, current density (IE) being
the first of several parameters to be considered. Upon
applying a current density of 2.16 and 5.41 mA cmÿ2 (T�
20 8C; DE� 5.0 mm; THF pure) for a relatively long electrol-
ysis duration (Q) corresponding to 2.1 Ah, Pd colloids having
an average diameter of 2.56 and 1.39 nm, respectively, were
obtained. Thus, at higher current density smaller particles are
formed. Such a trend is not completely surprising since it is
known from the literature on electrochemical metal powder
production that the critical radius rcrit of clusters of ad-atoms
prior to powder formation at the cathode interface is
predicted by Equation (5):


rcrit�
2 Mg


nF h1
(5)


where M�molecular weight, g� surface tension, F�
Faraday constant, h� overpotential, 1� density of the cluster,
and n� valency.[28] Accordingly, rcrit is inversely dependent on
the overpotential h, which in turn is directly related to the
current density. This would explain the results. However, due
to the observed influence of charge flow on particle size, the
state of the matter is considerably more complicated. Indeed,
upon recording the particle size as a function of charge flow, a
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different behavior was observed at the two current densities
applied (2.16 mA cmÿ2 and 5.41 mA cmÿ2) (Figure 6). At high
current density the average diameter of the Pd particles
remains approximately constant over the entire electrolysis
(Figure 6; Table 1), whereas at low current density particle
size increases with time (Figure 6).


Figure 6. Influence of current density on particle size (SAXS) of (n-
C8H17)4N�Brÿ-stabilized Pd colloids at different charge flow Q : Current
density� 2.16 mA cmÿ2 (&); current density� 5.41 mA cmÿ2 (�) (T� 20 8C,
DE� 5.0 mm, solvent THF).


In fact, at low charge flow the current density has no
significant influence on particle size. Moreover, the large
particles obtained using a low current density (2.16 mA cmÿ2)
at long electrolysis duration have a bimodal character (d�
2.56� 0.9 nm), whereas the Pd colloids having small particles
obtained by applying a high current density (5.41 mA cmÿ2)
have a narrow size distribution (d� 1.39� 0.49 nm) both
experiments being carried out in THF at DE� 5 mm.[22] The
data suggest an enhancement of growth as compared to
nucleation under the conditions of low current density.
Growth processes do not necessarily have to take place at
the electrode. We generally observe a decrease of the current
yield with time, as shown in Table 1 for the series of
measurements at high current density (5.41 mA cmÿ2). Here
the amount of Pd dissolved was measured after every step. A
similar decrease of current yield was observed for syntheses
under different conditions. This may be due to the formation
of negatively charged Pd colloids which begin to be dis-
charged at the anode. Charged colloids could well participate


in a growth process, but since the exact parameters controlling
this process are not known at this point, we prefer not to offer
a detailed explanation of the observations.


Influence of distance between electrodes : A parameter that
was found to have a distinct influence on particle size is the
distance between cathode and anode, DE, which means that
care must be taken when constructing the actual electrolysis
setup. In two series of experiments a sacrificial Pd anode and
an inert Pt anode, each 9.25 cm2 in area, were placed 0.75 mm
and 5.00 mm from one another. A current density of
5.41 mA cmÿ2 was chosen because at this value no time-
dependent colloid growth had been observed previously (see
above). The results are striking in that at large DE small
particles having a constant size, irrespective of electrolysis
duration, are formed, whereas, at small DE, particle size is
larger and increases as electrolysis proceeds (Figure 7). The


Figure 7. Dependency of particle size (SAXS) of electrochemically pre-
pared (n-C8H17)4N�Brÿ-stabilized Pd colloids on electrode distance (DE) at
different charge flow Q : DE� 0.75 mm (~, DE� 5.0 mm (�) (T� 20 8C,
IE� 5.41 mA cmÿ2, solvent THF).


statistical evaluation of the TEM results show a relatively
broad size distribution in the case of small DE and almost
monodisperse behavior at large DE. An unambiguous inter-
pretation is difficult because a variety of factors are probably
involved, including transport rates and electrophoretic mobi-
lities which are proportional to the fields.[29]


Influence of the nature of the ammonium salt : In order to test
whether the R4N�Xÿ-stabilized Pd colloids, once formed as
stable entities, continue to grow under the electrolysis
conditions, the nature of the ammonium salt was varied.
Whereas all of the experiments described so far pertain to (n-
C8H17)4N�Brÿ-stabilized Pd colloids which are completely
soluble in THF, the use of (n-C4H9)4N�Brÿ as an electrolyte
and stabilizer would be expected to afford Pd colloids which
are largely insoluble in this medium. Indeed, it was observed
that under such conditions the (n-C4H9)4N�Brÿ-stabilized Pd
colloids precipitate during electrolysis, which means that the
chance of further growth is limited. Experimentally, it turned
out that, in this system, the size of the Pd particles remains
almost constant over the entire duration of electrolysis, even
at a DE value of 0.75 mm (Figure 8).


Table 1. Influence of charge flow Q on particle size of electrochemically
prepared (n-C8H17)4N�Brÿ-stabilized Pd colloids (T� 20 8C, DE� 0.75 mm,
IE �5.41 mA cmÿ2).


Sample Charge flow Q Pd dissolved Current yield Size (SAXS)
[Ah] [mg] [%] [nm]


1 0.1 151 76 2.82
2 0.2 243 61 2.88
3 0.3 313 53 3.08
4 0.4 370 47 2.91
5 0.5 572 58 2.93
6 1.7 861 26 2.93
7 2.1 1006 24 2.72
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Figure 8. Dependency of particle size (TEM) of (n-C4H9)4N�Brÿ-stabilized
Pd colloids as a function of charge flow Q (T� 27 8C, DE� 0.75 mm, IE�
5.41 mA cmÿ2, solvent THF).


Temperature effect : Finally, the possible effect of temperature
on the size of the (n-C8H17)4N�Brÿ-stabilized Pd colloids was
studied. In a typical series of experiments electrolyses were
performed at 15 8C, 40 8C and 60 8C (DE� 0.75 mm, IE�
5.41 mA cmÿ2, solvent THF). The results show that particle
size increases with increasing temperature as shown by two
independent methods, namely TEM and SAXS analyses
(Figure 9). Thus, it is a simple matter to vary the average


Figure 9. Effect of temperature on the size of electrochemically prepared
(n-C8H17)4N�Brÿ-stabilized Pd colloids: SAXS (^), TEM (~) (DE�
0.75 mm, IE� 5.41 mA cmÿ2, solvent THF).


particle size in the range 1.24 to 3.94 nm (values from TEM).
Moreover, the respective size distribution is rather narrow, as
demonstrated in Figures 10 and 11. The results can be
explained by postulating higher diffusion, migration and
dissociation rate of the tetraalkylammonium palladate inter-
mediates at elevated temperatures, as well as decreasing
viscosity of the medium leading among other things to a lower
cathodic overpotential. Of course, other factors such as higher
desorption rate of the stabilizer from the particle surface at
higher temperatures may also play a role.


Simultaneous variation of two parameters : Obviously, in the
quest to find ways to control particle size of the (n-
C8H17)4N�Brÿ-stabilized Pd colloids, it is possible to combine
the various parameters delineated above. One of several
possibilities is illustrated here, namely to change from the
usual room temperature to 60 8C and to vary the duration of
electrolysis, whilst keeping other factors constant (DE�
0.75 mm, IE� 5.41 mA cmÿ2). Not unexpectedly, the average


Figure 10. TEM images of (n-C8H17)4N�Brÿ-stabilized Pd colloids ob-
tained electrochemically (DE� 0.75 mm, IE� 5.41 mA cmÿ2, Q� 0.5 Ah;
solvent THF) at a) 15 8C; b) 40 8C; c) 60 8C.


Figure 11. Size distribution (TEM) of electrochemically prepared (DE�
0.75 mm, IE� 5.41 mA cmÿ2, Q� 0.5 Ah) (n-C8H17)4N�Brÿ-stabilized Pd
colloids at a) 15 8C; b) 40 8C; c) 60 8C.


particle size as determined by TEM varies in a defined and
reproducible manner: d� 1.93� 0.6 nm (at Q� 0.2 Ah); d�
3.94� 0.66 nm (at Q� 0.5 Ah) and d� 4.28� 0.99 nm (at Q�
1.0 Ah). The statistical evaluation[22] again points to a narrow
size distribution which is typical of the electrochemical
preparation method.


Further characterization : Although no detailed mechanistic
studies regarding colloid formation were carried out, all of the
observations are consistent with a growth mechanism involv-
ing R4N�Xÿ-stabilized particles. However, some formation of
new nucleation points during electrolysis and therefore of new
colloids may well occur parallel to growth. In order to gain
more information of the structural nature of the Pd colloids
and possibly of their mode of formation, X-ray powder
diffractometry (XRD) was applied.[30] Because the evaluation
of XRD data obtained from particles in the size range <4 nm
is problematic, the Debye-function-analysis (DFA) of the
XRD spectra was employed.[31] An XRD/DFA study of this
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kind has previously been carried out successfully, the Euro Pt-
1 catalyst (6.3% Pt on SiO2) and the Schmid cluster
Au55(PPh3)12Cl6 serving as the nanoparticles.[31] In the present
study a Pd colloid prepared at 60 8C using an electrode
distance (DE) of 0.75 mm and a current density (IE) of
5.41 mA cmÿ2 was studied by XRD/DFA, the sample being
isolated by precipitation with water after 0.2 Ah. The
corresponding XRD spectrum and the DFA fit are repro-
duced in Figure 12.


Figure 12. a) Experimental (*) and DFA-fitted (ÐÐ) XRD spectra of a
(n-C8H17)4N�Brÿ-stabilized Pd-colloid (DE� 0.75 mm, IE� 5.41 mA cmÿ2,
Q� 0.20 Ah, T� 60 8C, solvent THF); b) particle size distribution of the
same sample.


The method for analyzing X-ray diffractograms from
complex systems of nanoparticles using model Debye func-
tions (DFA) is based on the results of many consistent TEM
studies. They confirm the existence of so-called multiply
twinned particles (MTPs) with non-periodic five-fold symme-


try of decahedral or icosahedral shape for metal nanoparti-
cles. It is also well known that with increasing size there is a
transition from these five-fold symmetric particles to the
regular bulk structure with some twinning defects. For the
simulations we used a sequence of increasing size for the
different particle types. Some of the features of the diffraction
curves are so specific and so characteristic that they can only
be simulated by, for example, a fraction of larger fcc-type
particles. This is, in fact, the case for the palladium system
studied here: the two ªnarrowº peaks at b� 0.73 �ÿ1 and at
b� 0.85 �ÿ1, as well as the shoulders at the high angle wings of
peak 1 and 3 of Figure 12a are typical fcc features. To
underline this statement we show two simulations that differ
only in one point: the top curve excludes fcc-type particles
(shown with offset), and the lower curve includes the twinned
fcc-type model Debye functions (size range 25 ± 50 �). The
necessary improvement is evident. The related R factor is
improved by a factor of 3. The fraction by mass of the fcc
particles is in the order of 10 % (Figure 12b).


Both groups of particles, of the smaller MTP-type and of
the larger fcc-type, have been given an individual scaling
parameter, which refers to a possible contraction/expansion
against the bulk palladium near neighbor distance. The
method has been described in a recent paper on nanocrystal-
line gold.[30c] Surprisingly, here an interatomic distance of
2.96 � for the smaller MPT particles is found, corresponding
to an extreme expansion of 7.5 % relative to the value in bulk
palladium (2.75 �). Such an increase could be caused by the
incorporation of ªforeignº atoms or ions,[32] although this is a
matter of speculation. For the larger fcc fraction the PdÿPd
distance is essentially the same as in the bulk material.
Noteworthy is the fact that the DFA-derived mean particle
diameter of 0.8 nm is significantly smaller than the value
determined by TEM (1.93� 0.6 nm). At least part of this
discrepancy is due to the fact that particles less than 1 nm in
size are inefficiently detected by TEM. However, it is possibly
also a result of the fact that the (n-C8H17)4N�Brÿ-stabilized Pd
colloids are not single crystals. Indeed, they are composed of
smaller primary particles, the sizes of which are reflected in
the DFA analysis. Further support for this structural feature is
derived from the finding that the integral line widths as
determined by Pearson-VII functions increase significantly
with the reflex order. In general, such broadening can be
explained on the basis of an overlap of an approximately
constant contribution related to the particle size and contri-
butions due to irregularities in stacking and/or to micro-strain.
This, again, is in line with the formation of polycrystalline
secondary particles and the thereby associated state of strain
at the grain boundaries of the primary particles. The structural
knowledge derived from these studies indicate that the size-
selective process is based on a growth mechanism which is
characterized by coalescence of once-formed stabilized col-
loids with smaller ensembles of reactive palladium atoms
formed during electrolysis. Control experiments clearly
showed that heating the colloids (e.g., 1 ± 2 nm sized samples)
alone without applying electrochemical conditions does not
result in particle growth.


In spite of the fact that the samples were isolated and
handled in air, significant oxidation of the Pd atoms in the







FULL PAPER M. T. Reetz et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-1092 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 51092


core of the (n-C8H17)4N�Brÿ-stabilized colloids can be ex-
cluded. Thus, there is little correspondence between the
observed diffraction reflexes of the Pd-colloid and those of
calculated hypothetical 5 nm-sized PdO nanoparticles (Fig-
ure 13). A slight shoulder at the (111) reflex of the colloid
indicates a small degree of oxidation, probably at the surface
of the Pd core.


Figure 13. Comparison of the experimental XRD spectrum of an electro-
chemically prepared (n-C8H17)4N�Brÿ-stabilized Pd colloid (DE� 0.75 mm,
IE� 5.41 mA cmÿ2, Q� 0.2 Ah, T� 60 8C, solvent THF) with the calculated
spectrum of a PdO colloid.


Studies concerning Ni and Pt/Pd colloids : In further experi-
ments, it was of interest to see if the effects observed in the
size-selective preparation of palladium colloids also operate
in the case of other transition metals.[19c] For this purpose the
same experimental setup and conditions were employed,
except that the Pd anode was replaced by a sacrificial nickel
anode.[19c] In this case, (n-C6H13)4N�Brÿ served as the electro-
lyte and the stabilizer in THF. Three different experiments
were carried out in which several of the parameters which had
previously been shown to be instrumental in determining the
size of the Pd colloids were varied. Electrolysis at 60 8C with
DE� 0.75 mm, IE� 5.41 mA cmÿ2 and Q� 0.90 Ah led to Ni
colloids with a mean diameter of 2.9� 0.82 nm. Upon low-
ering the temperature to 20 8C and increasing the electrode
distance to DE� 5.41 mm, while keeping IE (5.41 mA cmÿ2)
and Q (0.90 Ah) constant, considerably smaller sized (d�
1.16� 0.22 nm) particles were obtained. This corresponds
fully to the trends observed previously in the fabrication of the
Pd analogues. In order to see if current density also influences
the size of the Ni particles, the third experiment was carried
out with IE being adjusted to 2.16 mA cmÿ2, all other
conditions being the same as in the preparation of the second
sample. Indeed, (n-C6H13)4N�Brÿ-stabilized Ni colloids were
obtained having a larger diameter (1.71� 0.39 nm), in line
with the effect previously observed in the case of the Pd
colloids. Yasuhara and Sakamoto have also used the electro-
chemical method to prepare Ni colloids, in this case the
stabilizer being (n-C4H9)4N�BF4


ÿ.[33] It should be noted that
exploratory experiments using other sacrificial anodes such as


Co,[34] Fe,[19c] Cu,[19c] Ag,[19c] Ti,[35] and Au[19c] were also
successful, although in some cases the colloids were not as
stable as those derived from Pd or Ni. A more detailed study
of the use of Au sheets as sacrificial anodes and special
tetraalkylammonium salts as electrolytes and stabilizers
showed that shape-selectivity in the form of rodlike clusters
is possible.[36] Thus, our electrochemical transition metal
colloid synthesis seems to have a fairly broad scope.


Finally, it was of interest to see if the electrochemical
method described herein can be extended to include the
preparation of bimetallic colloids. Previously, we employed an
electrolysis setup based on two sacrificial anodes (e.g., Pd and
Ni sheets, and an inert cathode).[37] Alternatively, we have
shown that two transition metal salts can be reduced electro-
chemically in the presence of tetraalkylammonium acetates,
the latter serving as the electrolyte, the stabilizer and as the
reductant oxidized at the anode.[37] In the present study we
developed a third strategy, namely to start with a preformed
colloid derived from one metal and to graft on a second metal
electrochemically. Experimentally we started with an (n-
C8H17)4N�Brÿ-stabilized platinum colloid having a metal
content of 86 % and an average particle size of 3.8 nm.[39] It
was added to an electrolysis cell containing a 0.1m solution of
the electrolyte (n-C8H17)4N�Brÿ in THF. An inert Pt cathode
and a sacrificial Pd anode were chosen as the electrodes
(DE� 0.75 mm, IE� 5.41 mA cmÿ2, T� 60 8C). After a charge
flow of Q� 0.5 Ah, a sample was taken for TEM analysis. This
showed the presence of nanoparticles having an average size
of 4.27� 0.81 nm. After a charge flow of Q� 1.0 Ah electrol-
ysis was terminated, resulting in Pt/Pd colloids having an
average size of 4.94� 0.79 nm as determined by TEM.[22]


EDX-spot analysis of 13 individual particles clearly demon-
strated the existence of true Pt/Pd colloids, only two of the
particles consisting solely of Pd atoms (Table 2). Thus, these


results show that our electrolysis allows for a graft proc-
ess.[8, 9, 40] Bimetallic colloids are therefore accessible by using
a given starting metal colloid and the appropriate sacrificial
anode as the source of the second metal.


Table 2. EDX-spot analyses of individual nanoparticles of an (n-
C8H17)4N�Brÿ-stabilized Pt/Pd colloid.


Single particle[a] Pt [atom %] Pd [atom %] percentage Pd [atom %]


1 32.23 19.15 37.27
2 15.24 12.00 44.05
3 ± 27.85 100
4 18.72 20.68 52.48
5 14.85 46.85 75.93
6 27.54 22.43 44.86
7 30.76 15.38 33.33
8 32.86 28.30 46.27
9 31.03 48.68 61.07


10 25.99 14.38 35.62
11 ± 22.38 100
12 24.46 16.78 40.68
13 9.35 29.22 75.75


[a] EDX beam diameter: � 4 nm.
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Conclusion


In this study we have explored and defined the parameters
which are important for controlling size-selectivity in the
electrochemical fabrication of R4N�Xÿ-stabilized nanoscale
palladium and nickel colloids. These include solvent polarity,
current density, charge flow, distance between electrodes and
temperature. It is thus possible to control the size of the metal
colloids in the range of 1.2 ± 5 nm. The combination of TEM,
SAXS and XRD/DFA was used to characterize the colloids
and to gain preliminary information concerning the growth
mechanism of particle formation. All present evidence points
to a growth mechanism in which coalescence of R4N�Brÿ-
stabilized metal colloids with smaller ensembles of reactive
metal atoms dominates. Bimetallic colloids are accessible by
starting with a given metal colloid and grafting the second
metal onto it electrochemically, the bimetallic character being
demonstrated by EDX spot analyses. It remains to be seen if
the control elements described in this study are also crucial in
our alternative electrochemical preparation of R4N�Xÿ-
stabilized transition metal colloids according to which metal
salts such as PtCl2, Pd(OAc)2, RuCl3, OsCl3 or Mo2(OAc)4


rather than sacrificial anodes, serve as the metal source.[38]


Experimental Section


Analytical instruments : Transmission electron microscopes (TEM): Hita-
chi HF 2 000 (200 kV) and Siemens Elmiskop (80 kV); small angle X-ray
scattering (SAXS): Kratky Kleinwinkelkamera (the algorithm of Strobl
was used for deconvolution of slit smeared data[23]) ; X-ray powder
diffractometer (XRD): Huber-Guinier diffractometer.


Chemicals : All of the chemicals that were used are commercially available.
Tetraoctylammonium bromide (98 %, Fluka), tetrahexylammonium bro-
mide (>99%, Fluka) and tetrabutylammonium bromide (>98%, Fluka)
were dissolved in dry THF, the solvent removed in vacuo and the solids
dried at 40 8C for 48 h at high vacuum. Acetonitrile was distilled over KOH/
KMnO4. THF was distilled over sodium tetraethyl alanate and stored under
argon.


Electrolysis cell : Commercially available titration vessels having a volume
of 90 mL were modified in the following way: A vessel (Metrohm
6.1415.220) was equipped with a Teflon lid (Metrohm 6.1414.030) having
two connections for the electrodes and one for inert gas, an opening for
adding solid materials or for a reflux condenser, as well as two openings for
adding or taking samples of electrolytes. A commercially available
platinum sheet (3.7� 2.5 cm2 area and 0.05 mm thick) served as the inert
cathode. Commercially available palladium (or nickel) sheets (3.7� 2.5 cm2


area and 1.0 cm thick) were used as sacrificial anodes. Before use, the
electrodes were cleaned with scouring powder and washed with water,
acetone and toluene.


Electrolyses : Before actual use the electrolysis cell was dried for several
hours at 70 8C in a drying oven and subsequently cooled in an argon stream.
The electrolyte was added through an appropriate hose under inert gas
(Ar) conditions. The openings were closed with rubber stoppers. For the
galvanostatic electricity supply a simple commercially available instrument
(Uniwatt NG306) was employed. During electrolysis, the cell was
submerged in an ultrasonic cleaning bath (Bandelin Sonorex Super RK
102H). Thermostatization was ensured by cooling elements of an external
aggregate (Haake N3 or Lauda UKT 350). In the case of electrolyses at
temperatures above 40 8C, a water-cooled reflux condenser was used. In
order to take samples during electrolysis, a syringe was employed, and 1 ±
4 mL samples were placed in an argon-filled flask equipped with a Teflon
stopper. In those cases in which the palladium consumption was periodi-
cally determined during the electrolysis, charge flow was interrupted for a
short time, the cell was opened, and the anode was washed with acetone


and finally weighed. It was then dried at 70 8C for a short time and re-
inserted into the electrolysis cell under an atmosphere of argon. The total
interruption took about 5 min.
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Geometrical Structure of Yttrium and Metal ± Bromine Complexes
in Solution: Limitations of Extended X-ray Absorption Fine
Structure Analysis (EXAFS)


JesuÂ s Chaboy,*[a] Adela MunÄ oz-PaÂez,[b] and Sofía Díaz-Moreno[c]


Abstract: An extensive study on the
appearance of multi-electron features
in the X-ray absorption spectra of sev-
eral yttrium(iii)-based compounds has
been performed. The existence of a
multi-electron transition of non-negligi-
ble intensity within the extended X-ray
absorption fine structure (EXAFS) re-
gion of the Y K-edge spectra has been
proven. The impact of such features in
the EXAFS analysis is made evident for
aqueous solutions of YBr3 ´ 6 H2O in


liquid and glassy states in the concen-
tration range 0.005 ± 2.0m, in which this
transition induces an overestimation in
the coordination numbers derived from
EXAFS. We have performed theoretical
computation of cross-sections for the
double-electron processes at the K-edge


of both Y and Br. These computations
have been applied to the experimental
EXAFS K-edge spectra of both Y and
Br in several solids and in aqueous
solutions. While in the case of Y K-edge
spectra the presence of such multi-
electron transitions was seen to seriously
affect the standard EXAFS analysis, its
influence in the case of Br K-edge
spectra was determined to be negligible.


Keywords: bromine ´ EXAFS spec-
troscopy ´ structure elucidation ´
yttrium


Introduction


The determination of the geometrical structure of solutions of
metal complexes is indispensable for the understanding of
their chemical behaviour. In order to describe the complex-
ation behaviour of metal ions in solution one needs to obtain
precise information on the interaction between solutes, as well
as solute ± solvent and solvent ± solvent interactions.[1] The
determination of the hydration structure of different cations
in solution has been the subject of numerous studies in the last
two decades. Although most of them were carried out by
means of both X-ray and neutron diffraction,[2, 3] special
attention has been recently given to the use of extended X-ray
absorption fine structure (EXAFS) spectroscopy,[4] because it
can provide information on the hydration structure in dilute
and even highly dilute solutions.[5]


Beyond its unique characteristics as a structural tool, the
increasing interest in EXAFS is linked to the generalisation of
user-friendly computer codes to perform the analysis of the
EXAFS signals. The determination of reliable structural
parameters from EXAFS requires knowledge of backscatter-
ing amplitudes and phase shifts that are nowadays easily
accessible because of the significant developments in the
theoretical models. This progress has developed into the
creation of new computer codes with robust modelling
capabilities to fit EXAFS data by the use of theoretical
standards.[6] However, most of the present models and
associated codes are built into a framework based on the
one-electron theory. Hence, despite the attained improve-
ments, these codes cannot account for features in the EXAFS
signal that result from multi-electron processes.


Multi-electron excitations, in which two or more electrons
are simultaneously excited, can contribute to the EXAFS
spectra and thus influence the obtained structural informa-
tion. The relevance of these findings for EXAFS data analysis
has motivated a large body of both experimental and
theoretical research.[7±9] In particular, exhaustive studies have
been carried out on lanthanide-based materials in order to
make clear the influence of multiple-electron transitions on
the EXAFS signals at the rare-earth L- absorption edges.[10] In
these studies it was concluded that multi-electron excitations
induce additional features in the EXAFS signal far above the
edge, and result in the worsening of the usual precision
claimed for the EXAFS technique (i.e., 10 % for coordination
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numbers and 0.01 � for interatomic distances). Moreover,
what is also demonstrated with regard to the L-edges of rare-
earth compounds is that the effect of multi-electron excita-
tions in EXAFS is not negligible, even in crystalline sys-
tems.[8, 10] This result is noteworthy because traditionally
multi-electron transitions have been readily identified only
in disordered systems, in which the intensity associated with
these excitations is comparable with the amplitude of the
EXAFS oscillation.[11, 12]


In the light of the influence of multi-electron processes on
the EXAFS analysis, it would be interesting to extend the
study of this interplay to solutions of metal complexes.
Indeed, we recently performed a detailed EXAFS study of
aqueous solutions of YBr3 ´ 6 H2O (0.005 ± 2.0 molal) in liquid
and glassy states to determine the solvation structure of the
yttrium(iii) cation in dilute and concentrated aqueous sol-
utions. The EXAFS analysis indicates both the existence of a
symmetric polyhedron of water molecules around the yttri-
um(iii) cations at 2.35 � and the absence of contact Y± Br ion
pairs in all the investigated solutions. However, it was not
possible to discern from the EXAFS analysis whether the
coordination number with the nearest neighbours was eight or
nine. At that stage of the investigation it was proposed that
the inaccuracy of the derived coordination number was
related to the existence of a multi-electron transition within
the EXAFS regime.[13] In order to gain a deeper insight into
this problem, we have systematically investigated the pres-
ence of multi-electron features on the Y K-edge EXAFS
spectra of several solutions and solid compounds of yttri-
um(iii) cations. For the sake of completeness we have also
investigated the presence of such multi-electron features at
the Br K-edge EXAFS in solid YBr3 and its solutions.


Results and Discussion


X-ray absorption experiments at the yttrium K-edge were
carried out on i) aqueous solutions (2.0, 0.1 and 0.01m) of
yttrium(iii) bromide hexahydrate (YBr3 ´ 6 H2O), ii) solid
enneahydrated yttrium(iii) trifluoromethanesulfonate
[Y(H2O)9][CF3SO3]3 (hereafter abbreviated as yttrium(iii)
triflate); iii) solid tetra-n-butylammonium hexakis(thiocyana-
to-N)yttrate(iii), [Bu4N]3[Y(NCS)6] (henceforth YNCS), and
its 0.5m solution in acetonitrile and iv) solid tetrakis(dimeth-
ylsulfoxide)yttrium(iii) nitrate (YDMSO). In addition, a
glassy sample of the YBr3 2.0m solution (hereafter abbrevi-
ated as g-YBr3) was also investigated. X-ray absorption
experiments at the Br K-edge were performed on solid
KBrO3 and solutions of YBr3 ´ 6 H2O.


Figure 1 shows the comparison between the experimental
k2-squared EXAFS signals (c(k) ´ k2) of the various com-
pounds and their theoretical simulations.[13, 15] In the case of
the reference compound [Y(H2O)9][CF3SO3]3, this compar-
ison is fairly satisfactory. Indeed, the fine structure is in good
agreement with the calculation except for the region between
7 and 7.5 �ÿ1. While the experimental EXAFS shows a peak-
like feature in this region, the calculation yields a typical
EXAFS oscillation. This discrepancy is also detected, at the
same energy, in the Y K-edge EXAFS spectra of both liquid


Figure 1. Comparison between the experimental (*) and theoretically
calculated (ÐÐ) Y K-edge c(k) ´ k2 EXAFS signals for the different
compounds under investigation: a) [Y(H2O)9][CF3SO3]3, YNCS (liquid and
solid) and YDMSO; b) aqueous solutions of YBr3 ´ 6 H2O, of concentra-
tions 2.0m, 0.1m and 0.01m, as well as glassy g-YBr3.


and solid YNCS, as well as in the YDMSO sample. Whereas
the EXAFS spectrum of the yttrium(iii) triflate is quite
smooth, this is not the case for YNCS or YDMSO (Figure 1a).
The EXAFS spectra of the latter samples contain many
absorption features, which indicate a more complex structural
environment around the absorbing yttrium atom. Despite the
fact that the local structure is quite different in these
compounds, all the EXAFS spectra exhibit the same class of
discrepancy between the experimental and calculated signals
at �7.2 �ÿ1 . This trend is a first indication of the atomic
nature of this peak-like structure, that is, it is not linked to the
particular local environment of yttrium but to some absorp-
tion process characteristic of the Y K-edge excitation. A
similar conclusion can be obtained from inspection of Fig-
ure 1b, in which a comparison between the experimental and
calculated EXAFS spectra of different concentrations of
aqueous solutions of YBr3 ´ 6 H2O is shown. For comparative
purposes, we have also included the results obtained for the
glassy g-YBr3 sample. In all cases, the EXAFS spectra of YBr3


solutions exhibit a huge decrease in the fine structure as
compared to those of YDMSO and YNCS compounds.
Indeed, modulation of their EXAFS signals fits well with a
single frequency, in agreement with the existence of a
symmetric polyhedron of water molecules around yttrium(iii)
cations at 2.35 �.[13] Because the quality of the fit is
remarkable, it is simple to detect the same class of anomaly
at 7.2 �ÿ1, as observed in the EXAFS spectra given in
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Figure 1a. This discrepancy appears in all the spectra,
independent of the concentration, as well as in the glassy
sample. These results are summarised in Figure 2, in which the


Figure 2. Difference between the experimental Y K-edge c(k) ´ k2 EXAFS
signals and their ab-initio calculations given in Figure 1. The arrow
indicates the residual spectral feature common to all the investigated
compounds.


difference between the experimental EXAFS signals and
their corresponding theoretical calculations are shown for all
the investigated compounds. In all cases, this comparison
clearly shows the presence of a peak whose maximum lies at
7.2 �ÿ1. Hence, independent of the local environment of
yttrium (9, 8 and 6 nearest neighbours) and the aggregation
state (solid, liquid and glassy), all the Y K-edge EXAFS
spectra show an additional feature that cannot be accounted
for by the standard one-electron description of EXAFS. On
the contrary, we suggest that this effect is caused by a multi-
electron transition of non-negligible intensity within the
EXAFS region of the spectra.


To verify this possibility and to assess the importance of
double-electron excitation channels relative to the main
single-electron 1s! ep channel at the Y K-edge in a
quantitative manner, we have computed the intensities of
the double-electron resonance strengths relative to the main
line (single-electron) strengths. The computations were based
on a many-body perturbation model for atomic excitation
which explicitly includes final state relaxation. A complete
description of the model and the calculation method can be
found in refs. [8 ± 10]. The results of the calculation for the Y
K-edge in are given in Table 1. We have determined the
different double-electron transitions expected to occur within
the EXAFS regime. The calculation also provides the position
of the features associated with the multi-electron process and
its intensity, both of them relative to those of the single-
electron excitation line, that is, to the white line at the
absorption edge. It should be noted that standard EXAFS
analyses are performed in the k-space, so that is necessary to
choose a zero energy. Typically the onset energy is fixed at the
maximum of the first derivative in the threshold region,
whereas the double-electron energy positions have been


determined with respect to the absorption maximum at the
edge. To avoid confusion, Table 1 includes the corresponding
k values as obtained in a standard EXAFS analysis frame-
work.


From inspection of the results in Table 1, we found that two
transitions (1s4p! 5p5p and 1s4s! 5p5s) are predicted to
occur at energies close to the edge, that is within the X-ray
absorption near-edge spectroscopy (XANES) regime. How-
ever, we find that three different double-electron processes
are expected to occur in the EXAFS regime. All of them
correspond to the excitation of an additional electron from
the M level (3s, 3p and 3d) concomitant to the creation of the
core-hole in the K shell. However, the strength of these
transitions is rather weak. The calculated intensity only
appeared to be significant in the case of the 1s3d! 5p4d
(KM4,5) transition. The comparison between the calculated
double-electron signals and the experimental EXAFS spec-
trum was performed as follows: since the calculation gives the
ratio between the single- and double-excitation cross-sections,
we determined the intensity of the 1s3d! 5p4d transition
from the experimental height of the main white line that
corresponds to the 1s! 5p transition. Because the double-
electron process corresponds to a transition to the localised p
states, we built a Lorentzian function centred at the calculated
energy. The height of the Lorentzian is that of the main 1s!
5p transition factorised by the corresponding 2.07� 10ÿ2


factor (see Table 1). The width of the Lorentzian, G, is related
to the core-hole lifetime for the considered KM4,5 transition.
Thus, we have determined G to be that of the main 1s! 5p
transition, estimated from the full width at half maxiumum
height (FWHM) of the white line, and by including the core-
hole lifetime that corresponds to the additional 3d excited
electron, which is reported to be �0.35 eV.[16] As shown in
Figure 3a, the white-line intensity is different for the various
compounds. Consequently, the double-electron feature is
expected to appear with a different intensity on the Y K-edge
EXAFS spectra of the different yttrium-based compounds.
For example, according to Figure 3a it is expected to be more
intense in the case of yttrium triflate than for the YBr3


solutions.
The so-obtained double-electron features have been plot-


ted in Figure 3b versus the difference between the exper-
imental EXAFS signals and their theoretical fits for several
selected cases. The agreement between our calculation and
the experimental observations is outstanding and supports our
initial assignment to the absorption feature that appears at
7.2 �ÿ1 on the Y K-edge EXAFS spectra. The anomalous


Table 1. Calculated double-electron transition intensities and excitation
energies for Y. The position of the double-electron (d.e.) feature is given
above the main line (DE) and in k-space. s(d.e.)/s(s.e.) is the ratio of
double-electron line-strength to that of the single-electron (s.e.) (in %).


Transition DE [eV] k [�ÿ1] s(d.e.)/s(s.e.) [%]


1s4p! 5p5p 33.6 3.3 4.68
1s4s! 5p5s 49.71 3.9 1.01
1s3d! 5p4d 185.12 7.14 2.07
1s3p! 5p5p 323.86 9.33 7.15� 10ÿ2


1s3s! 5p5s 389 10.2 2.27� 10ÿ2
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Figure 3. a) Detailed view of the near-edge region of the Y K-edge X-ray
absorption spectra for several selected compounds: yttrium(iii) triflate
(ÐÐ), 2.0m YBr3 ´ 6H2O aqueous solution (*), and solid YDMSO (~).
b) Comparison between the calculated 1s3d! 5p4d double-electron sig-
nals and the difference between the Y K-edge c(k) ´ k2 EXAFS signals and
their ab-initio calculations given in Figure 2 for the selected compounds.


behaviour of the EXAFS resonance centred at 7.2 �ÿ1 is fully
reproduced by taking account of the theoretical calculation
for the KM4,5-edges multi-electron transition. This is shown in
Figure 4 in which the experimental EXAFS spectra at the Y
K-edge for yttrium triflate is compared to its single-electron
theoretical calculation[13, 15] in the region in which the double
excitation feature has been identified. The calculated 1s3d!
5p4d multi-electron contribution has been included above the
experimental signal. Subsequently, we subtracted the double-
electron resonance from the experimental spectrum as shown
in Figure 4. The agreement between the calculated energy
position and intensity of the double-electron feature and the
experimental one can be considered to be very good. The
presence of such multi-electron processes introduces an error
in the estimation of the coordination number; this is estimated
to be�5 % in the case of solid yttrium(iii) triflate, while in the
case of 2.0m YBr3 ´ 6 H2O aqueous solution the error reaches
�12 %.[13]


Finally, we studied the Br K-edge. Several reports have
been published regarding the presence of multi-electron
excitations in the Br K-edge EXAFS region,[17±19] although
no unique picture has been obtained. For example, Li et al.[17]


and D�Angelo et al.[18] have identified several contributions of


double-electron excitation channels to the atomic absorption
background. However, while Li and co-workers only identi-
fied the KM4,5 transition in RbBr, D�Angelo and co-workers
have detected the KN1, KM4,5 and KM2,3 transitions in both
HBr and Br2. None of them were able to identify the KM1


transition that is expected to occur close the KM4,5 and KM2,3


transitions. In both cases, the agreement between the energy
position of the multi-electron feature and theoretical esti-
mates differs for the different transitions. In addition, Ito et al.
have also identified the KM4,5 and KM2,3 transitions in a
solution of EuBr3 in ethanol (0.01m);[19] however, they also
claim the presence of three-electron transitions. Consequent-
ly, the experimental scenery for the existence of these multi-
electron excitations on the Br K-edge EXAFS spectra is still
unsolved. More important, when comparing previous
work[17±19] one finds a large dispersion with regard to the
energy position of such multi-electron features on the
EXAFS, this being the most important parameter to deter-
mine prior to the begin of an EXAFS analysis. Furthermore,
no direct determination of the intensity of the multi-electron
transitions have been provided, although Li et al. suggest, by
comparison with the Kr case, that the amplitude of the Br
KM4,5 double-excitation is 103 times smaller than that of the
primary channel. This estimate indicates that the impact of
these multi-electron transitions on the EXAFS should be
negligible. Indeed, the determination of the interatomic
distance in the Br2 molecule is 2.286 � after subtraction of
the multi-electron contribution[18] and 2.280 � according to a
standard ab-initio EXAFS analysis.[20]


In an effort to gain a deeper insight into the appearance of
multi-electron excitation features on the Br K-edge EXAFS,
we performed explicit calculations of both the energy position
and the intensity of the double-electron 1s3d! 4p4d, 1s3p!
4p5p and 1s3s! 4p5s transitions (KM4,5 , KM2,3 and KM1 )
that are expected to occur within the EXAFS regime. The
results of this calculation are given in Table 2. Compared to
the case of the Y K-edge, the predicted intensities for the


multi-electron processes at the Br K-edge are very weak.
Indeed, our estimate is that they are one order of magnitude
smaller than those of the Y K-edge and, consequently, we do
not expect them to have a significant effect on the EXAFS
signal. We have experimentally tested these results on solid
KBrO3 and an aqueous solution of Ybr3 (2.0m). The
normalised spectra of the Br K-edge in both samples are
shown in Figure 5a. It should be noted that the height of the
white-line for KBrO3 is twice that of the YBr3 solution.
Consequently, we expect a clearly different influence of the


Table 2. Calculated double-electron transition intensities and excitation
energies for Br. The position of the multiple-electron (m.e.) feature is given
above the main line (DE) and in k-space. s(m.e.)/s(s.e.) is the ratio of
multiple-electron line-strength to that of the single-electron (s.e.) (in %).


Transition DE [eV] k [�ÿ1] s(m.e.)/s(s.e.) [%]


1s3d! 4p4d 95.2 5 3.55� 10ÿ3


1s3p! 4p5p 202.75 7.3 1.38� 10ÿ3


1s3s! 4p5s 257.73 8.22 4.55� 10ÿ4
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Figure 4. a) Comparison between the experimental Y K-edge c(k) ´ k2


EXAFS signal (*) and its best-fit (ÐÐ) before subtraction of the multi-
electron transition for yttrium(iii) triflate (top) and 2.0m YBr3 ´ 6H2O
aqueous solution (bottom). The calculated Y KM4,5-edge (1s3d! 5p4d)
double-electron spectral feature is also shown. b) Comparison between the
experimental Y K-edge c(k) ´ k2 EXAFS signal after the subtraction of the
Y KM4,5-edge and its best-fits before (*±*±) and after (ÐÐ) subtraction of
the multi-electron transition for yttrium(iii) triflate (top) and 2.0m YBr3 ´
6H2O aqueous solution (bottom).


double-electron processes for both the solid compound and
the solution. According to our calculations, the most intense
feature is predicted to occur for the KM4,5 transition at �5 �,
being of similar intensity to the KM2,3 transition (�7.3 �). The
intensity of the KM1 transition (�8.2 �) is estimated to be
one order of magnitude smaller.


A comparison between the calculated double-electron
signals and the experimental EXAFS spectrum was per-
formed as for the Y K-edge. The results of the comparison are
shown in Figures 5b and 5c for KBrO3 and YBr3, respectively.
In the case of KBrO3, the predicted contribution of the
studied double-electron processes fits well to several weak
modulations of the EXAFS signals. Furthermore, the pre-
dicted intensity is in agreement with the experimental
situation; while the KM4,5 edge seems to give rise to a peak-
like contribution superimposed on the Br K-edge EXAFS, it
is weaker for the KM2,3 channel and finally for the KM1


transition only a small bump of the main EXAFS oscillation
can be detected. These results are in contrast to those
obtained for the EXAFS signal of the YBr3 solution, shown


Figure 5. a) Br K-edge X-ray absorption spectra of solid KBrO3 (ÐÐ) and
2.0m YBr3 aqueous solution (*). b) Experimental Br K-edge c(k) ´ k2 signal
of KBrO3 (*) and the theoretical cd.e.(k) ´ k2 contribution predicted for the
double-electron 1s3d! 4p4d (1s3d), 1s3p! 4p5p (1s3p) and 1s3s! 4p5s
(1s3s) transitions. Note that the scale for cd.e.(k) ´ k2 is 40 times smaller than
that of the experimental c(k) ´ k2. c) Same kind of comparison as in (b) for
2.0m YBr3 aqueous solution.


in Figure 5c, in which no hint of any features that result from
this multi-electron transition is detected over the signal-to-
noise ratio. The absence of a double-electron contribution in
this case is in agreement with our prediction as it is a direct
consequence of the white-line weakness in the Br K-edge
spectrum of the YBr3 solution that determines the strength for
double-electron processes to be at least one order of
magnitude smaller than in the case of the KBrO3 compound.


Conclusions


We have identified the presence of an anomalous feature in
the Y K-edge EXAFS spectra of different yttrium-based
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compounds. The presence of this resonance, centred at
7.2 �ÿ1, in the EXAFS signals is independent of the differing
local environments of the absorbing atom. This behaviour is
caused by a double-electron 1s3d! 5p4d (KM4,5)-edge tran-
sition. This multi-electron transition is fully accounted for in
theoretical calculations based on a many-body perturbation
model for atomic excitation, which explicitly includes final
state relaxation. These computations provide both the inten-
sity and the position of the multi-electron features on the
EXAFS spectra relative to the main excitation line. Thus, it is
possible to estimate the effect of these double-electron
features on the structural signal at the first level and then
subtract them if necessary.


The same class of calculations was also performed for the
Br K-edge. Contrary to the Y K-edge case, the results
indicated that the effect of double-electron processes in the Br
K-edge EXAFS regime is negligible, which is in agreement
with the experimental results.


Experimental Section


Yttrium and Br K-edge EXAFS spectra were recorded at the BL10B
station of the Photon Factory (National Laboratory for High Energy
Physics KEK, Japan). The storage ring was operated at 2.5 GeV, with a
stored current of 300 mA. Measurements were performed at room
temperature in the transmission mode with a Si(311) channel-cut mono-
chromator and detection ion chambers. The chambers were filled with a
flowing gas mixture optimised for each energy. The solid compound
yttrium(iii) triflate was measured in a sample holder covered by kapton and
placed in a hermetically sealed plastic bag, as this sample is very
hygroscopic. The non-hygroscopic samples were measured in air, with the
exception of the glassy g-YBr3 sample which was measured at 77 K in a
vacuum cryostat. All the liquid samples were measured in a specially
designed cell, allowing for variable path lengths.


The EXAFS signals were extracted from the raw absorption spectra by the
following standard procedures.[22, 23] In all cases the onset energy of the
absorption process was chosen to be the maximum of the first derivative in
the edge region of the absorption spectrum. EXAFS data analysis for the
YBr3 ´ 6 H2O samples, in liquid and glassy states, and for the yttrium triflate,
was carried out with the XDAP program[24] with theoretical phase shifts and
backscattering amplitudes determined from the FEFF 7.02.[25] Errors in the
structural parameters and the quality of the fit was assessed according to
the recommendations of the ªStandards and criteria for EXAFS data
analysisº.[26] For the remaining samples, the spectra were calculated with
FEFF 6.01 , which takes into account multiple scattering contributions. We
limit ourselves here to the discussion of the breakdown of the single-
electron approximation in the case of the Y K-edge experimental EXAFS
spectra. The detailed EXAFS data analysis have already been publish-
ed.[13, 15]


Sample preparation :


Yttrium(iii)bromide hexahydrate (YBr3 ´ 6H2O): The solid hexahydrate was
prepared from commercial Y2O3 (99.99 % Aldrich) through dissolution in a
minimum volume of 48% HBr. The solution was then evaporated in a sand
bath until crystallisation occurred. The white crystals were then separated
on a sintered glass filter, and were kept in a desiccator over Al2O3.
Aqueous solutions of concentrations 2.0, 1.0, 0.5, 0.1, 0.05, 0.01 and 0.005m
were prepared from this compound. In order to avoid hydrolysis of the
samples, which could lead to the appearance of other species in solution
such as [Y(OH)(H2O)n]2�, the pH of all the solutions was kept constant at
pH� 1.0 by addition of the required amount of HClO4. To study the
formation of ion pair structures, aqueous solutions with a ratio Y:Br of 1:6
and 1:9 were prepared by adding NaBr salt to the 0.1m YBr3 aqueous
solution. A glassy sample of a solution of YBr3 (2.0m ; g-YBr3) was
prepared by quick immersion of the corresponding aqueous solution into
liquid nitrogen and it was then kept at this temperature in a vacuum


cryostat. A detailed description of the sample preparation can be found in
Refs. [13 ± 15, 21].


Yttrium(iii) trifluoromethanesulfonate enneahydrate ([Y(H2O)9][CF3SO3]3,
Y3� triflate): This was also prepared following the method proposed by
Harrowfield et al.[27] The solid was used as a model compound against
which comparisons could be made since its hydration structure is well
known.


[Bu4N]3[Y(NCS)6] (YNCS): Synthesized by deposition in crystalline form
from a solution of YCl3 and tetra-n-butylammonium thiocyanate in a molar
ratio 1:10 in ethanol.[28] It is soluble in several organic solvents, such as
acetonitrile, and partially decomposes in water, by replacement of some
SCNÿ ligands by water molecules.


[Y(DMSO)3](NO3)3 (YDMSO): Excess DMSO (3 mL) was added drop-
wise with stirring to a solution of yttrium nitrate pentahydrate (�1 mol) in
methanol (15 mL). The solvent was evaporated under reduced pressure
over P2O5, and a precipitate of the complex was obtained in good yield. The
precipitate was filtered, washed with benzene, dried over P2O5 and
recrystallized from methanol.
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Selective Adhesion of Endothelial Cells to Artificial Membranes
with a Synthetic RGD-Lipopeptide


ValeÂrie Marchi-Artzner,*[a] Barbara Lorz,[a] Ulrike Hellerer,[a] Martin Kantlehner,[b]


Horst Kessler,[b] and Erich Sackmann[a]


Abstract: A constrained cyclic Arg-
Gly-Asp-d-Phe-Lys, abbreviated as cy-
clo(-RGDfK-), lipopeptide has been
synthesized and incorporated into arti-
ficial membranes such as giant vesicles
with DOPC and solid-supported lipid
bilayers. The selective adhesion and
spreading of endothelial cells of the
human umbilical cord on solids func-
tionalized by membranes with this


RGD-lipopeptide have been observed.
Furthermore, we have demonstrated
strong selective adhesion of giant vesi-
cles to endothelial cells through local
adhesion domains by combined applica-


tion of hydrodynamic flow field and
reflection interference contrast micros-
copy (RICM). The adhesion can be
inhibited by competition with a water-
soluble RGD peptide. We suggest that
this strategy could improve the efficien-
cy of liposomes targeting used as vectors
or as drug carriers to cells.


Keywords: adhesion ´ endothelial
cells ´ liposomes ´ peptides ´
vesicles


Introduction


Since the identification of the -Arg-Gly-Asp- (RGD) peptidic
sequence as an universal recognition site[1, 2] of various
extracellular proteins which interacts with cell-surface recep-
tors of the integrin family,[3] many small RGD-containing
peptides have been shown to be able to bind to integrin
receptors. In a systematic study of the correlation between the
activity and the conformation of small RGD-containing cyclic
peptides it has been shown that constrained cyclic peptides
mimic the conformation necessary for receptor binding more
closely than flexible linear peptides[4, 5] and improve the
selectivity for integrin subtypes. Substrates composed of
polyacrylamide gels[6] or alkylsiloxanes[7] functionalized by
deposition of RGD peptides have been designed as models to


study cell adhesion. More recently synthetic oligo(ethylene-
glycol)thiolates modified by linear RGD-containing peptides
have allowed preparation of self-assembled monolayers
(SAMs) with a controlled density of the functional ligands
that promoted the bovine endothelial cell attachment and
spreading.[8] The cyclic pentapeptide cyclo(-RGDfK-) induces
a selective adhesion of osteoblasts[9] onto poly(methylmetha-
cryate) (PMMA) surfaces coated with this acrylamide-modi-
fied peptide as a result of its selective interaction with the avb5


and avb3 integrins[10] expressed by these cells.[11, 12]


Despite the extensive research on the RGD peptide and its
function as an antagonist to the extracellular matrix (ECM)
protein-binding site for integrins, only a few studies have
reported on the synthesis of lipidic modified RGD-sequen-
ces[13, 37] and their reconstitution to artificial membranes to
generate target vesicles for cells.[14±16] Dialkyl lipomodified
peptides from extracellular collagen ligand sequences have
been synthesized with a very efficient solid-phase approach.[17]


Supported membranes and vesicles are suitable model
systems to study fundamental features of membrane adhesion
such as the measurement of adhesion forces and adhesion-
induced clustering of receptors and ligands. Furthermore, the
possibility of liposomes targeted selectively to one type of
integrin through RGD peptides could be used for cell
targeting, and would solve a problem which limits the
application of liposomes as vehicles for drug delivery. The
strategy to design ligands that promote the selective adhesion
of liposomes onto specific sites on the cell surfaces has been
proposed previously. It has been applied to target liposomes
to cancer cells through folic acid coupled to the lipids.[18] In
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cell targeting through the RGD peptide, a recent communi-
cation reports the capacity of surface-modified functional
liposomes to bind to NIH3T3 cell membranes.[19]


We prepared an amphiphile with an hydrophilic tetra-
ethylene glycol spacer to improve the accessibility of the
RGD-ligand to the protein receptors.[20] To the headgroup of
this amphiphile we coupled the cyclic cyclo(-RGDfK-)
pentapeptide which is highly selective for avb5 and avb3


integrin receptors.[10] It was reconstituted into lipid mem-
branes to study the interaction between such functionalized
membranes and endothelial cells. The tetraethylene glycol
spacer was used to suppress nonspecific binding of the vesicles
to cells. It was shown that a triethyleneglycol spacer grafted
onto thiolates prevents nonspecific adhesion of cells.[21]


Endothelial cells were chosen because they contain the avb3


and avb5 integrin receptors[22] and also because of their role in
the mechanism of angiogenesis.[23, 24]


In the first part of the present paper, we describe the
synthesis of the RGD-lipopeptide and its ability to function-
alize either supported membranes or giant vesicles.[25] Experi-
ments on the interaction between giant RGD vesicles and
endothelial cells have been carried out with the reflexion
interference contrast microscopy (RICM) technique in the
presence and absence of a hydrodynamic shearing flow.[26, 27]


This technique allows the observation of the adhesion of
vesicles onto the substrate and endothelial cells spread on
functionalized solids. Moreover by observation of shape
changes of the vesicles induced by hydrodynamic flow one
can test the binding strength of the vesicles to the cell surface
or observe whether the vesicles adhere with large contact
areas or are only locally tethered to the cell surface.


Results and Discussion


Synthesis of cyclic RGD lipopeptides : To model the mem-
brane adhesion process mediated by the interaction of the
peptidic RGD-sequence and the membrane integrin, a
synthetic lipid with a cyclic pentapeptide cyclo(-RGDfK-)


headgroup, which is highly active and selective for the avb3


and avb5 integrin receptors,[22] has been synthesized following
the procedure described in Scheme 1.


Scheme 1. Synthesis of the RGD-lipopeptide 6 and EO4-lipid 7.
a) N2CHCO2Bn, BF3 ´ Et2O; b) N2CHCO2C2H5, BF3 ´ Et2O; c) H2, Pd/C;
d) DCC, DMAP, HO-Suc; e) HN(C18H37)2; f) KOH/EtOH; g) cyclo-
(-R(PG)GD(OtBu)fK-); 5a : TBTU, HOBt, DIPEA; 5b : HATU, collidine;
h) TFA/H2O 95:5.


Tetraethylene glycol was converted to the diester 2, which
was subsequently debenzylated and treated with distearyl-
amine to yield anchor 3. Lipid 4 was chosen because of its
ability to form stable monolayers and its good solubility in
phospholipid membranes. To prepare the lipopeptide 6, lipid 4
was linked to the partially protected cyclic cyclo-
(-R(Mtr) GD(OtBu)fK-) or cyclo(-R(Pbf)GD(OtBu)fK-)
peptide using the free amino group of the lysine residue to
give the amides 5 a and 5 b with the peptide-coupling reagent
TBTU and HATU[28] methods, respectively. The removal of
the protecting groups of the compounds 5 a and 5 b led to the
lipopeptide 6. The Pbf protecting group of arginine is cleaved
off faster than Mtr. The tetraethyleneglycol lipid (EO4-lipid
7), which is also very stable during the Langmuir-Blodgett
transfer,[29] was prepared following a similar route,[20] and
was used to dilute the RGD-lipopeptide 6 in Langmuir
monolayers or to serve as a nonactive lipid in control
experiments.


Solubility of the RGD-lipopeptide 6 in Langmuir monolayers :
To characterize the state of the lipid monolayer deposited on
the silanized supports we measured pressure ± area isotherms


Abstract in French: Un lipopeptide posseÂdant un peptide
cyclique contraint Arg-Gly-Asp-D-Phe-Lys cyclo(-RGDfK-)a
eÂteÂ syntheÂtiseÂ et incorporeÂ dans des membranes lipidiques telles
que des veÂsicules geÂantes de DOPC ou des films lipidiques
supporteÂs. Des cellules endotheÂliales provenant d�un cordon
ombilical humain adheÁrent seÂlectivement sur une surface solide
fonctionnaliseÂe par deÂpoÃt de membrane contenant ce lipopep-
tide RGD. De plus, nous avons montreÂ que des veÂsicules
geÂantes contenant ce lipopeptide adheÁrent fortement et seÂlecti-
vement sur ces cellules endotheÂliales suivant des domaines
d�adheÂsion locale graÃce aÁ l�observation par microscopie aÁ
contraste d�interfeÂrences par reÂflexion (RICM) en appliquant
simultaneÂment un flux hydrodynamique. L�adheÂsion peut eÃtre
inhibeÂe par compeÂtition avec un peptide RGD soluble dans
l�eau. Nous suggeÂrons que cette strateÂgie permettrait d�ameÂlio-
rer l�efficaciteÂ du ciblage de cellules par des liposomes utiliseÂs
comme vecteurs ou transporteurs de meÂdicaments vers des
cellules cibles.
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of the RGD-lipopeptide 6 and mixtures of this lipid with
either the EO4-lipid 7 or DOPC with a Langmuir film balance.
The results are presented in Figure 1. The p ± A isotherm of


Figure 1. p ± A Isotherms of monolayers at 20 8C composed of the
following mixtures. Top: RGD-lipopeptide 6 and EO4-lipid 7 with the
molar ratios: a) 1:0, b) 1:4, c) 1:9, and d) 0:1; bottom RGD-lipopeptide 6
and DOPC with the molar ratios: a) 1:0, b) 1:1, c) 1:3, d) 1:9, and
e) 0:1.


the pure RGD-lipopeptide 6 and EO4-lipid 7 both exhibit
expanded liquid phases at lateral pressures p�pm (curves a
and d in Figure 1) and condensed phases at pressures higher
than pm. A remarkable finding is that the plateau of the RGD-
lipopeptide 6 occurs at a much higher surface pressure (pm


�30 mN mÿ1) than for the EO4-lipid 7. This high pressure shift
is a consequence of the much larger head group of the
lipopeptide as well as the surface charge. The expansive
lateral pressure associated with the surface charge and the
bulkiness of the headgroups leads to lateral expansion of the
monolayer. Therefore a higher pressure is required to
generate the condensed phase of 6 compared with the EO4-
lipid 7.[30] This effect was also observed with other lipopep-
tides.[17] The dipole of the zwitterionic peptide also introduces
a repulsive interaction between neighboring molecules within
the monolayer and an increase of the mean molecular area.
The condensed phase of the RGD-lipopeptide 6 exhibits a
considerably larger molecular area than the EO4-lipid 7. The
mean molecular area of the RGD-lipid in the condensed
phase is around 0.7 nm2 whereas that of the EO4-lipid 7 is
around 0.5 nm2.[31] Both areas are larger than the value


expected for two crystallized alkyl chains (around 0.38 nm2).
For that reason the chains are tilted with respect to the normal
of the monolayer and the tilt angle is much larger for the
RGD-lipopeptide 6 than for the EO4-lipid 7. The transition
pressure of the EO4-lipid 7 increases with increasing concen-
tration of RGD-lipopeptide 6. However, the transitions
remain rather sharp, and the molar area of the condensed
phase increases almost linearly with the RGD concentration.
This strongly suggests that the RGD-lipopeptide 6 and EO4-
lipid 7 are nearly ideally miscible in the monolayers. This is a
consequence of the large repulsive pressure between the
RGD-lipopeptide 6 head groups. As in the case of EO4-lipid 7,
the mixture of DOPC and the RGD-lipopeptide 6 does not
show any deviation from the linear variation of the mean
molecular area with the molar fraction of the RGD-lipopep-
tide 6 (see Figure 1, bottom) and the mixture is thus nearly
ideal. Again the molar area of the expanded phase decreases
drastically with the concentration of DOPC owing to the
reduction of the large repulsive pressure between the RGD-
lipid headgroups. These results show that it is possible to
prepare stable monolayers by mixing the RGD-lipopeptide 6
with EO4-lipid 7 or DOPC without pronounced phase
segregation. The EO4-lipid 7 or DOPC will be used as matrix
lipid to dilute the RGD-lipopeptide 6 both in monolayers and
in vesicles. For the 1 to 10 % molar fractions of RGD-
lipopeptide 6, phase segregation can be neglected.


Stimulation of cell adhesion on a RGD-functionalized
supported membrane : In order to test the functionality of
supported membranes functionalized with cyclic RGD pep-
tides, we studied adhesion of endothelial cells on supported
monolayers of pure EO4 7 or a EO4 7/RGD-lipopeptide 6
(95:5) mixture on a silanized glass cover. For this purpose, the
functionalized support was placed in a measuring cell filled
with buffer and the system was incubated by a suspension of
endothelial cells in a DMEM medium (see Figure 2, top).


Figure 2. Top) Schematic view of model system studied endothelial cell
interaction with supported membrane containing RGD-lipopeptide 6.
Bottom) Contrast phase microscopy images showing adhered cell onto a
supported membrane composed of a mixture of RGD-lipopeptide 6 and
EO4-lipid 7 (5:95): A) a spread adhering cell, B) round adhering cell
beginning to die as shown by the vesiculation process.
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After an incubation of 1.5 h and 3 h, the adhered cells were
counted by optical bright-light microscopy. The round and the
flat adhering cells are distinguishable by their morphology as
can be seen in Figure 2, bottom. This Figure also shows that if
the round cells adhere to the substrate they tend to form
blisters and seem to die whereas the spread cells maintain
their elongated flat form. The percentage of the flat cells and
round cells adhered to the substrate was determined. The
results of this evaluation for substrates functionalized by
RGD-lipopeptide 6 and EO4-lipid 7, respectively, are sum-
marized in Table 1. One can clearly see that the presence of
the RGD-lipopeptide 6 increases the number of flat adhering
cells significantly although there is still nonspecific adhesion
of cells onto a pure EO4 7 supported membrane. The major
effect is that the RGD-lipopeptide 6 induces the spreading of
the endothelial cells onto the surface whereas cells do not
spread on control surface even after three hours of incubation.
A similar observation was made on the attachment of
osteoblasts to RGD coated PMMA surfaces.[9] Another
interesting observation is that the adherent cells on the
control surface remain round and seem to die rapidly by
formation of blisters (Figure 2).


In conclusion, our results show that the supported mem-
brane containing the RGD-lipopeptide 6 induces rapid
attachment and the spreading of endothelial cells and the
cells survive over extended periods of time, whereas adhesion
was strongly impeded on surfaces covered by monolayers of
EO4-lipid 7.


Adhesion of RGD-functionalized vesicles on endothelial
cells : As another test of the functionality of RGD lipopep-
tides as substitutes for vitronectin, we established the reverse
system and studied the interaction of giant vesicles with a
selective RGD-lipopeptide 6 with endothelial cells by using
the RICM technique[26] (see Figure 3).[32]


The RICM technique visualizes the contact zone of adhered
giant vesicle, and reconstruction of its profile perpendicularly
to the surface can be made.[26] First, endothelial cells were
deposited onto glass surfaces coated with collagen IV. Re-
markably, the cells do not spread as much as on RGD-
functionalized surfaces and remain several mm high. However,
they spread at the rim of the area of contact and form a flat
seam of less than 1 mm height and several mm width. Therefore
one can observe the adhering giant vesicles both by phase
contrast microscopy (image A in Figure 4a) and by RICM
(other images in Figure 4). The latter method suggests that the
vesicle adheres locally to the cell surface. In order to verify
this local tethering and to measure the relative binding
strength of the membrane bound RGD-ligands, we observed


Figure 3. Schematic view of model system studied endothelial cell
adhesion to glass substrate coated by collagen and interactation with a
giant vesicle containing the RGD-lipopeptide 6.


Figure 4. Images of an adhered giant vesicle (diameter 37 mm) onto
endothelial cells spread onto a coverslip in the absence and presence of
hydrodynamic shear flow: A) Bright field image in absence of flow, B)
RICM image of same situation, C ± E) RICM images in presence of an
increasing hydrodynamic shear flow from the right side, represented by
the arrow, F) RICM image in absence of flow. The vesicle is composed
of a DOPC/DMPE-PEG2000/cholesterol/RGD-lipopeptide 6 mixture
(74:1:10:5). Image B shows the contact zone and the pinning centers of
the giant vesicle. Note the microdeformations of the giant vesicle induced
by the applied flow in images C to E. The scale bare represents 10 mm. All
the panels refer to the same area.


the behavior of the vesicles under the action of a hydro-
dynamic shear flow. A few minutes after the injection of the
RGD giant vesicles into the chamber, giant vesicles adhere
locally onto the cells as shown in Figure 4 (image B). The
vesicle exhibits a well-defined zone of contact with the
substrate surrounded by darker fringes, and it appears to be
locally attached to the surface of two cells. One can see the
bright contact zone surrounded by a dark ring which is stable
in time. If an increasing hydrodynamic shear field is applied,
the adhered vesicle becomes deformed and elongated in the
direction of the flow (images C, D, and E in Figure 4). By
following the deformation, one can see that the vesicle stays
strongly attached to the cells at three points, and after removal


Table 1. Percentages of cells adhering to the substrates functionalized by deposition of monolayers functionalized by RGD-lipopeptide 6 (composed of
5% mol RGD-lipopeptide 6 and 95 % mol EO4-lipid 7) and by EO4 lipid only (100 % mol EO4-lipid 7), respectively. Measurements were done after
incubation of measuring chamber with cells suspended in Dulbecco�s modified Eagle�s medium (DMEM) containing 10 % fetal bovine serum (FBS) at 37 8C
for 90 min (third row) and 180 min (forth row), respectively.


Pure EO4-lipid 7 EO4-lipid 7/RGD-lipopeptide 6 (95:5)
Incubation time round adhering cell [%] spread adhering cell [%] round adhering cell [%] spread adhering cell [%]


90 min 100 0 80 20
180 min 100 0 43 57
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of the shear field the vesicle returns to the original position in
less than one second (image F, Figure 4). The presence of
these pinning centers provides strong evidence that the RGD
ligands are strongly bound to the cell membrane by clustering
of the integrin receptors. This finding of very strong attach-
ment sites also suggests that this segregation of the receptor ±
ligand pairs enforces adhesion strength. The reversibility of
the vesicle deformation after removal of the hydrodynamic
shear field is due to tubelike protrusions tethered to the
pinning centers. Indeed these tethers are briefly visible
between the images E and F and show that the vesicle stays
linked to the cell. As a control experiment the same experi-
ment was performed with pure DOPC giant vesicles. Only
very weakly adhered vesicles were observed after the same
incubation time, and the vesicles could be removed com-
pletely by application of even small hydrodynamic fields. As a
conclusion, this experiment shows that the membrane coupled
RGD-ligand is functional and generates strong tethering of
the vesicle to endothelial cells.


As a further test of the binding of lipid-coupled RGD to the
integrins we injected soluble pentapeptide cyclo(-RGDfK-)
before addition of the RGD vesicles. No adhered vesicles
were observed. The adherent cells retract and tend to detach
from the substrate after injection of the soluble cyclo-
(-RGDfK-) peptide. If the integrin sites of the cells are
saturated by the soluble peptide before addition of the
vesicles, adhesion is completely inhibited (see Figure 5). On


Figure 5. Schematic view of the competitive adhesion between giant
RGD-vesicles and soluble cyclic RGD peptide onto an endothelial cell :
RGD-vesicle adhesion is inhibited by the soluble cyclic RGD peptide.


the other hand, if the soluble cyclo(-RGDfK-) peptide is
added after the vesicle injection, all the vesicles can be easily
detached from the cells by application of a very small hydro-
dynamic flow field. This result supports the idea that the
observed adhesion is due to the specific interaction between
the RGD peptide and the integrin receptors of the cells.


Conclusion


A lipid with the cyclic pentapeptide cyclo(-RGDfK-) has been
synthesized and built up to artificial membranes presenting
accessible RGD sites which are recognized selectively by aVb3


and aVb5 integrin receptors. The incorporation of this lipid in a
supported membrane induces the rapid spreading of endo-
thelial cells. Inversely giant vesicles containing the RGD
lipopeptide are selectively tethered to endothelial cells owing
to the interaction of the integrin receptors and the RGD
peptide. The behavior of the vesicles under a hydrodynamic
shear flow shows that the interaction between the RGD
vesicles and endothelial cells induces the formation of pinning
centers and is most likely a result of the clustering of integrins
through the RGD ligands. The strong coupling of RGD-
functionalized vesicles to cells could provide a promising way
to target vesicles to cells for the purpose of drug delivery.


Experimental Section


Materials : All reagents and solvents were at least analytical grade and were
used as supplied. The dioleoylphosphatidylcholine (DOPC) and 1,2-
dimyristoyl-sn-glycero-3-phophatidylethanolamine-N[poly(ethylenegly-
col)2000] (PEG-2000-DMPE) and cholesterol (Chol) were purchased from
Avanti. HATU was purchased from Biosystems Perseptive GmbH. Cyclic
pentapeptides cyclo(-R(PG)GD(OtBu)fK-) (PG�Mtr: 4-methoxy-2,3,6-
trimethylbenzenesulfonyl, Pbf: 2,2,4,5,7-pentamethyl-3-hydrobenzofuran-
6-sulfonyl) and cyclo(-RGDfK-) were prepared by cyclization of the side
chain protected linear precursor which was synthesized by Fmoc-based
SPPS.[33, 34] The temporary Z protecting group for lysine was cleaved by
hydrogen with the Pd/C catalyst. Pbf/Mtr and tBu can be cleaved with a
TFA/H2O 95:5 solution.[34] All reactions were monitored by thin-layer
chromatography using 0.25 mm silica gel covered glass plates (Merck).
Column chromatography was performed using silica gel-60 (Merck, 230 ±
400 mesh ASTM). NMR spectra were recorded on a Bruker AM-200
spectrometer (200 MHz).


Synthesis


1-Benzyl 3,6,9,12,15-pentaoxadecanoate ester (1): Benzyl diazoacetate
(1.134 g, 6.4 mmol) and tetraethylene glycol (6.8 mL, 39 mmol) were
introduced in anhydrous CH2Cl2 (8 mL). Two drops of BF3 ´ Et2O were
added and the mixture was stirred for 6 h. After extraction with diethyl
ether, the organic phase was successively washed with aq sat. NaCl and
distilled water and then dried with Na2SO4. The crude product was purified
on a 60 g silica column (AcOEt) to obtain the title compound (1.168 g,
3.41 mmol, 53%).1H NMR (CDCl3): d� 7.31 (s, 5 H, C-arom), 5.15 (s, 2H,
OCH2Ph), 4.14 (s, 2H, OCH2CO), 3.6 ± 3.4 (m, 16 H, OCH2), (t, 3H, J�
7 Hz, OH); 13C NMR (CDCl3): d� 169.8 (CO2), 135.0, 128.1, 127.9 (C-
arom), 72.1, 70.4, 70.1, 70.0, 69.8 (OCH2), 68.1 (OCH2CO), 65.9 (OCH2Ph),
61.0 (CH2OH); elemental analysis calcd (%) for C17H26O7: C 59.65, H 7.60;
found C 59.3, H 7.6.


Benzyl, ethyl tetraethylene glycol ester (2): Compound 1 (3.36 g, 9.8 mmol)
and ethyl diazoacetate (1.23 g, 10.8 mmol) were added to anhydrous
CH2Cl2 (15 mL). Two drops of BF3 ´ Et2O were added and the mixture was
stirred for 12 h. Following the same procedure as for 1, pure product was
isolated (2.2 g, 5.14 mmol, 53 %). 1H NMR (CDCl3): d� 7.31 (s, 5H,
C-arom), 5.15 (s, 2H, OCH2Ph), 4.17 (s, 4 H, OCH2CO), 4.14 (q, 2H, J�
9.5 Hz, CO2CH2), 3.7 ± 3.6 (m, 16H, OCH2), 1.26 (t, 3 H, J� 7 Hz, CH3);
elemental analysis calcd (%) for C21H32O9: C 58.87, H 7.53; found C 58.77;
H 7.53.


N,N-1-Bis(octadecylamide)-15-ethyl 3,6,9,12-tetraoxatetradecanoate ester
(3): Compound 2 (0.96 g, 2.24 mmol) and 5 % Pd/C (0.45 g) were added to
anhydrous dichloroethane (40 mL). After 12 h under a hydrogen atmos-
phere, the suspension was filtrated. The solution was cooled to 0 8C.
Dimethylaminopyridine (DMAP, 395 mg, 3.24 mmol), N-hydroxysuccini-
mide (HO-Suc, 372 mg, 3.25 mmol), and dicyclohexylcarbodiimide (DCC,
668 mg, 3.24 mmol) were slowly added. The mixture was stirred for 1 h.
Bisoctadecylamine (1.69 g, 3.24 mmol) was added and the mixture was
heated at 30 8C and stirred for 12 h. After filtration of the dicyclohexylurea
(DCU) and addition of CH2Cl2 (50 mL), the solution was washed
successively with aqueous solutions of HCl (0.5m, 10 mL), aq sat. KHCO3


(10 mL), and aq sat. NaCl (10 mL). After the organic phase was dried with
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Na2SO4 and purification on a silica column (AcOEt), pure product was
isolated (1.213 g, 1.44 mmol, 49%). 1H NMR (CDCl3): d� 4.2 ± 4.1 (m, 6H,
CO2CH2, OCH2CO2, OCH2CON), 3.7 ± 3.6 (m, 16H, OCH2), 3.13 (t, 4H,
J� 7 Hz, CONCH2), 1.48 (br s, 4H, NCH2CH2), 1.4 ± 1.1 (m, 63H, CH2,
CH3), 0.83 (t, 6H, J� 7 Hz, 2CH3); 13C NMR (CDCl3): 170.15, 168.4, 70.8,
70.4, 70.0, 68.6, 60.5, 46.8, 45.6, 33.8, 31.7, 29.5, 29.2, 28.8, 27.4, 26.9, 26.8,
25.6, 24.8, 22.5, 20.8, 14.0, 13.9; elemental analysis calcd (%) for
C50H99NO8: C 71.30, H 11.85, N 1.66; found C 70.71, H 11.13, N 1.45.


Acid 4 : Ester 3 (1.213 g, 1.44 mmol) and KOH (720 mg, 12.8 mmol) were
dissolved in EtOH (6 mL). The solution was then refluxed for 6 h. The
product was then precipitated at 4 8C. Pure product was isolated (892 mg,
1.1 mmol, 76 %). 1H NMR (CDCl3): 4.25 (s, 2H, CH2CO2H), 4.0 (s, 2H,
OCH2CON), 3.7 ± 3.6 (m, 16 H, OCH2), 3.25, 3.10 (t, 4 H, J� 7 Hz,
CONCH2), 1.5 (br s, 4H, NCH2CH2), 1.4 ± 1.1 (m, 60H, CH2), 0.9 (t, 6H,
J� 7 Hz, 2CH3); 13C NMR (CDCl3): 170.15, 168.4, 70.8, 70.4, 70.0, 68.6,
60.5, 46.8, 45.6, 33.8, 31.7, 29.5, 29.2, 28.8, 27.4, 26.9, 26.8, 25.6, 24.8, 22.5,
20.8, 14.0, 13.9; MS calcd for C48H95NO8: 813 [M]� ; found 831 [M�NH4]� .


Protected RGD-lipopeptide 5 a : Compound 4 (200 mg, 0.246 mmol), the
protected cyclic peptide cyclo(-R(Mtr)GD(OtBu)fK-) (187 mg,
0.205 mmol), N-hydroxybenzotriazole (HOBt ´ H2O) (38 mg, 0.246 mmol),
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate
(TBTU) (79 mg, 0.246 mmol) were dissolved in anhydrous DMF (2 mL).
The pH was adjusted to 8.5 ± 9 by addition of DIPEA (2.4 equiv). The
mixture was maintained for 24 h at room temperature under argon. After
DMF was removed under vacuum, the crude product was purified on silica
gel coated glass plates (CH2Cl2/MeOH 9:1) to yield the pure product
(140 mg, 0.084 mmol, 34 %). MS calcd for C89H154N10O17S: 1667.1 [M]� ;
found 1667.6 [M�H]� .


Protected RGD-lipopeptide 5b : Compound 4 (100 mg, 0.122 mmol), the
protected cyclic peptide cyclo(-R(Pbf)GD(OtBu)fK-) (111 mg,
0.122 mmol), O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HATU, 46 mg, 0.122 mmol) and 2,4,6-collidine (30 mg,
0.244 mmol) were dissolved in anhydrous DMF (1 mL) at 0 8C. The mixture
was maintained under argon for 10 h at room temperature. After DMF
evaporation under vacuum, the crude product was purified on silica gel
coated glass plates (CH2Cl2/MeOH, 9:1) to yield the title compound
(136 mg, 0.08 mmol, 65%). MS calcd for C92H158N10O17S: 1707.1 [M]� ;
found 1708.5 [M�H]� .


RGD-lipopeptide 6 : Compound 5 a (110 mg, 0.064 mmol) was dissolved in
a TFA/H2O mixture 95:5 and stirred for 24 h. The product was precipitated
and washed in diethyl ether at 4 8C. After lyophilization from tBuOH, the
pure product 6 (43 mg, 0.031 mmol, 49%) was isolated.


Following the procedure for 5a, the deprotection of 5b (181 mg,
0.106 mmol) in a TFA/H2O mixture 95:5 was achieved after 8 h. Pure
product 6 (110 mg, 0.078 mmol, 73%) was isolated after three precipita-
tions in diethyl ether at 4 8C and lyophilization in tBuOH. MS calcd for
C75H134N10O14: 1399.01 [M]� ; found 1399.8 [M�H]� .


Cell culture : Cells were obtained from a primary culture of endothelial
cells extracted from human navel cord in the Institut für Prophylaxe und
Epidemiologie der Kreislauferkrankungen der Universität München. The
cells were grown in Dulbecco�s modified eagle�s medium (DMEM)
supplemented by 10% fetal bovine serum (FBS) (Promo Cell, Heidelberg)
at 37 8C and 7.5 % CO2 in cell culture plates. The cells are used confluent.
They are removed from the surface by washing with a PBS buffer and
incubating for 2 min with trypsin/EDTA (Life Technologies LDT, Paisley,
Scotland). The cell suspension was mixed with cell medium (3:20) and
added to the two types of cover slides: i) RGD-functionalized surface, ii)
coated with collagen IV.


Preparation of RGD-functionalized surfaces by Langmuir ± Schäffer
deposition : Monolayer isotherms and deposition of supported membranes
by the Langmuir ± Schäffer (LS) technique were determined with a
computer controlled film balance. The total area of the monolayer was
45 cm2 and the area was changed with a speed of 0.1 cm2 sÿ1. The monolayer
lateral pressure was monitored with a Wilhemy plate which was calibrated
by comparison with the transition pressure of an arachidonic acid
monolayer. A mixture of CH2Cl2/MeOH 9:1 was used as spreading solvent.
Compression was started about 10 min after spreading. The subphase
temperature was kept at 20� 0.2 8C. The monolayers were deposited onto
silanized cover glasses by the LS technique. The monolayer was transferred
horizontally through the monolayer into the subphase at 20 mN mÿ1 and the


coverslip was maintained within the solution in a petri dish. The dense cell
suspension in medium was then added to the petri dish which was incubated
at 37 8C. The substrates were observed by using a Zeiss Axiomat micro-
scope equipped with a phase contrast objective. In order to test the effect of
the RGD-functionalized surface on the adhesion of endothelial cells the
relative number of slightly adhered but round cells and of spread cells was
counted.


Giant unilamellar vesicles (GUV): Giant vesicles were prepared by the
method of electric swelling.[35] Two solutions chloroform/methanol 9:1
containing: i)cholesterol (20 % mol), PEG 2000-DMPE (1 % mol), DOPC
(74 %), and RGD-lipopeptide 6 (5%) or ii) cholesterol (20 %mol), PEG
2000-DMPE (1% mol), DOPC (79 %) were used. The lipid solution was
spread onto a cover slide covered with indium/tin oxide (ITO) electrodes.
After drying the lipid films, the coverslips were placed in a closed cell of a
0.5 mm thickness and allowed to swell in a solution of sucrose (180 mm)
containing sodium azide (0.01 % mol) during application of a 10 Hz AC
field (20 V cmÿ1) for 5 h. A 100 mL aliquot of the vesicle suspension was
then directly injected into the flow chamber or into the culture medium in
contact with the endothelial cells adhered onto a glass surface.


RICM measurements of giant vesicle adhesion : The vesicle adhesion of the
giant vesicles to endothelial cells was monitored with a Zeiss Axiomat
microscope equipped with a RICM objective.[36] The samples were
observed by bright field microscopy and by RICM under an hydrodynamic
flow. As a control experiment, giant vesicles without the RGD-lipopeptide
6 were used. For the competition experiment, cyclo(-RGDfK-) peptide, the
soluble analogue of the RGD-lipopeptide 6 was injected at the concen-
tration of 1.3 mgmLÿ1 of the aqueous solution. The experimental setup
used for the application of hydrodynamic flow fields was described
previously.[27] The flow chamber consisted of a plexiglas and a copper block
serving as cover base plate. The coverslip (serving as substrate) formed part
of the bottom block. The chamber was sealed with an o-ring. For the
generation of the flow we used two syringes filled with a PBS buffer, which
are mounted on a slide and then connected to the ends of the measuring
chamber to form a closed flow loop. The flow is generated by moving the
slide by a stepping motor. The flow can be varied from 0 to 3.46 mL minÿ1


which corresponds to a shear force up to 35 mPa for the chamber of 1 mm
height. Both afflux and drain are directed vertical to the channel which
guarantees a laminar and almost parallel flow in the chamber at the shear
rates we used. In the vicinity of the substrate the profile of the flow can be
considered as linear.[24, 38] The cells were spread onto coverslips first coated
by collagen IV in petri dishes. The coverslips (24� 24 mm) were then
placed into the chamber and incubated at about 40 8C in presence of a
100 mL aliquot of giant vesicles containing the RGD-lipopeptide 6.
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Cobaltocenium-Functionalized Poly(propylene imine) Dendrimers:
Redox and Electromicrogravimetric Studies and AFM Imaging
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Abstract: The first four generations of
cobaltocenium-functionalized, diamino-
butane-based poly(propylene imine)
dendrimers DAB-dend-Cbx(PF6)x (x�
4, 8, 16, and 32; Cb� {Co(h5-C5H4CON-
H)(h5-C5H5)} (1 ± 4) have been synthe-
sized and characterized. The redox ac-
tivity of the cobaltocenium centers in 1 ±
4 has been characterized by using cyclic
voltammetry and the electrochemical
quartz-crystal microbalance (EQCM).
All of the dendrimers exhibit reversible
redox chemistry associated with the
cobaltocenium/cobaltocene redox cou-
ple. Upon reduction, the dendrimers
exhibit a tendency to electrodeposit
onto the electrode surface, which is
more pronounced for the higher gener-
ations. Pt and glassy carbon electrodes


could be modified with films derived
from 1 ± 4,exhibiting a well-defined and
persistent electrochemical response.
EQCM measurements show that the
dendrimers adsorb, at open circuit, onto
platinum surfaces at monolayer or sub-
monolayer coverage. Cathodic potential
scanning past ÿ0.75 V at which the
cobaltocenium sites are reduced, gave
rise to the electrodeposition of multi-
layer equivalents of the dendrimers. The
additional material gradually desorbs
upon re-oxidation so that only a mono-
layer equivalent remains on the elec-


trode surface. Changes in film morphol-
ogy as a function of dendrimer gener-
ation and surface coverage were studied
by using admittance measurements of
the quartz-crystal resonator on the basis
of its electrical equivalent circuit, espe-
cially in terms of its resistance parame-
ter. In general, we find that films of the
lower dendrimer generation 1 behave
rigidly, whereas those of the higher
generation 4 exhibit viscoelastic behav-
ior with an intermediate behavior being
exhibited by 2 and 3. Using tapping-
mode atomic force microscopy (AFM),
we have been able to obtain molecularly
resolved images of dendrimer 4 adsorb-
ed on a Pt(111) electrode.


Keywords: dendrimers ´ electro-
chemistry ´ metallocenes ´ quartz-
crystal microbalance


Introduction


The synthesis of dendrimers, highly branched polymers of
well-defined architecture, has expanded very rapidly in the
last decade.[1] These materials are attracting considerable


attention in many different areas of science and technology,
owing to the range of promising applications and their new
and unique architectural features; these include their precise
constitution, well-defined internal cavities, nanometer dimen-
sions, and the presence of a large number of functionalities on
the surface. Likewise, the incorporation of metals within or on
the periphery of dendritic structures is another exciting
feature as it has provided access to new materials capable of
novel magnetic, electronic, photophysical, or catalytic proper-
ties.[2±7]


In the context of organometallic dendrimers, ferrocene has
been the most widely used redox-active moiety incorporated
into dendritic structures. In this way, we and others have
recently developed different synthetic routes to prepare
ferrocenyl dendrimers of controlled nuclearity and chemical
structure.[8±13] In such globally neutral dendrimers, the ferro-
cenyl moieties may behave independently in an overall multi-
electron processes, or on the other hand electronic commu-
nication may exist between ferrocenyl groups linked together
in close proximity to one another.[9] We have employed these
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dendritic polymetallocenes as novel materials for the mod-
ification of electrode surfaces,[14] as electrochemical biosen-
sors,[15] as multisite guests for supramolecular assemblies,[16]


and as sensors for anions.[17]


In contrast, to date very few examples of polycationic
redox-active organometallic dendrimers have been pre-
pared.[18] Cobaltocenium also
constitutes an excellent organo-
metallic moiety to incorporate
in or functionalize dendritic
systems as it is a highly stable,
positively charged complex iso-
electronic with ferrocene, and
undergoes a reversible mono-
electronic reduction to yield the
neutral cobaltocene. With this
in mind, we have recently pre-
pared polycationic dendrimers
based in poly(propylene imine)
backbones, containing 4, 8, 16,
and 32 cobaltocenium function-
al groups located at the periph-
ery of the dendritic structures,
and we have found that while
the oxidized (CoIII) dendrimers
do not interact with b-cyclo-
dextrin hosts, multiple inclusion
complexes are formed upon
dendrimer reduction to the co-
baltocene (CoII) form.[19]


As a follow up to this earlier
communication, we now report
full details on the synthesis,
characterization, and redox
properties of this family of
cobaltocenium dendrimers,
along with the electrochemical
behavior of electrodes modified
with these metallodendrimers.
In addition, we have carried out
electrochemical quartz-crystal
microbalance (EQCM) studies
including impedance measure-
ments (resistance parameter) of electrodes modified with
electrodeposited films of these dendrimers. Moreover, we
have also employed scanned probe microscopic techniques,
with emphasis on atomic force microscopy, in an effort to
ascertain the structure and topology of these electrodeposited
dendritic materials. These studies could provide valuable
insights not only toward the understanding of interfacial
reactions but also toward the modification of electrodes for
applications as multielectron-transfer mediators, catalysts,
sensors, and electronic devices.


Results and Discussion


Syntheses and characterization of dendrimers : The cobalto-
cenium dendrimers DAB-dend-Cbx(PF6)x [x� 4, 8, 16, and 32;


Cb� {Co(h5-C5H4CONH)(h5-C5H5)}] (1 ± 4) have been ob-
tained by treatment of the first four generations of diamino-
butane-based poly(propylene imine) dendrimers (DAB-dend-
(NH2)x, x� 4, 8, 16, and 32) with an excess of the PF6


ÿ salt of
1-(chlorocarbonyl)cobaltocenium in CH3CN solution
(Scheme 1). Purification was carried out by dissolution in


CH3CN and precipitation with dichloromethane followed by
column chromatography with CH3CN as eluent. Dendrimers
1 ± 4 were isolated as air-stable yellow to greenish shiny solids,
soluble in solvents such as CH3CN, DMSO, DMF, and acetone
and insoluble in CH2Cl2.


The structural identities of the polycationic metalloden-
drimers were confirmed by 1H, 13C NMR, and IR spectros-
copy, electrospray ionization mass spectrometry (ESI-MS),
and fast atom bombardment mass spectrometry (FAB-MS).
The 1H NMR spectra of 1 ± 4 show the signals of the
poly(propylene imine) dendritic framework and the key
signals arising from the cobaltocenium fragments, which are
observed in the range d� 5.8 ± 6.4. The completion of the
condensation reaction was indicated by the total absence, in
the 1H NMR spectra, of the NH2 signals of the starting
dendritic polyamines around d� 1.3, as well as by the


Scheme 1. Preparation of dendrimers 1 ± 4.
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appearance of a new signal in the range d� 8.2 ± 9.1 due to the
amide group, and the downfield shift (from d� 2.6 to 3.3 ± 3.5)
of the resonance corresponding to the adjacent methylene. In
addition, the complete amidation was further supported by
the integration ratios of the different protons, which are in
agreement with the expected structures. The structures of the
polycationic dendrimers were corroborated by FAB-MS for
the first- and second-generation
dendrimers 1 and 2, and by ESI-
MS for 3. In all cases, the mass
spectra show different peaks
corresponding to species with
different states of charge, which
result from the successive loss
of counteranions. Thus, for ex-
ample for dendrimer 3 peaks at
m/z 1096, 919, 786, 683, 600,
532, and 476 can be assigned to
the loss of from 6 to 12 PF6


ÿ


counteranions, respectively.
Surprisingly, under the same
experimental conditions, ESI-
MS mass spectrometric techni-
que failed to give a useful
spectrum of dendrimer 4. Ap-
propriate conditions to register clear ESI-MS or MALDI-
TOF spectra with good signals to noise ratios have not yet
been obtained.


Cyclic voltammetric studies : The electrochemical behavior of
the synthesized cobaltocenium dendrimers 1 ± 4 has been
investigated by cyclic voltammetry (CV) of the materials in
homogenous solution, as well as that confined to electrode
surfaces (i.e., where the dendrimers serve as electrode
modifiers). For all generations (1 ± 4) of this dendritic family
that we have studied, a single redox process is observed in
CH3CN with a formal potential (E8) of about ÿ0.72 V versus
SCE (Table 1); a value that is about 200 mV more positive


than that exhibited by cobaltocenium in the same medium
(vide infra). Thus, the aforementioned wave is ascribed to the
simultaneous one-electron reduction of all the peripheral
cobaltocenium moieties at the same potential. In addition, a
second and irreversible redox process, corresponding to the
reduction of the multiple cobaltocene centers, is observed at
about ÿ1.70 V.


It is worth noting that the solution redox behavior is
sensitive to the dendrimer generation. In order to check the
evolution of this dendritic effect on the voltammetric


response, cyclic voltammograms of solutions of these poly-
metallic species in CH3CN, containing the same molar amount
of cobaltocenium units in all cases, were obtained (Figure 1).
For the tetrametallic dendrimer 1 (Figure 1), reduction and
oxidation (around the wave centered at ÿ0.73 V) did not
appear to affect the solubility of the dendrimer, so that the
voltammetric response exhibited the wave shape character-


istic of a freely diffusing soluble species undergoing reversible
charge transfer. Consistent with this was the fact that the peak
current scaled with the square root of the sweep rate as
anticipated.


On the other hand, for dendrimers of higher generations 2 ±
4, which contain 8, 16, and 32 cobaltocenium units, respec-
tively, oxidation-state-dependent solubility changes were
readily apparent. Thus, electroreduction of the cationic
cobaltocenium dendrimers resulted in the deposition of the
electrogenerated neutral cobaltocene dendrimers on the
electrode surface. On the subsequent oxidative scan, the
electrodeposited material was stripped upon oxidation. How-
ever, not all the deposited material was stripped from the
surface in a single scan; this suggests that there might be some
strong adsorbed dendrimer remaining on the electrode sur-
face upon oxidation. Moreover, as the number of peripheral
amide-linked cobaltocenium moieties per dendritic molecule
increased (i.e., as the generation increased), the anodic
stripping wave increased in magnitude (Figure 1). This
behavior contrasts and is opposite to that previously observed
for the analogous neutral ferrocenyl dendrimers DAB-dend-
Fcx (x� 8, 16, 32, or 64), which become insoluble upon
oxidation to the corresponding polycationic macromolecules
yielding dendrimer films on the electrode surface and which
are stripped on the subsequent cathodic scan.[8c, 14b]


Because of the deposition of the neutral dendrimers 2 ± 4 on
the electrode surface, the formal potential values (Eo) for
these reduction processes were determined by using normal
pulse voltammetry (NPV), and the results are presented in
Table 1. As alluded to above, the reduction of the cobaltoce-
nium-functionalized dendrimers 1 ± 4 occurs at a potential
that is about 200 mV less negative than the corresponding
process for [(h5-C5H5)2Co]PF6 (ÿ0.94 V versus SCE in
CH3CN). This is due to the strong electron-withdrawing


Table 1. Electrochemical parameters for dendrimers 1 ± 4.


Eo' DoNPV DoCV


[V] versus SCE [cm2 sÿ1] [cm2 sÿ1]


1 ÿ 0.73 9.63� 10ÿ6 1.95� 10ÿ6


2 ÿ 0.72 3.56� 10ÿ6 6.49� 10ÿ6


3 ÿ 0.72 3.18� 10ÿ6 2.28� 10ÿ7


4 ÿ 0.72 3.00� 10ÿ6 2.19� 10ÿ7


[(h5-C5H5)2Co]PF6 ÿ 0.92 1.51� 10ÿ5 2.16� 10ÿ5


Figure 1. Cyclic voltammograms of the cobaltocenium dendrimers 1, 2, 3, and 4 in CH3CN/TBAH at 100 mV s-1.
The concentration of cobaltocenium centers is the same (1mm) in each case.
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effect of the amide groups when bound directly to the
metallocene units, making the reduction of the cobaltocenium
dendrimers thermodynamically easier than that of unsubsti-
tuted cobaltocenium.


The diffusion coefficients, Do, upon reduction for the four
cobaltocenium dendrimers in CH3CN have been calculated
from CV and NPV[20] (by using the Cottrell equation), and the
results are also presented in Table 1. As anticipated, the
diffusion coefficients of dendritic molecules are lower than
that of an organometallic monomer of small size such as
cobaltocenium. It is also clear from Table 1 that the values of
the diffusion coefficients obtained by NPV are not only about
an order of magnitude larger than those obtained by CV, but
also unrealistically high in some cases such as 4. Although the
use of NPV has been previously recommended for the
measurement of diffusion coefficients of materials that
adsorb,[21] in our case the very nature of the experiment gives
rise to the anomalous results alluded to above. This arises, at
least in part, because in NPV the time delay between pulses is
too short to allow for material that has adsorbed on the
forward pulse to desorb. Such an adsorbed layer would give
rise to anomalously high currents, which in turn would result
in high values of the diffusion coefficients. Diffusion coef-
ficient measurements by CV would also be susceptible to the
presence of an adsorbed layer of dendrimer, which, as we
mentioned previously, we know to be present on the electrode
surface prior to electroreduction of the cobaltocenium
centers. However, the effect is compounded in the case of
NPV because there are repeated excursions to potentials at
which the cobaltocenium centers are reduced and, therefore,
electrodeposited; this gives rise to the continued accumula-
tion of material on the electrode. This is not the case for CV
and, thus, we feel that diffusion coefficients measured by CV
are more reliable in this particular instance. However, for the
reasons mentioned above, these values must still be consid-
ered as somewhat elevated.


Turning to the specific values of the diffusion coefficients
(obtained by CV), we note that, as a trend, the values decrease
as the generation increases. However, values for 2 and 3 are
virtually the same, which would suggest that they are of
comparable size. It should be mentioned that these values are
comparable to those for the analogous ferrocene derivatized
dendrimers as well as for dendrimers containing [Ru(tpy)2]�2


centers (tpy � terpyridine). In the latter case we have
also measured the diffusion coefficients using pulse field
gradient spin-echo NMR spectroscopy and the values are
generally in accordance.[22] Thus, as a general trend, as
anticipated, the diffusion coefficient decreases with increasing
generation.


A valuable feature of these organometallic dendrimers is
their ability to modify electrodes, resulting in electroactive
material that remains persistently attached to the electrode
surface. The deposition of the dendrimers can be carried out
onto Pt or glassy carbon electrodes, and presumably other
materials, either by controlled potential electrolysis at
ÿ1.10 V or by repeated cycling between 0 and ÿ1.10 V versus
SCE in degassed solutions of dendrimer in CH3CN. Thus, the
amount of electrodeposited material can be controlled
through the time interval, during which the potential or the


number of scans was held fixed. As a representative example,
Figure 2 shows the voltammetric response in aqueous solution
of a Pt electrode modified with an electrodeposited film of
dendrimer 3, for which a well-defined, reversible wave is


Figure 2. Cyclic voltammograms of a platinum-disk electrode modified
with a film of dendrimer 3 measured in H2O/LiClO4. Inset: plot of peak
current versus sweep rate.


observed at a formal potential value of ÿ0.81 V correspond-
ing to the cobaltocenium/cobaltocene couple. Qualitatively
similar responses were obtained for modified glassy carbon
electrodes.


The voltammetric wave-shape is that anticipated for a
surface-confined redox reagent.[23] The current was linearly
proportional to the sweep rate for values up to 500 mVsÿ1 (see
inset in Figure 2), and peak potential difference (DEp) values
were typically small ; these were about 10 mV at 200 mVsÿ1


and for sweep rates below 20 mV sÿ1 the splitting was virtually
zero. However, for higher sweep rates, DEp values tended to
increase (e.g., DEp was 20 mV at a sweep rate of 500 mVsÿ1).
These observations indicate that for sweep rates below about
500 mV sÿ1 these films exhibit rapid electron and charge-
transfer kinetics. Extended potential cycling (e.g., 1 h at
100 mV sÿ1) resulted in only a small loss (<15 %) of electro-
deposited material and the voltammetric waveshape re-
mained virtually unchanged; this demonstrates that electro-
deposited films of 3 are stable to extended electrochemical
cycling. This is an important observation since many of the
anticipated applications will require extensive redox cycling.


From the integration of the area under the voltammetric
wave (i.e., the charge) for the voltammogram presented in
Figure 2, the surface coverage (of cobaltocenium sites) of 3
was estimated to be about 1.2� 10ÿ9 molcmÿ2 (mol of
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cobaltocenium sites cmÿ2). This represents approximately two
equivalent monolayers of immobilized cobaltocenium. By
controlling the deposition conditions as described above, the
coverage could be deliberately controlled from less than a
monolayer to tens (e.g., 30) of monolayer equivalents. The
fact that the waveshape anticipated for a surface-immobilized
redox couple was maintained even at high surface-coverage
values again confirms the fact that these systems exhibit rapid
charge-transfer kinetics as stated above.


Electrochemical quartz-crystal microbalance (EQCM) stud-
ies : We have carried out EQCM and impedance studies,
particularly with regards to the resistance parameter and its
changes, of the electrodeposition processes of the cobaltoce-
nium-containing dendrimers. Changes in mass during the
electrodeposition of the dendrimers were monitored by
changes in the frequency of an EQCM, while scanning the
applied potential. In these experiments, a 0.2 mm solution
concentration of cobaltocenium sites was used, which corre-
sponded to 50, 25, 13, and 6.3mm solutions for the dendrimers
1, 2, 3, and 4, respectively.


Figure 3 shows the typical cyclic voltammogram (A) and
frequency responses (B) as a function of the applied potential
for a Pt electrode on a quartz-crystal resonator in contact with


Figure 3. Typical A) current (CV) and B) frequency responses as a
function of applied potential at 50 mV sÿ1 for a Pt EQCM electrode in
contact with a solution of dendrimer 4 (6.3 mm ; 0.2mm cobaltocenium sites).


a 0.10m TBAH/CH3CN solution containing 6.3 mm of den-
drimer 4. As was alluded to previously, cathodic waves
showed primarily a diffusional shape, whereas anodic waves
showed a typical stripping shape, an indication that the
dendrimers adsorb onto the electrode during reduction and
desorb during oxidation. The frequency responses obtained
concurrently with the cyclic voltammograms also support
these observations. Although there was a slight initial increase
(vide-infra) the frequency largely decreased during the
cathodic scan from about ÿ0.75 V versus SSCE, which is just
prior to the cathodic peak potential, to ÿ1.20 V at which the
sweep direction was reversed (Figure 3B). The frequency


continued to decrease during the anodic scan up to ÿ0.70 V,
and then it increased sharply. The decrease in frequency (due
mainly to a mass increase) upon reduction indicates the
accumulation of the neutral dendrimer on the electrode
surface. On the other hand, the sharp increase in the
frequency (due mainly to a mass decrease) upon oxidation
of the dendrimer to a �1 charge (per redox site) may be a
manifestation of redissolution (stripping) of the previously
deposited dendrimer. Although a strict comparison with the
analogous ferrocenyl-containing dendrimers DAB-dend-Fcx


(x� 8, 16, 32, or 64)[14b] is difficult since the solvent and
supporting electrolyte used in this work (TBAH/CH3CN)
were different from those used for the ferrocenyl dendrimers
studies (TBAP/CH2Cl2, in which 4 is insoluble), these redox-
state dependent deposition and desorption processes are
opposite to those of the ferrocenyl dendrimers, in which the
dendrimer accumulated upon oxidation and was desorbed/
stripped in the subsequent reduction process.


The small increase in frequency (ca. 10 Hz) in Figure 3B
just prior to the large decrease upon reduction might be
caused by a release of anions to maintain charge neutrality in
the deposited dendrimer film. On the other hand, the small
decrease in the frequency just after the drastic increase in
frequency upon oxidation might be assigned to the incorpo-
ration of anions. For these processes to occur, an adsorbed or
deposited layer of the dendrimer must have been present on
the electrode surface just upon contact of the electrode with
the dendrimer solution. If, after coming into contact with the
dendrimer solution (i.e. , no applied potential) the electrode is
transferred to a fresh TBAH/CH2Cl2 solution containing no
dendrimer, a small peak corresponding to the reduction of the
cobaltocenium centers was observed on the first cathodic
potential scan. However, only a very small peak was observed
in the reverse scan, and both peaks (cathodic and anodic)
rapidly decayed upon further potential cycling. This indicates
that the dendrimer adsorbs onto a Pt electrode at least in the
presence of the dendrimer in the solution, in a manner
analogous to DAB-dend-Fcx


[14b] and polyamidoamine den-
drimers surface-functionalized with polypyridyl metal com-
plexes.[24] If the 10 Hz increase in frequency alluded to above
were due solely to anion ejection, this would correspond to a
surface coverage of about 1.2� 10ÿ9 molcmÿ2, which is
approximately two monolayer equivalents of cobaltocenium.
A similar value is obtained from the first reductive sweep for
an electrode placed in only supporting electrolyte after having
been exposed to a solution of the dendrimer.


The anion-exchange behavior of the deposited films was
better defined for the lower generation dendrimers, since
changes in the frequency due to the deposition and desorption
of the dendrimers upon the redox processes decreased as the
dendrimer generation decreased. This made the changes in
frequency due to the anion exchange more clearly defined.
Figure 4 shows A) the typical cyclic voltammetric and B)
frequency responses for a Pt electrode on a quartz-crystal
resonator in contact with a 0.2 mm solution of dendrimer 1. As
can be seen in the cyclic voltammogram, both the cathodic
and anodic waves showed a diffusional shape, unlike the
stripping shape observed for 4 ; this suggests that, apparently,
no electrodeposition takes place. In addition, the frequency
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Figure 4. Typical A) current (CV) and B) frequency responses as a
function of applied potential at 50 mV sÿ1 for a Pt EQCM electrode in
contact with a solution of dendrimer 1 (50 mm ; 0.2mm cobaltocenium sites).


response appeared to be a simpler anion-exchange type.
However, there was a slight decrease in frequency from about
ÿ1.0 V versus SSCE in the cathodic scan, and a slight increase
in the anodic scan up to about ÿ1.0 V. These frequency
changes could be a manifestation of a slight accumulation and
desorption of the dendrimer upon reduction and oxidation,
respectively, similar to those observed in the case of 4. The
magnitude of this decrease in the frequency (accumulation of
the dendrimer) upon reduction increased for the larger
generations as would be anticipated, since a larger dendrimer
should have lower solubility.


A cyclic voltammogram and frequency response for 2 are
depicted in Figures 5A and 5B, respectively. As can be seen,
the anodic peak of the cyclic voltammogram is sharper than


Figure 5. Typical A) current (CV) and B) frequency responses as a
function of applied potential at 50 mV sÿ1 for a Pt EQCM electrode in
contact with a solution of dendrimer 2 (25 mm ; 0.2 mm cobaltocenium sites)
in TBAH/CH3CN (0.10m).


that of 1, indicating that the dendrimer accumulated on the
electrode surface in the cathodic potential scan. The fre-
quency change appeared to have contributions from both the
anion exchange and the dendrimer deposition/desorption
processes. Unlike 4, the overall frequency decreased upon
continuous potential cycling, suggesting that some of the
dendrimer remained on the electrode even upon oxidation.


This would suggest a slower rate of desorption of the
deposited 2 relative to 4. When the potential was held at
ÿ0.2 V, at which the dendrimer is in its oxidized form, there
was a partial desorption of the dendrimer so that the
frequency gradually increased until it reached a steady state
value that was several Hz lower than the initial one prior to
adsorption of the dendrimer. This again suggests that there is
some adsorption of the dendrimer prior to electroreduction.
Assuming that the entire frequency change was due to
adsorbed dendrimer, we estimate the coverage is close to a
monolayer. The slower desorption of 2 might be due to a
smaller number of positive charges (�8) in its oxidized form
and a resulting smaller electrostatic repulsion compared with
4 (�32). The cyclic voltammetric and frequency responses for
3 appeared to be intermediate between those exhibited by 4
and 2.


Changes in film morphology were studied by using admit-
tance measurements of the quartz-crystal resonator on the
basis of its electrical equivalent circuit, especially in terms of
its resistance parameter. Theoretical aspects of admittance
measurements (resistance parameter) have been described
previously.[25] Figure 6 shows changes of the resistance param-


Figure 6. Time-courses of the resistance parameter of a quartz-crystal
resonator during potential step experiments (between ÿ0.20 V and
ÿ1.20 V versus SSCE) in a solution of A) 4, B) 3, C) 2, and D) 1 (0.2 mm
cobaltocenium sites) in TBAH/CH3CN (0.10m) .


eter for the equivalent circuit of the resonator versus time in a
0.1m TBAH/CH3CN solution containing 0.2 mm cobaltoceni-
um sites of dendrimers 1 ± 4 at applied potentials ofÿ0.20 and
ÿ1.20 V versus SSCE, at which the charge on each metal
center is �1 and 0, respectively. As can be seen in Figures 6A
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and 6B, the resistance sharply increased upon potential
stepping from ÿ0.20 and ÿ1.20 V for both 4 and 3. The
resistance rapidly decreased to the original value when the
potential was stepped back to ÿ0.20 V. These increases in
resistance are believed to arise from an increase in the
thickness, roughness, and viscoelasticity of the film due to the
continuous accumulation of the dendrimers at ÿ1.20 V. On
the other hand, the decreases in the resistance are believed to
arise from the dissolution of the dendrimer from the
electrode. These observations are opposite to those of the
analogous ferrocenyl dendrimers for which the resistance
increased upon oxidation of the dendrimer and decreased
upon reduction. In contrast, in the case of 1 (Figure 6D) the
resistance remained nearly constant, indicating that there
were no significant accumulation and, thus no morphological
changes upon reduction. Changes in the resistance parameter
for 2 appeared to be intermediate between those exhibited by
1 and 3. These results are in agreement with the frequency
changes mentioned previously.


Atomic force microscopy (AFM) imaging :In an effort to
better characterize the structure of adsorbed layers of these
cobaltocenium dendrimers, we have carried out tapping-mode
AFM (TMAFM) studies in air (ex situ). We followed the same
general procedures employed in our previous work[14b] on the
related ferrocenyl dendrimers. In that case, and by using
noncontact (i.e., tapping mode) AFM, we were able to image,
down to the molecular level, films derived from DAB-dend-
Fc64. The observation of single dendrimer molecules by
contact mode AFM (CMAFM) in air was not possible owing
to the strong effect of the tip on the film, dragging the
dendrimers upon scanning.


Figure 7A shows an AFM image (in air) of a freshly
annealed Pt(111) electrode where the image, as expected, is
essentially featureless. The surface was subsequently modified
with a film of 4 as described in the experimental section and
again imaged by TMAFM. A representative image is
presented in Figure 7B; this shows clear evidence of the
presence of adsorbed dendrimers. The circular features that
can be seen over the entire image represent individual
dendrimer units. Also from the figure, it is evident that in
some cases there appear to be aggregates present on the
surface. We ascribe these brighter spots to the presence of
adsorbates that are two dendrimer units in height. A
preliminary analysis of such images suggests that the apparent
size (7.8� 1.0 nm) of the adsorbed dendrimer is larger than
the calculated (4.4 nm diameter for 4) value. The difference in
size can be attributed mainly to two factors: flattening of the
dendrimers upon adsorption and the effect commonly known
as ªconvolutionº, whereby the image obtained is composed of
the imaged feature and a ªreflectionº of the tip geometry. The
flattening of dendrimer molecules upon adsorption is an effect
we[14b] as well as Crooks and co-workers[26] have previously
documented and is, in fact, an effect common to ªsoftº
adsorbates. The second effect is inherent to scanning probe
microscopies and constitutes a significant problem for particle
analysis, especially in cases where the tip geometry is
unknown and the features imaged are of size comparable to
the tip dimensions (radius). There are also strong tip effects


Figure 7. A) AFM image of freshly annealed Pt(111) single crystal.
B) TMAFM of the same Pt(111) crystal modified with metallodendrimer
4. Both images are 200� 200 nm.


that can drag adsorbates, indent soft surfaces, and limit the
ability to obtain molecularly resolved images. Tip effects on
adsorbed films imaged in air are often caused by a capillary
layer of water formed between the surface and the tip.
Imaging in a solvent usually eliminates this effect, although
many samples are softer when solvated. In addition to these
ex situ studies in air, we are currently carrying out electro-
chemical AFM (ECAFM) studies in situ and results from
these investigations will be presented elsewhere.


Conclusion


Multimetallic diaminobutane-based poly(propylene imine)
dendrimers that contain 4, 8, 16, and 32 peripheral cobalto-
cenium units (1 ± 4) have been synthesized and characterized.


The redox activity of the cobaltocenium centers in 1 ± 4 has
been characterized by means of CV and the electrochemical
quartz-crystal microbalance. All of the dendrimers exhibit
reversible redox chemistry associated with the cobaltoceni-
um/cobaltocene redox couple, whose formal potential E8 is
shifted positively (relative to the cobaltocenium/cobaltocene
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redox couple in the same medium) due to the strong electron-
withdrawing effect of the amide groups within the dendrimer
backbone. Upon reduction, the dendrimers exhibit a tendency
to electrodeposit onto the electrode surface, which is more
pronounced for the higher generations. Pt and glassy carbon
electrodes could be modified with films derived from 1 ± 4
exhibiting a well-defined and persistent electrochemical
response. EQCM measurements show that the dendrimers
adsorb, at open circuit, onto Pt surfaces at monolayer or
submonolayer coverage. Potential scanning past ÿ0.75 V, at
which the cobaltocenium sites are reduced, gave rise to the
electrodeposition of multilayer equivalents of the dendrimers,
likely due to decreased solubility of the neutral dendrimer.
The additional material gradually desorbs upon re-oxidation
so that only a monolayer equivalent remains on the electrode
surface. Changes in film morphology as a function of
dendrimer generation and surface coverage were studied by
means of admittance measurements of the quartz-crystal
resonator on the basis of its electrical equivalent circuit,
especially in terms of its resistance parameter. In general we
find that films of the lower dendrimer generation 1 behave
rigidly, whereas those of the higher generation 4 exhibit
viscoelastic behavior with intermediate behavior being ex-
hibited by films of 2 and 3. Using tapping mode AFM, we have
been able to obtain molecularly resolved images of 4 adsorbed
on a Pt(111) electrode.


Experimental Section


General : All reactions were performed under an inert atmosphere
(prepurified N2 or Ar) using standard Schlenk techniques. Solvents were
dried by standard procedures over the appropriate drying agents and
distilled immediately prior to use. Triethylamine (Merck) was distilled over
KOH under N2. The hexafluorophosphate salt of 1-(chlorocarbonyl)co-
baltocenium was prepared as described in the literature[27] by treatment of
carboxycobaltocenium hexafluorophosphate with an excess of freshly
distilled SOCl2. The excess SOCl2 was removed under vacuum, and the
resulting yellow solid was thoroughly washed with hexane and dried under
vacuum. The dendritic polyamines DAB-dend-(NH2)x (x� 4, 8, 16, and 32)
were purchased from DSM. Sephadex LH-20 (Fluka) was used for column
chromatographic purifications. NMR spectra were recorded on a Bruker
AMX (1H, 300 MHz; 13C, 75.43 MHz) spectrometer. Infrared spectra were
recorded on a Bomem MB-100 FTIR spectrometer. ESI-MS was carried
out with a Hewlett Packard quadrupole mass spectrometer, model 1100
coupled to an HPLC system. The samples were introduced into the source
by constant infusion or direct injection (FIA). FAB mass spectral analyses
were conducted on a VG Auto Spec mass spectrometer equipped with a
cesium ion gun.


Electrochemical measurements : Cyclic voltammetric experiments were
performed on a BAS CV-27 potentiostat. Electrochemical measurements
were performed in CH3CN freshly distilled from calcium hydride under
nitrogen. The supporting electrolyte was in all cases tetra-n-butylammo-
nium hexafluorophosphate (TBAH, Aldrich), which was purified by
recrystallization from ethanol and dried under vacuum; it was used in a
concentration of 0.10m in all cyclic voltammetric measurements. A
conventional sample cell operating under an atmosphere of prepurified
nitrogen was used for CV. All cyclic voltammetric experiments were
performed with either a Pt-disk working electrode (A� 0.02 cm2) or a
glassy carbon-disk working electrode (A� 0.070 cm2), each of which was
polished prior to use with either 1 mm diamond paste (Buehler) or 0.05 mm
alumina/water slurry and rinsed thoroughly with purified water and
acetone. Potentials are referenced to a saturated calomel electrode
(SCE) without regards to the liquid junction potential. A large area-coiled
Pt wire was used as a counter electrode. No iR compensation was used. The


modification of electrode surfaces (Pt or glassy carbon electrodes) was
effected by continuous scanning between 0 and ÿ1.10 V versus SCE, in
degassed solutions of the dendrimer in CH3CN. The electrodes thus coated
were rinsed with CH3CN to remove any adhering solution and dried in air.
NPV measurements were performed on a Autolab-PGSTAT 12 potentio-
stat using a Pt-disk working electrode (A� 0.02 cm2), at a scan rate of
10 mV sÿ1.


EQCM measurements : The EQCM apparatus and instrumentation for the
resistance parameter measurements of a resonator have been previously
described.[14b] AT-cut quartz crystals (5 MHz) of 24.5 mm diameter with Pt
electrodes deposited over a Ti adhesion layer (Maxtek Co.) were used for
EQCM measurements. An asymmetric keyhole electrode arrangement was
used, in which the circular electrode geometrical areas were 1.370 cm2


(front side) and 0.317 cm2 (back side). The electrode surfaces were
overtone polished. The quartz-crystal resonator was set in a probe (TPS-
550, Maxtek) made of Teflon�, in which the oscillator circuit was included,
and the quartz crystal was held vertically. The probe was connected to a
conventional three-chamber electrochemical cell by a home made Teflon�


joint. One of the electrodes of the quartz-crystal resonator, in contact with
the solution, was also used as the working electrode. The potential of the
working electrode was controlled with a potentiostat (CV-27, BAS). A
sodium chloride saturated calomel electrode (SSCE) and a coiled Pt wire
were used as reference and counter electrodes, respectively. The frequency
response measured with a plating monitor (PM-740, Maxtek) and the
current measured with the potentiostat were simultaneously recorded by a
personal computer, which was interfaced to the above instruments. The
admittance of the quartz-crystal resonator was measured near its resonant
frequency by an impedance analyzer (HP4194A, Hewlett-Packard) equip-
ped with a test lead (HP16048A). A probe similar to the one used in the
EQCM measurements, but which did not include an oscillator circuit inside,
was used to accomplish a direct connection of the quartz-crystal resonator
to the impedance analyzer.


AFM measurements : TMAFM studies were carried out on a Nanoscope III
(Digital Instruments) microscope, with a 12 mm D scanner in air. The AFM
was mounted on a home-made antivibration table and on an isolation
chamber. All images shown are unfiltered and taken online; no offline
zoom was used.


The modified Pt samples for TMAFM analysis were prepared by
immersion of the freshly flame-annealed Pt single crystal in a 0.25 mm
solution of 4 in CH3CN solution for 2 h. The electrode was subsequently
washed with fresh CH3CN and air dried before TMAFM analysis.


Tapping-mode analysis was carried out at different size ranges from nm to
mm at various locations on the surface prior to and after modification with
4. All data were recorded in height mode. Set point values were chosen so
that the interaction of the tip and the sample gave rise to a good
compromise between stability and resolution, without destroying the tip or
the sample. Scan rates ranged from 1 to 3 Hz to avoid deformation of the
image. At higher scan rates several problems arose ranging from damage of
the tip to distortion of the image due to a slow vertical response for the
surface profile. Images were taken at a 512� 512 pixel resolution to
increase the detail in the images.


Syntheses of cobaltocenium dendrimers : All dendrimers were prepared
following the same procedure. A solution of the dendritic polyamine DAB-
dend-(NH2)x (x� 4, 8, 16, 32) and triethylamine in dry CH3CN was added
dropwise to a stirred solution of 1-(chlorocarbonyl)cobaltocenium hexa-
fluorophosphate (10 % excess) in CH3CN under argon at room temper-
ature. The reaction mixture was stirred overnight. The resulting greenish
mixture was filtered, the solvent was removed under vacuum, and the
residue was dissolved in CH3CN and precipitated into CH2Cl2 to remove
the triethylammonium chloride byproduct. The precipitate was purified by
column chromatography on Sephadex LH-20 with CH3CN as eluent. The
first yellow or greenish band containing the corresponding cobaltocenium
dendrimer was separated, and after drying under vacuum the dendrimers
were isolated as yellow, orange, and greenish shiny solids. Yields were in the
30 ± 60% range.


Selected characterization data for dendrimer 1: 1H NMR ((CD3)2CO): d�
8.24 (t, 4 H; NH), 6.34 (t, 8H; C5H4), 5.98 (t, 8 H; C5H4), 5.92 (s, 20H; Cp),
3.52 (quartet, 8H; NHCH2), 3.06 (br, 12H; CH2NCH2), 2.07 (br, 8H;
CH2CH2CH2), 1.86 (br, 4 H; NCH2CH2CH2CH2N); 13C{1H} NMR
([D6]DMSO): d� 161.54 (CO), 94.00, 85.84, 83.98 (C5H4), 86.03 (Cp),
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52.42 and 50.60 (CH2NCH2), 37.44 (NH-CH2), 24.92 and 22.67
(CH2CH2CH2); IR (KBr): nÄ � 1662 (amide I), 1545 cmÿ1 (amide II); MS
(FAB): m/z (%): 1758 (38) [M�H]� , 1611 (100) [MÿPF6]� , 1466.4 (61)
[Mÿ 2PF6]� , 1321 (18) [Mÿ 3PF6]� , 734 (30) [Mÿ 2 PF6]2�.


Selected characterization data for dendrimer 2 : 1H NMR ((CD3)2CO): d�
8.69 (br, 8H; NH), 6.45 (t, 16 H; C5H4), 5.97 (t, 16H; C5H4), 5.94 (s, 40H;
Cp), 3.53 (br, 16H; NHCH2), 3.33, 3.02 (br, 36 H; CH2NCH2), 2.18 (br,
28H; CH2CH2N), 1.82 (br, 4H; NCH2CH2CH2CH2N); 13C{1H} NMR
([D6]DMSO): d� 161.59 (CO), 93.87, 85.82, 84.11 (C5H4), 86.06 (Cp), 50.43
(CH2NCH2), 37.29 (NH-CH2), 24.24 (CH2CH2CH2); IR (KBr): nÄ � 1663
(amide I), 1550 cmÿ1 (amide II); MS (FAB): m/z (%): 3655 (72) [M�H]� ,
3509 (100) [MÿPF6]� , 3364 (95) [Mÿ 2 PF6]� , 3218 (42) [Mÿ 3 PF6]� , 3074
(41) [Mÿ 4PF6]� , 1681.8 [Mÿ 2PF6]2�.


Selected characterization data for dendrimer 3 : 1H NMR ([D6]DMSO):
d� 8.97 (br, 16H; NH), 6.26 (br, 32H; C5H4), 5.88 (br, 32 H; C5H4), 5.81 (s,
80H; Cp), 3.29 (br, 32H; NHCH2), 2.96, 2.65 (br, 84H; CH2NCH2), 1.88
(br, 56 H; CH2CH2CH2), 1.68 (br, 4 H; NCH2CH2CH2CH2N); 13C{1H} NMR
([D6]DMSO): d� 161.37 (CO), 93.55, 85.59, 83.80 (C5H4), 85.78 (Cp),
50.04, 49.45 (CH2NCH2), 36.95 (NH-CH2), 23.84, 20.34 (CH2CH2CH2); IR
(KBr): nÄ � 1662 (amide I), 1552 cmÿ1 (amide II); MS (electrospray): m/z :
1096 [Mÿ 6PF6]6�, 919 [Mÿ 7PF6]7�, 786 [Mÿ 8PF6]8�, 683 [Mÿ 9 PF6]9�,
600 [Mÿ 10 PF6]10�, 532 [Mÿ 11 PF6]11�, 476 [Mÿ 12PF6]12�.


Selected characterization data for dendrimer 4 : 1H NMR ([D6]DMSO):
d� 9.14 (br, 32H; NH), 6.33 (br, 64H; C5H4), 5.89 (br, 64 H; C5H4), 5.83 (s,
160 H; Cp), 3.31 (br, 64 H; NHCH2), 3.09 ± 2.74 (br, 180 H; CH2NCH2), 1.92
(br, 64 H; CH2CH2CH2); 13C{1H} NMR ([D6]DMSO): d� 162.29 (CO),
94.50, 86.56, 84.90 (C5H4), 86.80 (Cp), 51.13, 50.35 (CH2NCH2), 37.95 (NH-
CH2), 24.70, 21.21 (CH2CH2CH2); IR (KBr): nÄ � 1667 (amide I), 1561 cmÿ1


(amide II).
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Synthesis of Pseudopeptides with Sulfoximines
as Chiral Backbone Modifying Elements
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Abstract: The synthesis of pseudopeptides with a chiral a-sulfonimidoylcarboxy
moiety in the backbone is described. Starting from readily available (SS)-S-methyl S-
phenyl sulfoximine and various cyclic and acyclic a-amino acids the desired products
are obtained in good yields with peptide coupling methodology. Specific secondary
structures caused by intramolecular hydrogen bonds may be adopted. Results of
NMR studies to reveal conformational preferences will be discussed.


Keywords: amino acids ´ inhibitors
´ peptides ´ pseudopeptides ´
sulfoximines


Introduction


Much research has focussed on the development of peptide
modifications in recent years to find new therapeutic agents.[1]


The use of peptides in pharmaceutical applications is often
impeded because of their poor bioavailability and rapid
degradation.[2] These disadvantages can be reduced by the
introduction of peptide mimetics,[3] whilst the specific activity
is retained, and in some cases even increased. In general, the
following modifications can be carried out on any part of a
peptide and they can be applied in any combination:[3±6] amino
acids can be deleted, or added/replaced;[7] short-[8] or long-
range cyclizations[9] can be used; the bonds of the peptide
backbone can be substituted by surrogates;[5] the backbone
can be replaced totally by a novel scaffold[1b, 10] or, to achieve a
higher bioavailability the peptides can be glycosylated.[11]


Most modifications have been made on the amide linkage
because it is the primary target for enzymatic degradation,


and hence the metabolic stability of the peptides can be
increased.[3, 12]


Lucente[13] and Liskamp[14] have reported on the synthesis
of derivatives with sulfinamide or sulfonamide moieties as
tetrahedral transition state analogues for the hydrolysis of the
amide bond.[15] Such compounds may be regarded as new
transition-state analogues for peptidase inhibitors,[16±19] be-
sides the known peptidomimetics with a phosphonamidate.[20]


The phosphonamidate moiety provides the best mimic for the
transition state involved in the hydrolysis of the amide bond
both from a steric and an electronic point of view.[14c, d] Owing
to the instability of a-amino sulfonamides[15, 21] and sulfina-
mides[15] only N-phthaloyl protected derivatives have been
synthesized.[21a] Most of the work in this field has focussed on
b-amino sulfonamides[13±15, 22, 23] which provide a peptide bond
surrogate with significantly changed polarity, hydrogen-bond-
ing capability, acid/base character, and increased metabolic
stability. Oligomeric b-amino sulfonamides have interesting
secondary structures owing to specific conformations of the
backbone caused by intra- or intermolecular hydrogen
bonds.[24] Another interesting variation is the synthesis of
vinylogous sulfonamides (vs-peptides): these compounds are,
in contrast to peptides with a-sulfonamides, very stable and do
not undergo spontaneous fragmentation.[25]


In 1989 Mock et al. introduced sulfoximines[26] and sulfo-
diimine as analogous transition-state inhibitors for carbox-
ypeptidase A.[27] Those functional groups are chemically
stable, and with their sp3-hybridized[28, 29] sulfur atom they
successfully mimic the tetrahedral intermediate in carbox-
amide addition reactions.[27b] We postulate that the use of such
units for backbone modifications could lead to new pseudo-
peptides with higher stability against enzymatic degradation
and thus give rise to potential new enzyme inhibitors.
Furthermore, we hoped that the stereogenic center at sulfur
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would help to generate compounds with well-defined secon-
dary structures. Conformational preferences could then also
be supported by intra- or intermolecular hydrogen bonds with
the heteroatoms in these modified peptides. In this article we
report on the preparation and structural investigations of
pseudopeptides 1 with a chiral a-sulfonimidoyl carboxy
unit[30, 31] in the backbone.


As depicted in its structure, sulfoximine-containing pseu-
dopeptides 1 have a structural relationship with peptide 2,
which has a b-amino acid. Modifications with b-amino acids
are of interest because they can lead to compounds with an
enhanced stability towards hydrolysis and proteolytic cleav-
age by normal proteases. The construction of peptides
containing exclusively b-amino acids leads to structurally
well-defined b-peptides of which some are very biologically
active compounds.[32, 33]


Results and Discussion


In order to synthesize target compounds 1 we chose (SS)-S-
methyl S-phenyl sulfoximine [(SS)-3] as the starting material
because both enantiomers are readily available with a high
enantiomeric excess using well-established literature proce-
dures.[26, 30c, 34±37] Two general synthetic strategies are consid-
ered in Scheme 1.


Scheme 1. Retrosynthetic analysis for sulfoximines.


Following route A, a pseudodipeptide 4 with a free
sulfoximine nitrogen is required. This compound could be
synthesized starting from (SS)-3 through b-amino acid ana-


logue 6 by coupling with a protected amino acid. Alternatively
(route B), a pseudodipeptide carboxylate 5 had to be synthe-
sized, which could be prepared by selective carboxylation of 7.
The latter compound should be available by coupling (SS)-3
with an appropriate N-protected amino acid. In principle both
reaction pathways lead to the desired pseudotripeptides 1, but
as shown previously,[38, 39] route B proved advantageous with
higher yields owing to fewer protection/deprotection steps
and better performance of the coupling reactions.


Amino acid ± sulfoximine couplings : According to route B,
(SS)-3 was treated with a number of N-Boc protected amino
acids[40, 41] following standard peptide coupling protocols.[42]


By means of a combination of HOBt and DCC[43] products 8 ±
13 were obtained in good to high yields (Scheme 2, Table 1).


Scheme 2. Synthesis of compounds 8 ± 13 : a) DCC/HOBt, CH2Cl2, 0 8C.


The lower yield in the coupling reaction using tert-leucine is
probably caused by steric hindrance of the bulky tert-butyl
group.


The couplings can also be performed using PyBOP[43] and
DIEA, however, the yields are lower. DCC and DMAP as
coupling agents gave the products in very high yields, but in
the case of valine racemization at the a-carbon occurred as
detected by 1H NMR spectroscopy. Thus, integration of the
two doublets of the methylene group indicated about 17 %
racemization.[44]


Synthesis of pseudotripeptides : On the basis of the impressive
work by Seebach on regio- and stereoselective reactions of
lithiated peptides,[45] we decided to attempt a selective
carboxylation at the acidic methyl group of the sulfoximine
to generate a carboxylate which could be used in a subsequent
coupling with a carboxy-protected amino acid. Metalation of
8 ± 13 with lithium cyclohexyl(isopropyl)amide (LCH-
IPA)[46, 47] followed by reaction of the resulting anion with
dried gaseous CO2


[48] at ÿ78 8C in absolute THF[49] and
subsequent aqueous workup gave the corresponding ammo-
nium carboxylates 14 ± 19 in good crude yields[50] (Scheme 3,
Table 2). No epimerization was detected by NMR spectros-
copy.


Table 1. Couplings of amino acids with sulfoximine (SS)-3.[a]


Entry Amino acid Product Yield [%][b]


1 N-Boc-alanine 8 92
2 N-Boc-valine 9 97
3 N-Boc-leucine 10 97
4 N-Boc-isoleucine 11 93
5 N-Boc-tert-leucine 12 79
6 N-Boc-proline 13 91


[a] Reaction conditions: 1 equiv HOBt, 1.03 equiv DCC, CH2Cl2. [b] After
column chromatography.
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Scheme 3. Synthesis of compounds 14 ± 19 : a) LCHIPA, 0 8C; b) CO2 (g),
ÿ78 8C; c) aqueous workup.


A clear indication that the reaction had proceeded well
could be deduced from the 1H NMR spectra of 14 ± 19. Typical
AB-systems between d� 4.1 and 4.5 for the diastereotopic
protons at the methylene group next to the sulfur were
observed. Because the ammonium carboxylates 14 ± 19 were
prone to decarboxylation, no further purification was per-
formed at this stage,[50] and the reactions with the allyl-
protected amino acids were carried out directly after workup
using DMAP and DCC as coupling reagents. After purifica-
tion by column chromatography the desired Boc- and allyl-
protected pseudotripeptides 20 ± 35 were obtained in moder-
ate to good yields as diastereomerically pure products
(Scheme 4, Table 3).


Scheme 4. Synthesis of pseudopeptides 20 ± 35 with sulfoximines.


With tetrakis(triphenylphosphine)palladium(0) and mor-
pholine, the allylic ester can be selectively cleaved to generate
pseudotripeptides with a free carboxy group.[51, 52] Treatment
with TFA leads to Boc deprotection.[51] Benzyl esters could
also be used in the couplings with the ammonium carboxylates
but hydrogenolysis under various conditions to liberate the
carboxy terminus of the corresponding pseudotripeptides
remained unsuccessful.[38, 39] With methyl ester, free acids
under basic hydrolysis were generated but due to the acidic


hydrogens at the a-carbon next to the sulfur about 30 %
fragmentation of the pseudotripeptide was observed yielding
products of the type 7.[51]


NMR studies of the pseudotripeptides : To gain more infor-
mation about the secondary structure of the pseudotripep-
tides and to reveal a possible effect of the sulfoximine as the
modified backbone, NMR studies were carried out. The
characteristic AB-systems for the diastereotopic methylene
protons next to sulfur in the 1H NMR spectra of some
pseudotripeptides are listed in Table 4.


Such a distinct pattern is similar to that observed for fixed
six-membered cyclic compounds. In the pseudopeptides
discussed here, a cyclic ring structure of such type could
result from the involvement of an intramolecular hydrogen
bond between the amide hydrogen and the sulfoximine
nitrogen (Figure 1a). Related structures have been found in
b-hydroxy sulfoximines where the hydroxy proton also
connects with the sulfoximine nitrogen (Figure 1b).[53, 54]


However, alternative cyclic arrangements, for example, those
which involve the sulfoximine oxygen, can not be excluded.


Table 2. Synthesis of ammonium carboxylates.[a]


Entry Starting material Product Yield [%][b]


1 8 14 54
2 9 15 85
3 10 16 81
4 11 17 82
5 12 18 76
6 13 19 82


[a] Reaction conditions: i) LCHIPA, 0 8C; ii) CO2 (g), ÿ78 8C. [b] Crude
yield.


Table 3. Synthesis of pseudotripeptides.[a]


Entry Amino acid1 Amino acid2 Product Yield [%][b]


1 alanine valine 20 56
2 alanine leucine 21 66
3 alanine isoleucine 22 55
4 valine valine 23 82
5 valine leucine 24 70
6 valine isoleucine 25 63
7 leucine leucine 26 76
8 leucine valine 27 54
9 leucine isoleucine 28 52


10 isoleucine isoleucine 29 68
11 isoleucine valine 30 48
12 isoleucine leucine 31 55
13 tert-leucine valine 32 66
14 tert-leucine leucine 33 85
15 proline leucine 34 73
16 proline isoleucine 35 71


[a] Reaction conditions: 1 equiv DMAP, 1.03 equiv DCC, CH2Cl2. [b] After
column chromatography.


Table 4. Chemical shifts of the AB-systems of the methylene groups in
some pseudotripeptides.


Entry Compound AB-systems [d]


1 20 4.18/4.56
2 24 4.21/4.63
3 26 4.28/4.51
4 28 4.24/4.56
5 29 4.23/4.62
6 31 4.19/4.63
7 32 4.24/4.61
8 25 4.15/4.62; 4.17/4.83[a]


[a] Double set of signals due to rotamers (ratio� 2:1).







Sulfoximinies in Pseudopeptides 1118 ± 1128


Chem. Eur. J. 2001, 7, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0705-1121 $ 17.50+.50/0 1121


Figure 1. a) Possible six-membered ring structure as a result of intra-
molecular hydrogen bonding; b) observed cyclic structure in b-hydroxy-
sulfoximines.


More evidence for a cyclic structure comes from the NH-
shift data in the 1H NMR spectra (Figure 2). Clearly, the
amide proton of 23 with the Boc group gives the most upfield
resonance at 5.13 ppm. In comparison, all NH protons of 23,
36, and 37 which connect the a-sulfonimidoyl carboxy moiety


Figure 2. Pseudopeptides with characteristic chemical shifts of the amide
protons in 1H NMR spectra.


with the allyl-protected amino acid resonate above d� 7.4.
Compound 37 with a free NH-sulfoximine unit shows the most
downfield signal for this amide proton (d� 8.51). If the sulf-
oximine nitrogen is Boc-protected, as in 36, the NH proton is
shifted upfield to d� 7.92. This signal order may indicate a six-
membered ring structure as shown in Figure 1. As a result of
the presence of an acyl or a Boc group at the sulfoximine
nitrogen its hydrogen-acceptor capability is lowered and a
weakening of the connecting hydrogen bond occurs. This
effect is then indicated by the upfield shift of the respective
NH proton.


Next, concentration-dependent 1H NMR studies of 23 were
performed to reveal potential intermolecular interactions. In
a concentration range between 10 and 0.625 mm (in CDCl3) no
significant shifts for the amide proton signals were observed
[Dd�ÿ0.01 ppm (Ha) and ÿ0.09 ppm (Hb); see Figure 3 for
assignment]. Even at concentrations up to 319 mm the
positions of the signals remained almost unchanged. We
therefore exclude major intermolecular interactions.


In order to determine the H/D-exchange rate D2O was
added to a sample of 23 in CDCl3 (106 mm) and 1H NMR
spectra were recorded after 15, 30, and 40 min.


As depicted in Figure 3 the proton at d� 5.13 (Ha)
exchanges very fast. In contrast, the signal at d� 7.42 (Hb)
moves slightly downfield but remains present which demon-
strates that the exchange of this proton is comparably slow. At
a 2.5 mm concentration of 23 in CDCl3 analogous results were
obtained. This behavior is indicative of a situation in which
proton Hb is involved in an intramolecular hydrogen bond,
whereas Ha is not. The small downfield shift of the signal for
Hb can be accounted for by the polarity change of the solvent
upon addition of D2O.


Figure 3. H/D-exchange with D2O in CDCl3 using pseudotripeptide 23.


In order to determine the solvent dependence of the H/D-
exchange, compound 23 was treated with D2O in [D6]DMSO
instead of CDCl3. In the absence of D2O, significant shift
differences were obvious which suggested a conformational
change of 23 in the more polar solvent. Most apparent is the
reduced chemical shift difference in the AB-system of the
diastereotopic methylene hydrogens. It is therefore reason-
able to assume that in DMSO the weakly connected six-
membered ring conformation is opened and leads to a more
solvated stretched structure. The acidic protons at the S ±
CH2-group exchange the fastest when D2O is added. Interest-
ingly and in contrast to the NMR studies in CDCl3, it is the
proton Hb which undergoes the H/D-exchange more rapidly
than Ha. This finding indicates that the possible hydrogen
bond between Hb and the sulfoximine donor atom is
weakened in the more polar solvent DMSO compared with
CDCl3 (Figure 4).


Another useful technique to reveal hydrogen bonds is
NMR-titration. For example, Yang et al. recently used
[D6]DMSO titration to demonstrate that in an oligomer of
a-aminoxyacetic acid with six residues all amide protons
except the one at the N-terminus are involved in hydrogen
bonds.[55] They found a dramatic downfield shift for the
nonbonded amide proton (about 2.5 ppm) only, when
[D6]DMSO was added to a substrate sample dissolved in
CDCl3. In analogy to these studies, a 106 mm solution of 23 in
CDCl3 was gradually titrated with [D6]DMSO. The results are
summarized in Table 5 and Figure 5.
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Figure 4. H/D-exchange with D2O in [D6]DMSO using pseudotripeptide
23.


Figure 5. 1H NMR chemical shifts of amide protons of compound 23 in
CDCl3 at room temperature upon addition of increasing amounts of
[D6]DMSO.


Apparently, both protons Ha and Hb undergo a downfield
shift of 0.12 and 0.88 ppm, respectively, when [D6]DMSO is
added. Repeating the experiment with a 2.5 mm solution of 23
in CDCl3 gave analogous results [Dd� 0.16 ppm (Ha) and
0.83 ppm (Hb)]. Unfortunately, these chemical shift differ-
ences are comparably small and as such they can not serve as
an unequivocal indication for the breaking of a hydrogen
bond.


In order to determine the hydrogen-bonding state of the
amide protons of 23 we also measured the temperature
dependence of their 1H NMR chemical shifts. For this purpose
the temperature coefficients Dd(NH)/DT were determined
with a solution of 23 in dry CCl4/C6D6 (9:1) between 233 and
306 K. For Ha and Hb they were found to be ÿ4.4(4) ppb Kÿ1


and ÿ5.3(9) ppb Kÿ1, respectively. Following the discussion of
Gennari, Scolastico, and co-workers[56] these data suggest that
both amide protons are in an equilibrium between a hydro-
gen-bonded and a nonhydrogen-bonded state.


Conclusion


We have established a straightforward method for the syn-
thesis of pseudotripeptides 1 in good overall yields starting
from (SS)-S-methyl S-phenyl sulfoximine [(SS)-3] and pro-
tected natural a-amino acids. This new class of compounds
with a chiral a-sulfonimidoyl carboxy moiety in its backbone
appears to adopt well-defined conformations. From the
results of the NMR investigations we propose equilibria
between secondary structures with hydrogen-bonded and
nonhydrogen-bonded states.


The application of this synthetic strategy in the preparation
of larger pseudopeptides and the exploitation of potentially
biologically active molecules with sulfoximines in the back-
bone will be presented in following publications.


Experimental Section


General : All reactions under anhydrous conditions were performed under
argon by means of standard Schlenk techniques. Solvents were dried and
distilled prior to use under an inert atmosphere (THF from sodium/
benzophenone, CH2Cl2 from lithium aluminum hydride). Unless otherwise
specified all starting materials were purchased from commercial suppliers
and were used without further purification. (SS)-S-Methyl S-phenyl
sulfoximine [(SS)-3] was prepared according to literature procedures.[34, 37]


A hexane solution of n-butyllithium (1.6m, Aldrich) was used as supplied.
1H NMR and 13C NMR spectra were recorded using tetramethylsilane
(TMS) as internal standard. The following abbreviations are used to
indicate multiplicities: s singlet, br s broad singlet, d doublet, dd doublet of
a doublet, ddd doublet of a doublet of a doublet, t triplet, q quartet, quin
quintet, sept septet, m multiplet. Mass spectra were obtained with a
Finnigan SSQ 7000 and with a Varian MAT 212 S spectrometer. FT-IR
spectra were recorded on a Perkin ± Elmer PE-1760FT. Elemental analyses
were carried out on a Heraeus CHNO-Rapid instruments. Melting points
were measured with a Büchi B-540 and are uncorrected. Optical rotations
were obtained with a Perkin ± Elmer PE-241. Flash chromatography was
performed using Merck silica gel 60, mesh 37 ± 70 mm.


General procedure A) for the synthesis of pseudodipeptides : A solution of
the N-tert-butyloxycarbonyl-protected amino acid (1 equiv), (SS)-S-methyl
S-phenyl sulfoximine [(SS)-3] (1 equiv), and HOBt (1 equiv) in CH2Cl2


(8 mL mmolÿ1 reagents) was cooled to 0 8C and treated with a solution of
DCC (1.03 equiv) in CH2Cl2 (1 mL mmolÿ1 reagents). The solution was


Table 5. Titration of 23 with [D6]DMSO in CDCl3.


Entry DMSO added [mL] Shift of Ha [ppm] Shift of Hb [ppm]


1 0 5.13 7.40
2 5 5.13 7.56
3 10 5.13 7.66
4 15 5.15 7.74
5 20 5.17 7.83
6 30 5.18 7.96
7 40 5.20 8.04
8 50 5.22 8.12
9 60 5.23 8.19


10 80 5.25 8.28
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stirred for 1 h at 0 8C and 12 h at room temperature. The precipitate was
filtered off and the solvent removed in vacuo. Unless otherwise noted the
resulting residue was purified by flash chromatography with ethyl acetate/
hexanes 1:1 to yield the pure product.


(SS)-N-(N-tert-Butyloxycarbonyl-l-alaninyl)-S-methyl S-phenyl sulfox-
imine (Boc-Ala-Sulf-H, 8): Compound 8 was prepared according to general
procedure A after purification by flash chromatography (ethyl acetate/
hexanes 3:1) as a colorless solid (90 %). M.p. 112 8C; [a]25


D �ÿ4.1 (c� 1.0,
acetone); 1H NMR (300 MHz, CDCl3): d� 7.97 (d, J� 7.1 Hz, 2H), 7.69 (t,
J� 7.7 Hz, 1 H), 7.60 (t, J� 7.7 Hz, 2 H), 5.26 (d, J� 6.0 Hz, 1 H), 4.21 ± 4.34
(m, 1 H), 3.34 (s, 3 H), 1.43 (s, 12H); 13C NMR (75 MHz, CDCl3): d� 181.7,
155.4, 138.5, 134.0, 129.8, 127.2, 79.3, 52.7, 44.5, 28.5, 19.4; IR (KBr): nÄ�
3394, 1702, 1657, 1226, 1195 cmÿ1; MS (CI): m/z : 327 [M�H]� ; elemental
analysis calcd (%) for C15H22N2O4S (326.4): C 55.19, H 6.79, N 8.58; found
C 55.38, H 6.65, N 8.65.


(SS)-N-(N-tert-Butyloxycarbonyl-l-valinyl)-S-methyl S-phenyl sulfoximine
(Boc-Val-Sulf-H, 9): Compound 9 was prepared according to general
procedure A as a colorless solid (97 %). M.p. 105 8C; [a]25


D ��6.3 (c� 1.03,
acetone); 1H NMR (300 MHz, CDCl3): d� 7.99 (d, J� 7.3 Hz, 2H), 7.69 (t,
J� 7.3 Hz, 1 H), 7.61 (t, J� 7.6 Hz, 2 H), 5.13 (d, J� 8.9 Hz, 1H), 4.25 (dd,
J� 4.3, 8.8 Hz, 1H), 3.33 (s, 3 H), 2.35 ± 2.26 (m, 1H), 1.43 (s, 9 H), 1.11 (d,
J� 7.0 Hz, 3H), 0.91 (d, J� 7.0 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d�
180.9, 156.1, 138.6, 134.0, 129.8, 127.2, 79.2, 61.5, 44.4, 28.5, 19.7, 17.4; IR
(KBr): nÄ� 3380, 1691, 1648, 1223, 1160 cmÿ1; MS (EI): m/z : 355 [M�H]� ;
elemental analysis calcd (%) for C17H26N2O4S (354.5): C 57.60, H 7.39, N
7.90; found: C 57.91, H 7.71, N 7.64.


(SS)-N-(N-tert-Butyloxycarbonyl-l-leucinyl)-S-methyl S-phenyl sulfox-
imine (Boc-Leu-Sulf-H, 10): Compound 10 was prepared according to
general procedure A as a colorless solid (97 %). M.p. 106 8C; [a]25


D ��3.0
(c� 1.1, acetone); 1H NMR (300 MHz, CDCl3): d� 7.99 (d, J� 7.3 Hz, 2H),
7.75 ± 7.57 (m, 3H), 5.06 (d, J� 8.4 Hz, 1 H), 4.36 ± 4.20 (m, 1H), 3.37 (s,
3H), 1.83 ± 1.60 (m, 3 H), 1.45 (s, 9 H), 0.96 (d, J� 6.1 Hz, 3H), 0.94 (d, J�
6.4 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d� 181.8, 155.5, 138.4, 133.7,
129.5, 127.1, 79.1, 55.4, 44.1, 42.2, 28.2, 22.9, 22.0; IR (KBr): nÄ� 3409, 1696,
1655, 1224, 1165 cmÿ1; MS (EI): m/z : 182 [(Ph)(Me)(O)S�N�C�O]� ;
elemental analysis calcd (%) for C18H28N2O4S (368.5): C 58.67, H 7.66, N
7.60; found C 58.60, H 7.54, N 7.53.


(SS)-N-(N-tert-Butyloxycarbonyl-l-isoleucinyl)-S-methyl S-phenyl sulfox-
imine (Boc-Ile-Sulf-H, 11): Compound 11 was prepared according to
general procedure A as a colorless solid (93 %). M.p. 93 8C; [a]25


D ��15.6
(c� 1.08, acetone); 1H NMR (300 MHz, CDCl3): d� 7.89 (d, J� 7.9 Hz,
2H), 7.61 (t, J� 7.2 Hz, 1 H), 7.52 (t, J� 7.4 Hz, 2H), 5.06 (d, J� 8.6 Hz,
1H), 4.19 ± 4.16 (m, 1H), 3.26 (s, 3 H), 1.88 ± 1.78 (m, 1 H), 1.35 (s, 9H),
1.22 ± 1.02 (m, 2 H), 0.95 (d, J� 7.0 Hz, 3 H), 0.85 (d, J� 7.4 Hz, 3 H); 13C
NMR (75 MHz, CDCl3): d� 180.6, 155.7, 138.4, 133.7, 129.5, 127.0, 79.0,
60.9, 44.1, 38.3, 28.1, 24.7, 15.7, 11.7; IR (KBr): nÄ� 3383, 1691, 1652, 1216,
1159 cmÿ1; MS (EI): m/z : 369 [M�H]� ; elemental analysis calcd (%) for
C18H28N2O4S (368.5): C 58.67, H 7.66, N 7.60; found C 58.52, H 7.59, N 7.65.


(SS)-N-(N-tert-Butyloxycarbonyl-l-tert-leucinyl)-S-methyl S-phenyl sulf-
oximine (Boc-Tle-Sulf-H, 12): Compound 12 was prepared according to
general procedure A after purification by flash chromatography (ethyl
acetate/hexanes 2:1) as a colorless solid (79 %). M.p. 109.3 8C; [a]25


D ��2.8
(c� 1.05, acetone); 1H NMR (300 MHz, CDCl3): d� 7.99 ± 7.95 (m, 2H),
7.68 (t, J� 7.4 Hz, 1H), 7.58 (t, J� 7.7 Hz, 2H), 5.17 (d, J� 9.4 Hz, 1H), 4.11
(d, J� 9.7 Hz, 1 H), 3.38 (s, 3H), 1.43 (s, 9 H), 1.04 (s, 9 H); 13C NMR
(75 MHz, CDCl3): d� 180.6, 155.9, 138.6, 133.9, 129.7, 127.2, 79.2, 64.5, 44.4,
34.8, 28.5, 27.0; IR (KBr): nÄ� 3455, 1717, 1629, 1213, 1171 cmÿ1; MS (CI):
m/z : 182 [Mÿ (Ph)(Me)(O)S�N�C�O]� ; elemental analysis calcd (%) for
C18H28N2O4S (368.5): C 58.67, H 7.66, N 7.60; found C 58.29, H 7.52, N 7.39.


(SS)-N-(N-tert-Butyloxycarbonyl-l-prolinyl)-S-methyl S-phenyl sulfox-
imine (Boc-Pro-Sulf-H, 13): Compound 13 was prepared according to
general procedure A as a mixture of two rotamers (2:1) as a colorless solid
(91 %) after purification by flash chromatography (ethyl acetate/hexanes
8:1). M.p. 103 8C; [a]25


D �ÿ36.5 (c� 1.0, acetone); 1H NMR (300 MHz,
CDCl3): d� 8.05 ± 7.99 (d, J� 7.1 Hz, 2H), 7.74 ± 7.53 (m, 3 H), 4.36/4.26 (m,
1H), 3.60 ± 3.43 (m, 2H), 3.38/3.34 (s, 3 H), 2.29 ± 1.69 (m, 4 H), 1.41/1.39 (s,
9H); 13C NMR (75 MHz, CDCl3): d� 182.6/182.3, 154.6/154.4, 138.9/138.7,
133.9/133.7, 129.7/129.5, 127.7/127.2, 79.4/79.2, 62.9/62.6, 46.9/46.6, 44.1, 31.4/
30.3, 28.6, 24.4/23.5; IR (KBr): nÄ� 1686, 1639, 1204, 1168 cmÿ1; MS (EI):


m/z : 352 [M]� ; elemental analysis calcd (%) for C17H24N2O4S (352.5): C
57.93, H 6.86, N 7.95; found C 58.10, H 6.95, N 7.94.


General procedure B) for the carboxylation : A solution of cyclohexyl(iso-
propyl)amine in THF in a flame-dried Schlenk at 0 8C under argon was
treated with a solution of nBuLi in hexanes. The mixture was stirred for
30 min at 0 8C and cooled to ÿ78 8C. At this temperature a solution of the
sulfoximine in THF was added dropwise by means of a cannula. After
stirring for 30 min at ÿ78 8C, dried CO2 was bubbled through the solution
until a white precipitate appeared. The cooling bath was removed and the
gas flow reduced. After 20 min the gas flow was stopped, and the reaction
mixture was allowed to warm to room temperature. Under vigorous stirring
water was added, and the organic phase was separated, and the aqueous
phase was extracted once with diethyl ether. The organic phases were
discarded and to the aqueous phase solid ammonium chloride was added
until a precipitate was formed. The suspension was extracted seven times
with dichloromethane, the dichloromethane phase dried over MgSO4, the
solvent removed under reduced pressure at room temperature (without
heating!) and the remaining oil dried in vacuo. The products were then
used without any further purification.


Cyclohexyl(isopropyl)ammonium (SS)-N-(N-tert-butyloxycarbonyl-l-ala-
ninyl)-S-methyl S-phenyl sulfonimidoyl acetate (Boc-Ala-Sulf-Ac, 14):
According to general procedure B cyclohexyl(isopropyl)amine (1.81 mL,
10.73 mmol) was dissolved in THF (12 mL) at 0 8C. Sequentially nBuLi
(6.69 mL, 10.73 mmol) and, after cooling to ÿ78 8C, compound 8 (1.00 g,
3.07 mmol) in THF (11 mL) were added dropwise. For the workup (see
procedure B) the following reagents were used: water (41 mL), diethyl
ether (21 mL), and CH2Cl2 (13 mL each). Product 14 was obtained as a
colorless solid (77 %): 1H NMR (400 MHz, CDCl3): d� 7.91 (m, 2H), 7.60
(t, J� 7.4 Hz, 1H), 7.53 (t, J� 7.2 Hz, 2 H), 5.12 (d, J� 7.2 Hz, 1H), 4.42/4.24
(AB-system, J� 14.6 Hz, 2H), 4.22 ± 4.32 (m, 1H), 3.29 ± 3.23 (m, 1H),
2.86 ± 2.82 (m, 1H), 1.99 ± 1.96 (m, 2 H), 1.77 ± 1.74 (m, 2H), 1.66 ± 1.63 (m,
1H), 1.50 ± 1.14 (m, 5H), 1.42 (s, 9 H), 1.23 (dd, J� 2.5, 6.3 Hz, 9H); 13C
NMR (100 MHz, CDCl3): d� 181.3, 164.5, 155.8, 138.3, 133.4, 129.1, 128.1,
79.2, 62.2, 53.8, 52.7, 45.9, 30.1, 30.0, 28.6, 25.4, 24.9, 20.1, 19.9, 19.6,
19.5.


Cyclohexyl(isopropyl)ammonium (SS)-N-(N-tert-butyloxycarbonyl-l-va-
linyl)-S-methyl S-phenyl sulfonimidoyl acetate (Boc-Val-Sulf-Ac, 15):
According to general procedure B cyclohexyl(isopropyl)amine (1.33 mL,
7.91 mmol) was dissolved in THF (8 mL) at 0 8C. Sequentially nBuLi
(4.94 mL, 7.91 mmol) and, after cooling to ÿ78 8C, compound 9 (0.80 g,
2.26 mmol) in THF (8 mL) was added dropwise. For the workup (see
procedure B) the following reagents were used: water (25 mL), diethyl
ether (7 mL), and CH2Cl2 (12 mL each). Product 15 was obtained as a
colorless solid (85 %): 1H NMR (300 MHz, CDCl3): d� 7.91 (d, J� 7.2 Hz,
2H), 7.59 (t, J� 7.2 Hz, 1 H), 7.49 (t, J� 7.4 Hz, 2H), 5.12 (d, J� 8.6 Hz,
1H), 4.42/4.19 (AB-System, J� 14.4 Hz, 2 H), 4.30 ± 4.11 (m, 1 H), 3.69 (t,
J� 6.6 Hz, 2H), 3.23 (sept, J� 6.4 Hz, 1 H), 2.91 ± 2.72 (m, 1H), 2.27 ± 2.12
(m, 1H), 1.97 ± 1.02 (m, 10H), 1.38 (s, 9 H), 1.13 (d, J� 5.3 Hz, 6 H), 0.95 (d,
J� 6.8 Hz, 3H), 0.84 (d, J� 6.8 Hz, 3H); 13C NMR (75 MHz, CDCl3): d�
181.0, 164.4, 155.5, 138.2, 133.1, 127.9, 127.2, 79.0, 61.9, 53.5, 45.6, 31.4, 29.5,
29.2, 28.4, 25.6, 25.2, 24.7, 19.4, 19.1, 17.4.


(SS)-Cyclohexyl(isopropyl)ammonium (SS)-N-(N-tert-butyloxycarbonyl-l-
leucinyl)-S-methyl S-phenyl sulfonimidoyl acetate (Boc-Leu-Sulf-Ac, 16):
Following general procedure B cyclohexyl(isopropyl)amine (2.28 mL,
13.55 mmol) was dissolved in THF (9 mL) at 0 8C. Sequentially nBuLi
(8.46 mL, 13.55 mmol) and, after cooling to ÿ8 8C, compound 10 (1.00 g,
2.71 mmol) in THF (8 mL) was added dropwise. For the workup (see
procedure B) the following reagents were used: water (42 mL), diethyl
ether (14 mL), and CH2Cl2 (24 mL each). Product 16 was obtained as a
colorless solid (81 %): 1H NMR (300 MHz, CDCl3): d� 7.90 (d, J� 7.4 Hz,
2H), 7.53 (t, J� 7.2 Hz, 2 H), 7.44 (t, J� 7.2 Hz, 2H), 5.10 (d, J� 8.6 Hz,
1H), 4.22 (m, 1H), 4.42/4.18 (AB-system, J� 14.7 Hz, 2H), 3.67 (t, J�
6.6 Hz, 2 H), 3.22 (sept, J� 6.5 Hz, 1H), 2.79 ± 2.74 (m, 1 H), 2.00 ± 1.02 (m,
13H), 1.33 (s, 9H), 1.20 (d, J� 6.4 Hz, 6H), 0.87 (dd, J� 3.5, 6.1 Hz, 6H);
13C NMR (75 MHz, CDCl3): d� 181.2, 164.3, 155.3, 138.1, 133.0, 128.7,
127.8, 77.7, 61.7, 55.4, 53.6, 45.7, 42.6, 29.7, 29.6, 28.3, 25.5, 25.0, 24.6, 23.0,
22.0, 19.7, 19.6.


Cyclohexyl(isopropyl)ammonium (SS)-N-(N-tert-butyloxycarbonyl-l-iso-
leucinyl)-S-methyl S-phenyl sulfonimidoyl acetate (Boc-Ile-Sulf-Ac, 17):
According to general procedure B cyclohexyl(isopropyl)amine (1.56 mL,
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9.25 mmol) was dissolved in THF (9 mL) at 0 8C. Subsequently nBuLi
(5.78 mL, 9.25 mmol) and, after cooling to ÿ78 8C, compound 11 (0.68 g,
1.85 mmol) in THF (7 mL) was added dropwise. For the workup (see
procedure B) the following reagents were used: water (28 mL), diethyl
ether (8 mL), and CH2Cl2 (16 mL each). Product 17 was obtained as a
colorless solid (82 %): 1H NMR (300 MHz, CDCl3): d� 7.98 (d, J� 7.3 Hz,
2H), 7.60 (t, J� 7.2 Hz, 1 H), 7.51 (t, J� 7.4 Hz, 2H), 5.18 (d, J� 8.7 Hz,
1H), 4.52/4.24 (AB-system, J� 14.8 Hz, 2H), 4.29 ± 4.23 (m, 1H), 3.74 (t,
J� 6.6 Hz, 2H), 3.31 (sept, J� 6.5 Hz, 1 H), 2.89 ± 2.83 (m, 1H), 2.27 ± 1.15
(m, 13 H), 1.41 (s, 9 H), 1.31 (d, J� 6.5 Hz, 6H), 0.94 (d, J� 7.4 Hz, 3H),
0.89 (d, J� 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 180.0, 164.4,
155.6, 138.2, 133.0, 128.5, 127.8, 78.8, 61.6, 60.7, 53.8, 45.9, 38.6, 29.7, 29.6,
28.2, 25.5, 24.9, 24.7, 19.6, 15.6, 11.7.


(SS)-Cyclohexyl(isopropyl)ammonium N-(N-tert-butyloxycarbonyl-l-tert-
leucinyl)-S-methyl S-phenyl sulfonimidoyl acetate (Boc-Tle-Sulf-Ac, 18):
Following general procedure B cyclohexyl(isopropyl)amine (1.16 mL,
6.89 mmol) was dissolved in THF (8 mL) at 0 8C. Sequentially nBuLi
(4.30 mL, 6.89 mmol) and, after cooling to ÿ78 8C, compound 12 (0.73 g,
1.97 mmol) in THF (6 mL) was added dropwise. For the workup (see
procedure B) the following reagents were used: water (25 mL), diethyl
ether (9 mL), and CH2Cl2 (15 mL each). Product 18 was obtained as a
colorless solid (76 %): 1H NMR (300 MHz, CDCl3): d� 8.90 (br s, 2H), 7.97
(d, J� 7.4 Hz, 2 H), 7.59 (t, J� 7.1 Hz, 1H), 7.52 (t, J� 7.4 Hz, 2H), 5.23 (d,
J� 9.4 Hz, 1 H), 4.49/4.26 (AB-system, J� 14.8 Hz, 2 H), 4.08 (d, J� 9.4 Hz,
1H), 3.28 ± 2.33 (m, 1 H), 2.91 ± 2.85 (m, 1H), 2.00 ± 1.61 (m, 10 H), 1.33 (s,
9H), 1.22 (d, J� 6.4 Hz, 6H), 1.02 (d, J� 8.7 Hz, 9H); 13C NMR (75 MHz,
CDCl3): d� 180.2, 164.8, 155.8, 137.9, 133.4, 128.2, 127.2, 79.1, 64.4, 61.6,
53.7, 46.0, 35.1, 29.1, 28.8, 28.4, 26.9, 25.0, 24.7, 19.1, 18.9.


(SS)-Cyclohexyl(isopropyl)ammonium N-(N-tert-butyloxycarbonyl-l-pro-
linyl)-S-methyl S-phenyl sulfonimidoyl acetate (Boc-Pro-Sulf-Ac, 19):
Following general procedure B cyclohexyl(isopropyl)amine (1.26 mL,
7.45 mmol) was dissolved in THF (8 mL) at 0 8C, nBuLi (4.65 mL,
7.45 mmol) and, after cooling to ÿ78 8C, compound 13 (0.75 g, 2.13 mmol)
in THF (6 mL) was added dropwise. For the workup (see procedure B) the
following reagents were used: water (9 mL), diethyl ether (6 mL), and
CH2Cl2 (13 mL each). Product 19 was obtained as a colorless solid (82 %) as
a mixture of two rotamers (2:1): 1H NMR (300 MHz, CDCl3): d� 7.99/7.93
(d, J� 7.4 Hz, 2H), 7.59 ± 7.37 (m, 3H), 4.46/4.10, 4.53/4.18 (AB-system, J�
14.5 Hz, 2 H), 4.30 ± 4.26, 4.17 ± 4.14 (m, 1 H), 3.75 ± 3.65 (m, 2H), 3.57 ± 3.25
(m, 2H), 3.23 (sept, J� 6.4 Hz, 1H), 2.80 ± 2.85 (m, 1H), 2.25 ± 1.07 (m,
14H), 1.39/1.35 (s, 9H), 1.21 (d, J� 6.3 Hz, 3H), 1.20 (d, J� 6.3 Hz, 3H);
13C NMR (75 MHz, CDCl3): d� 182.0/181.6, 164.7, 154.4, 138.6/138.4, 133.0/
132.8, 128.7/128.6, 128.2/128.0, 79.4/79.2, 62.8/62.4, 61.6, 53.7, 46.6/46.4, 45.8,
31.2/30.2, 29.8, 29.6, 28.4, 25.5, 25.1, 24.8, 24.1/23.3, 19.7, 19.6.


General procedure C for the synthesis of pseudotripeptides : The allyl-
protected amino acid (1 equiv) and DMAP (0.1 equiv) were added to
sulfonimidoyl acetate (1 equiv) in CH2Cl2. After cooling to 0 8C, DCC
(1.03 equiv) in CH2Cl2 was added and the reaction mixture was stirred for
1 h at 0 8C, and for 12 h at room temperature. The precipitate was filtered
off, and the solvent was removed in vacuo. The remaining oil was then
dissolved in ethyl acetate, and the newly formed precipitate was filtered off
again. The solvent was removed in vacuo, and the crude product was
purified by flash chromatography.


(SS)-N-(N-tert-Butyloxycarbonyl-l-alaninyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-valinyl)carboxyamide (Boc-Ala-Sulf-CO-Val-OAll, 20): DCC
(0.21 g, 1.01 mmol) dissolved in CH2Cl2 (3 mL) was added to a cooled
solution (0 8C) of sulfonimidoyl acetate 14 (0.50 g, 0.98 mmol), H-Val-
OAll ´ pTos (0.32 g, 0.98 mmol), and DMAP (12.21 mg, 0.10 mmol) in
CH2Cl2 (6 mL). Purification by flash chromatography (ethyl acetate/
hexanes 3:2) gave 20 as a colorless oil (56 %). [a]25


D �ÿ26.6 (c� 1.05,
acetone); 1H NMR (400 MHz, CDCl3): d� 8.04 ± 8.00 (m, 2 H), 7.73 ± 7.67
(m, 1 H), 7.59 (t, J� 7.4 Hz, 2 H), 7.51 (d, J� 8.4 Hz, 1 H), 5.98 ± 5.84 (m,
1H), 5.39 ± 5.32 (m, 1H), 5.28 ± 5.23 (m, 2 H), 4.71 ± 4.61 (m, 2H), 4.56/4.30
(AB-system, J� 14.4 Hz, 2H), 4.52 ± 4.46 (m, 1H), 4.38 ± 4.33 (m, 1H),
2.27 ± 2.13 (m, 1 H), 1.48 ± 1.42 (m, 12 H), 0.98 (d, J� 6.8 Hz, 3 H), 0.96 (d,
J� 6.9 Hz, 3H); 13C NMR (100 MHz, CDCl3): d� 181.1, 170.7, 159.9, 155.4,
136.3, 134.6, 131.6, 129.7, 128.3, 119.2, 79.4, 66.0, 60.9, 58.0, 52.9, 31.3, 28.5,
19.0, 17.9; IR (KBr): nÄ� 3365, 1742, 1689, 1218, 1165 cmÿ1; MS (EI): m/z :
510 [M�H]� ; elemental analysis calcd (%) for C24H35N3O7S (509.6): C
56.56, H 6.92, N 8.25; found C 56.36, H 7.04, N 8.23.


(SS)-N-(N-tert-Butyloxycarbonyl-l-alaninyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-leucinyl)carboxyamide (Boc-Ala-Sulf-CO-Leu-OAll, 21): Ac-
cording to general procedure C H-Leu-OAll ´ pTos (0.34 g, 0.98 mmol), and
DMAP (12.21 mg, 0.10 mmol) were added to sulfonimidoyl acetate 14
(0.50 g, 0.98 mmol) in CH2Cl2 (6 mL), and after cooling to 0 8C, DCC
(0.21 g, 1.01 mmol) in CH2Cl2 (3 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 3:2) gave 21 as a colorless oil
(66 %). [a]25


D �ÿ30.7 (c� 1.06, acetone); 1H NMR (400 MHz, CDCl3): d�
8.01 (d, J� 7.7 Hz, 2 H), 7.70 (t, J� 7.2 Hz, 1H), 7.62 ± 7.52 (m, 3H), 5.96 ±
5.84 (m, 1H), 5.35 ± 5.31 (m, 1H), 5.27 ± 5.23 (m, 2 H), 4.63 (d, J� 5.8 Hz,
2H), 4.59 ± 4.53 (m, 1 H), 4.57/4.32 (AB-system, J� 14.0 Hz, 2H), 4.36 ±
4.31 (m, 1H), 1.45 ± 1.41 (m, 12H), 0.95 (d, J� 5.8 Hz, 3H), 0.93 (d, J�
6.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): d� 182.1, 171.7, 159.8, 155.4,
136.0, 134.6, 131.6, 129.6, 128.3, 118.8, 79.4, 66.0, 60.7, 52.9, 51.5, 41.1, 28.4,
24.8, 22.7, 21.8, 18.9; IR (KBr): nÄ� 3354, 1745, 1688, 1238, 1163 cmÿ1; MS
(EI): m/z : 524 [M�H]� ; elemental analysis calcd (%) for C25H37N3O7S
(523.7): C 57.34, H 7.12, N 8.02; found C 56.95, H 7.21, N 7.89.


(SS)-N-(N-tert-Butyloxycarbonyl-l-alaninyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-isoleucinyl)carboxyamide (Boc-Ala-Sulf-CO-Ile-OAll, 22): Ac-
cording to general procedure C H-Ile-OAll ´ pTos (0.28 g, 0.82 mmol) and
DMAP (9.78 mg, 0.08 mmol) were added to sulfonimidoyl acetate 14
(0.42 g, 0.82 mmol) in CH2Cl2 (5 mL), and after cooling to 0 8C, DCC
(0.18 g, 0.85 mmol) in CH2Cl2 (2 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 3:2) gave 22 as a colorless oil
(55 %). [a]25


D �ÿ19.0 (c� 1.05, acetone); 1H NMR (400 MHz, CDCl3): d�
8.00 (d, J� 7.7 Hz, 2 H), 7.74 ± 7.70 (m, 1H), 7.63 ± 7.56 (m, 2 H), 7.53 (d, J�
7.7 Hz, 1 H), 5.97 ± 5.86 (m, 1H), 5.35 (ddd, J� 1.4, 3.0, 15.7 Hz, 1H), 5.29 ±
5.24 (m, 2 H), 4.69 ± 4.61 (m, 2H), 4.58 ± 4.52 (m, 1H), 4.54/4.29 (AB-
system, J� 14.6 Hz, 2H), 4.36 ± 4.31 (m, 1 H), 1.99 ± 1.89 (m, 1 H), 1.48 ± 1.42
(m, 12 H), 1.30 ± 1.18 (m, 2 H), 0.96 ± 0.91 (m, 6 H); 13C NMR (100 MHz,
CDCl3): d� 182.1, 170.6, 159.8, 155.4, 136.2, 134.6, 131.5, 129.7, 128.2, 119.1,
79.4, 66.0, 60.9, 57.3, 52.9, 37.9, 28.4, 25.2, 19.1, 15.6, 15.4, 11.6; IR (KBr):
nÄ� 3361, 1742, 1687, 1221, 1166 cmÿ1; MS (EI): m/z : 524 [M�H]� ;
elemental analysis calcd (%) for C25H37N3O7S (523.7): C 57.34, H 7.12, N
8.02; found C 56.97, H 7.28, N 7.90.


(SS)-N-(N-tert-Butyloxycarbonyl-l-valinyl S-phenyl sulfonimidoyl)-N-(O-
allyl-l-valinyl)carboxyamide (Boc-Val-Sulf-CO-Val-OAll, 23): Following
general procedure C, H-Val-OAll ´ pTos (0.45 g, 1.36 mmol) and DMAP
(16.62 mg, 0.14 mmol) were added to sulfonimidoyl acetate 15 (0.74 g,
1.36 mmol) in CH2Cl2 (12 mL), and after cooling to 0 8C, DCC (0.29 g,
1.40 mmol) dissolved in CH2Cl2 (4 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 1:1) gave 23 as a colorless oil
(82 %). [a]25


D �ÿ14.1 (c� 1.03, acetone); 1H NMR (300 MHz, CDCl3): d�
7.92 (d, J� 7.8 Hz, 2H), 7.92 (d, J� 7.8 Hz, 2H), 7.62 (t, J� 7.1 Hz, 1H), 7.51
(t, J� 7.6 Hz, 2H), 7.40 (d, J� 8.1 Hz, 1H), 5.92 ± 5.74 (m, 1H), 5.27 (dd,
J� 1.0, 17.2 Hz, 1H), 5.18 (dd, J� 1.0, 10.4 Hz, 1H), 5.04 (d, J� 8.7 Hz,
1H), 4.62 ± 4.57 (m, 2H), 4.40 (dd, J� 4.7, 8.4 Hz, 1H), 4.18 ± 4.13 (m, 1H),
4.56/4.18 (AB-system, J� 14.6 Hz, 2 H), 2.25 ± 2.12 (m, 2H), 1.36 (s, 9H),
0.97 (d, J� 6.8 Hz, 3 H), 0.92 (d, J� 2.6 Hz, 3H), 0.89 (d, J� 2.6 Hz, 3H),
0.86 (d, J� 6.8 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 181.2, 170.6,
159.9, 155.9, 136.4, 134.5, 131.6, 128.2, 127.2, 119.1, 79.3, 65.9, 61.8, 60.8, 58.0,
31.6, 31.2, 28.4, 19.6, 18.9, 17.8; IR (KBr): nÄ� 3366, 1740, 1715, 1688, 1207,
1159 cmÿ1; MS (EI): m/z : 538 [M�H]� ; elemental analysis calcd (%) for
C26H39N3O7S (537.7): C 58.08, H 7.31, N 7.82; found C 57.86, H 7.42, N 7.54.


(SS)-N-(N-tert-Butyloxycarbonyl-l-valinyl S-phenyl sulfonimidoyl)-N-(O-
allyl-l-leucinyl)carboxyamide (Boc-Val-Sulf-CO-Leu-OAll, 24): Following
general procedure C H-Leu-OAll ´ pTos (0.58 g, 1.67 mmol) and DMAP
(20.16 mg, 0.17 mmol) were added to sulfonimidoyl acetate 15 (0.90 g,
1.67 mmol) in CH2Cl2 (10 mL), and after cooling to 0 8C, DCC (0.36 g,
1.72 mmol) dissolved in CH2Cl2 (4 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 1:1) gave 24 as colorless oil (70 %).
[a]25


D �ÿ26.5 (c� 1.04, acetone); 1H NMR (300 MHz, CDCl3): d� 8.03 ±
7.98 (m, 2 H), 7.75 ± 7.70 (m 1H), 7.58 (t, J� 7.4 Hz, 2 H), 7.51 (d, J� 8.1 Hz,
1H), 5.98 ± 5.83 (m, 1 H), 5.33 (ddd, J� 1.4, 3.0, 17.5 Hz, 1 H), 5.25 (ddd, J�
1.4, 2.3, 10.4 Hz, 1 H), 5.14 (d, J� 9.1 Hz, 1H), 4.63/4.21 (AB-system, J�
14.4 Hz, 2 H), 4.67 ± 4.61 (m, 2H), 4.57 ± 4.52 (m, 1 H), 4.29 ± 4.23 (m, 1H),
2.35 ± 2.25 (m, 1H), 1.69 ± 1.64 (m, 3 H), 1.44 (s, 9H), 1.03 (d, J� 6.7 Hz,
9H), 0.93 (t, J� 2.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 181.3, 171.7,
159.9, 156.0, 136.2, 134.6, 131.6, 129.7, 128.3, 118.9, 79.4, 66.0, 61.9, 60.7, 51.6,
41.2, 31.5, 28.5, 24.9, 22.8, 21.6, 19.7, 17.5; IR (KBr): nÄ� 3371, 1746, 1701,
1677, 1221, 1159 cmÿ1; MS (CI): m/z : 552 [M�H]� ; elemental analysis calcd
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(%) for C27H41N3O7S (551.7): C 58.78, H 7.49, N 7.62; found C 58.95, H 7.63,
N 7.59.


(SS)-N-(N-tert-Butyloxycarbonyl-l-valinyl S-phenyl sulfonimidoyl)-N-(O-
allyl-l-isoleucinyl)carboxyamide (Boc-Val-Sulf-CO-Ile-OAll, 25): Follow-
ing general procedure C H-Leu-OAll ´ pTos (0.58 g, 1.67 mmol) and DMAP
(20.16 mg, 0.17 mmol) were added to sulfonimidoyl acetate 15 (0.90 g,
1.67 mmol) in CH2Cl2 (10 mL), and after cooling to 0 8C, DCC (0.36 g,
1.72 mmol) dissolved in CH2Cl2 (4 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 1:1) gave 25 as a colorless oil
(63 %). [a]25


D �ÿ14.5 (c� 1.05, acetone); 1H NMR (400 MHz, CDCl3): d�
8.02 ± 7.97 (m, 2 H), 7.70 (t, J� 7.4 Hz, 1H), 7.59 (t, J� 7.9 Hz, 2 H), 7.48 (d,
J� 7.9 Hz, 1H), 5.98 ± 5.86 (m, 1 H), 5.35 (ddd, J� 1.1, 2.5, 17.0 Hz, 1H),
4.69 ± 4.62 (m, 2 H), 4.57 ± 4.50 (m, 1H), 5.27 (ddd, J� 1.1, 2.5, 11.8 Hz, 1H),
5.12 (d, J� 8.8 Hz, 1H), 4.59/4.21 (AB-system, J� 14.3 Hz, 2H), 4.28 ± 4.23
(m, 1H), 2.37 ± 2.30 (m, 1 H), 1.96 ± 1.91 (m, 1H), 1.49 ± 1.43 (m, 1H), 1.44 (s,
9H), 1.28 ± 1.21 (m, 1H), 1.02 (d, J� 6.9 Hz, 3H), 0.98 ± 0.92 (m, 9 H); 13C
NMR (100 MHz, CDCl3): d� 181.3, 170.6, 159.8, 156.0, 136.3, 134.6, 131.6,
129.7, 128.2, 119.1, 79.3, 65.9, 61.8, 60.8, 57.3, 37.8, 31.6, 28.4, 25.2, 19.6, 17.3,
15.6, 11.6; IR (KBr): nÄ� 3358, 1741, 1716, 1688, 1240, 1159 cmÿ1; MS (CI):
m/z : 552 [M�H]� ; elemental analysis calcd (%) for C27H41N3O7S (551.7): C
58.78, H 7.49, N 7.62; found C 58.58, H 7.44, N 7.59.


(SS)-N-(N-tert-Butyloxycarbonyl-l-leucinyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-leucinyl)carboxyamide (Boc-Leu-Sulf-CO-Leu-OAll, 26): Fol-
lowing general procedure C H-Leu-OAll ´ pTos (0.54 g, 1.57 mmol) and
DMAP (19.55 mg, 0.16 mmol) were added to a solution of sulfonimidoyl
acetate 16 (0.87 g, 1.57 mmol) in CH2Cl2 (10 mL), and after cooling to 0 8C,
DCC (0.33 g, 1.62 mmol) in CH2Cl2 (5 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 1:1) gave 26 as a colorless oil
(76 %): [a]25


D �ÿ20.1 (c� 1.06, acetone); 1H NMR (300 MHz, CDCl3): d�
8.00 (d, J� 7.5 Hz, 2 H), 7.70 ± 7.63 (m, 2 H), 7.55 (t, J� 7.4 Hz, 2H), 5.94 ±
5.83 (m, 1H), 5.32 (dd, J� 1.4, 15.8 Hz, 1H), 5.24 (dd, J� 1.2, 11.5 Hz, 1H),
5.12 (d, J� 8.4 Hz, 1H), 4.59 ± 4.52 (m, 3H), 4.51/4.28 (AB-system, J�
14.3 Hz, 2H), 4.35 ± 4.30 (m, 1H), 1.97 ± 1.61 (m, 6H), 1.42 (s, 9H), 1.03 ±
0.86 (m, 12H); 13C NMR (75 MHz, CDCl3): d� 182.1, 171.5, 159.7, 155.5,
136.0, 134.3, 131.4, 129.4, 128.1, 118.6, 79.1, 65.7, 60.4, 55.6, 51.3, 49.2, 41.7,
39.9, 34.8, 28.2, 24.5, 23.0, 22.6, 21.8; IR (KBr): nÄ� 3429, 1741, 1687, 1204,
1164 cmÿ1; MS (EI): m/z : 566 [M�H]� ; elemental analysis calcd (%) for
C28H43N3O7S (565.7): C 59.45, H 7.66, N 7.43; found C 59.17, H 7.74, N 7.65.


(SS)-N-(N-tert-Butyloxycarbonyl-l-leucinyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-valinyl)carboxyamide (Boc-Leu-Sulf-CO-Val-OAll, 27): Follow-
ing general procedure C H-Val-OAll ´ pTos (0.80 g, 2.44 mmol) and DMAP
(29.32 mg, 0.24 mmol) were added to a solution of sulfonimidoyl acetate 16
(1.35 g, 2.44 mmol) in CH2Cl2 (15 mL), and after cooling to 0 8C, DCC
(0.52 g, 2.51 mmol) in CH2Cl2 (8 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 1:1) gave 27 as a colorless oil
(54 %). [a]25


D �ÿ29.7 (c� 1.03, acetone); 1H NMR (400 MHz, CDCl3): d�
8.00 (d, J� 8.0 Hz, 2 H), 7.69 (t, J� 7.4 Hz, 1H), 7.59 ± 7.55 (m, 3 H), 5.97 ±
5.86 (m, 1H), 5.35 (ddd, J� 1.7, 3.0, 17.3 Hz, 1H), 5.29 ± 5.23 (m, 1 H), 5.03
(d, J� 8.5 Hz, 1H), 4.68 ± 4.62 (m, 2H), 4.58/4.24 (AB-system, J� 14.3 Hz,
2H), 4.49 ± 4.45 (m, 1 H), 4.37 ± 4.32 (m, 1 H), 2.26 ± 2.20 (m, 1 H), 1.79 ± 1.74
(m, 2H), 1.58 ± 1.52 (m, 1H), 1.43 (s, 9H), 0.99 ± 0.93 (m, 12H); 13C NMR
(100 MHz, CDCl3): d� 182.6, 170.8, 160.1, 149.9, 136.4, 134.7, 131.7, 129.8,
128.4, 119.2, 79.6, 66.2, 61.0, 58.2, 56.0, 42.2, 31.4, 28.6, 25.1, 23.4, 22.1, 19.2,
18.1; IR (KBr): nÄ� 3373, 1746, 1677, 1219, 1172 cmÿ1; MS (CI): m/z : 552
[M�H]� ; elemental analysis calcd (%) for C27H41N3O7S (551.7): C 58.78, H
7.49, N 7.62; found C 58.63, H 7.52, N 7.57.


(SS)-N-(N-tert-Butyloxycarbonyl-l-leucinyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-isoleucinyl)carboxyamide (Boc-Leu-Sulf-CO-Ile-OAll, 28): Fol-
lowing general procedure C H-Ile-OAll ´ pTos (0.84 g, 2.44 mmol) and
DMAP (29.32 mg, 0.24 mmol) were added to a solution of sulfonimidoyl
acetate 16 (1.35 g, 2.44 mmol) in CH2Cl2 (15 mL), and after cooling to 0 8C,
DCC (0.52 g, 2.51 mmol) in CH2Cl2 (8 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 1:1) gave 28 as a colorless oil
(52 %). [a]25


D �ÿ19.9 (c� 1.05, acetone); 1H NMR (400 MHz, CDCl3): d�
8.00 (d, J� 8.0 Hz, 2 H), 7.69 (t, J� 7.1 Hz, 1 H), 7.58 (t, J� 7.7 Hz, 3H),
5.97 ± 5.85 (m, 1H), 5.28 ± 5.24 (m, 1 H), 5.21 (d, J� 8.2 Hz, 1 H), 4.68 ± 4.63
(m, 2 H), 4.58 ± 4.52 (m, 1H), 4.56/4.24 (AB-system, J� 14.3 Hz, 2H),
4.38 ± 4.32 (m, 1H), 1.97 ± 1.92 (m, 1 H), 1.84 ± 1.66 (m, 2H), 1.56 ± 1.46 (m,
2H), 1.43 (s, 9H), 1.28 ± 1.24 (m, 1 H), 0.97 ± 0.92 (m, 12 H); 13C NMR
(100 MHz, CDCl3): d� 182.6, 170.8, 160.0, 155.9, 136.4, 134.7, 131.7, 129.8,
128.4, 119.2, 79.5, 66.1, 60.9, 57.4, 55.9, 42.1, 37.9, 28.6, 25.4, 25.2, 23.4, 22.1,


15.7, 11.8; IR (KBr): nÄ� 3358, 1741, 1691, 1239, 1165 cmÿ1; MS (CI): m/z :
566 [M�H]� ; elemental analysis calcd (%) for C28H43N3O7S (565.7): C
59.45, H 7.66, N 7.43; found C 59.25, H 7.64, N 7.39.


(SS)-N-(N-tert-Butyloxycarbonyl-l-isoleucinyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-isoleucinyl)carboxyamide (Boc-Ile-Sulf-CO-Ile-OAll, 29): Ac-
cording to general procedure C H-Ile-OAll ´ pTos (0.45 g, 1.32 mmol) and
DMAP (15.88 mg, 0.13 mmol) were added to a solution of sulfonimidoyl
acetate 17 (0.73 g, 1.32 mmol) dissolved in CH2Cl2 (9 mL), and after cooling
to 0 8C, DCC (0.28 g, 1.36 mmol) in CH2Cl2 (3 mL) was added. Purification
by flash chromatography (ethyl acetate/hexanes 1:1) gave 27 as colorless oil
(68 %). [a]25


D �ÿ4.6 (c� 1.04, acetone); 1H NMR (300 MHz, CDCl3): d�
7.99 (d, J� 7.5 Hz, 2H), 7.69 (t, J� 7.2 Hz, 1H), 7.58 (t, J� 7.5 Hz, 2 H), 7.50
(d, J� 8.2 Hz, 1 H), 5.96 ± 5.86 (m, 1 H), 5.34 (dd, J� 1.4, 17.3 Hz, 1H), 5.27
(dd, J� 0.9, 10.4 Hz, 1 H), 5.14 (d, J� 8.8 Hz, 1H), 4.68 ± 4.61 (m, 2H), 4.62/
4.23 (AB-system, J� 14.1 Hz, 2 H), 4.52 (dd, J� 3.5, 8.3 Hz, 1 H), 4.32 ± 4.26
(m, 1H), 2.04 ± 1.84 (m, 2H), 1.44 (s, 9 H), 1.25 ± 1.10 (m, 4H), 1.06 ± 0.86 (m,
12H); 13C NMR (75 MHz, CDCl3): d� 181.1, 170.4, 159.8, 155.8, 136.2,
134.4, 131.5, 129.5, 128.0, 118.9, 79.1, 65.8, 61.3, 60.6, 57.1, 38.1, 37.6, 28.3,
25.2, 24.7, 15.7, 15.4, 11.7, 11.4; IR (KBr): nÄ� 3366, 1745, 1714, 1689, 1236,
1164 cmÿ1; MS (EI): m/z : 566 [M�H]� ; elemental analysis calcd (%) for
C28H43N3O7S (565.7): C 59.45, H 7.66, N 7.43; found C 59.35, H 7.52, N 7.32.


(SS)-N-(N-tert-Butyloxycarbonyl-l-isoleucinyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-valinyl)carboxyamide (Boc-Ile-Sulf-CO-Val-OAll, 30): Follow-
ing general procedure C H-Val-OAll ´ pTos (0.50 g, 1.52 mmol) and DMAP
(18.32 mg, 0.15 mmol) were added to sulfonimidoyl acetate 17 (0.84 g,
1.52 mmol) in CH2Cl2 (9 mL), and after cooling to 0 8C, DCC (0.32 g,
1.57 mmol) dissolved in CH2Cl2 (5 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 1:1) gave 30 as colorless oil (48 %).
[a]25


D �ÿ21.2 (c� 1.06, acetone); 1H NMR (300 MHz, CDCl3): d� 8.02 ±
7.97 (m, 2H), 7.69 ± 7.64 (m, 1H), 7.59 (t, J� 7.6 Hz, 2 H), 7.47 (d, J� 8.4 Hz,
1H), 5.99 ± 5.84 (m, 1 H), 5.34 (ddd, J� 1.3, 2.6, 17.1 Hz, 1 H), 5.26 (ddd, J�
1.3, 2.4, 10.4 Hz, 1 H), 5.13 (d, J� 8.7 Hz, 1H), 4.67 ± 4.63 (m, 2H), 4.62/4.23
(AB-system, J� 13.4 Hz, 2 H), 4.47 (q, J� 4.7 Hz, 1 H), 4.29 ± 4.23 (m, 1H),
2.30 ± 2.15 (m, 1H), 2.05 ± 1.89 (m, 1 H), 1.44 (s, 9 H), 1.29 ± 1.13 (m, 2H),
1.03 ± 0.95 (m, 12H); 13C NMR (75 MHz, CDCl3): d� 181.4, 170.6, 160.0,
155.9, 136.3, 134.6, 131.6, 129.7, 128.2, 119.2, 79.4, 66.0, 61.5, 60.8, 58.0, 38.3,
34.0, 28.5, 24.8, 19.0, 17.9, 15.9, 11.9; IR (KBr): nÄ� 3361, 1742, 1689, 1239,
1159 cmÿ1; MS (CI): m/z : 552 [M�H]� ; elemental analysis calcd (%) for
C27H41N3O7S (551.7): C 58.78, H 7.49, N 7.62; found C 58.46, H 7.39, N 7.60.


(SS)-N-(N-tert-Butyloxycarbonyl-l-isoleucinyl S-phenyl sulfonimidoyl-N-
(O-allyl-l-leucinyl)carboxyamide (Boc-Ile-Sulf-CO-Leu-OAll, 31): Fol-
lowing general procedure C H-Leu-OAll ´ pTos (0.52 g, 1.52 mmol) and
DMAP (18.32 mg, 0.15 mmol) were added to sulfonimidoyl acetate 17
(0.84 g, 1.52 mmol) in CH2Cl2 (9 mL), and after cooling to 0 8C, DCC
(0.32 g, 1.57 mmol) dissolved in CH2Cl2 (5 mL) was added. Purification by
flash chromatography (ethyl acetate/hexanes 1:1) gave 31 as colorless oil
(55 %). [a]25


D �ÿ22.5 (c� 1.04, acetone); 1H NMR (400 MHz, CDCl3): d�
8.02 ± 7.98 (m, 2H), 7.74 ± 7.68 (m, 1H), 7.58 (t, J� 7.7 Hz, 2H), 7.51 (d, J�
7.9 Hz, 1H), 5.97 ± 5.85 (m, 1H), 5.34 (ddd, J� 1.4, 2.8, 17.0 Hz, 1H), 5.26
(ddd, J� 1.4, 2.5, 10.4 Hz, 1 H), 5.14 (d, J� 8.8 Hz, 1 H), 4.67 ± 4.61 (m, 2H),
4.63/4.19 (AB-system, J� 14.3 Hz, 2 H), 4.59 ± 4.53 (m, 1 H), 4.32 ± 4.25 (m,
1H), 2.04 ± 2.00 (m, 2H), 1.71 ± 1.66 (m, 2H), 1.56 ± 1.51 (m, 1 H), 1.44 (s,
9H), 1.26 ± 1.21 (m, 1H), 1.01 (d, J� 6.9 Hz, 3H), 0.97 ± 0.93 (m, 9 H); 13C
NMR (100 MHz, CDCl3): d� 181.6, 171.2, 160.0, 156.1, 136.2, 134.8, 131.8,
129.8, 128.4, 119.0, 79.4, 66.2, 61.6, 60.8, 51.7, 41.3, 38.3, 28.6, 25.1, 25.0, 22.9,
22.0, 16.1, 12.0; IR (KBr): nÄ� 3356, 1745, 1688, 1239, 1160 cmÿ1; MS (CI):
m/z : 567 [M�H]� ; elemental analysis calcd (%) for C27H41N3O7S (565.7): C
59.45, H 7.66, N 7.43; found C 59.41, H 7.76, N 7.38.


(SS)-N-(N-tert-Butyloxycarbonyl-l-tert-leucinyl S-phenyl sulfonimidoyl)-
N-(O-allyl-l-valinyl)carboxyamide (Boc-Tle-Sulf-CO-Val-OAll, 32): Fol-
lowing general procedure C H-Val-OAll ´ pTos (0.36 g, 1.08 mmol) and
DMAP (13.44 mg, 0.11 mmol) were added to sulfonimidoyl acetate 18
(0.60 g, 1.08 mmol) in CH2Cl2 (6 mL), and after cooling to 0 8C, DCC
(0.23 g, 1.11 mmol) dissolved in CH2Cl2 (4 mL) was added. Purification by
flash chromatography (ethyl acetate/hexanes 1:1) gave 32 as a colorless oil
(66 %). [a]25


D �ÿ24.6 (c� 1.02, acetone); 1H NMR (400 MHz, CDCl3): d�
8.06 ± 7.99 (m, 2 H), 7.69 (t, J� 7.4 Hz, 1H), 7.58 (t, J� 7.4 Hz, 2 H), 7.47 (d,
J� 8.3 Hz, 1 H), 5.98 ± 5.86 (m, 1 H), 5.35 (ddd, J� 1.4, 3.0, 15.9 Hz, 2H),
5.27 (ddd, J� 1.4, 2.5, 10.4 Hz, 1 H), 5.18 (d, J� 9.4 Hz, 1 H), 4.69 ± 4.63 (m,
2H), 4.61/4.24 (AB-system, J� 14.3 Hz, 2 H), 4.50 ± 4.45 (m, 1 H), 4.13 (d,
J� 9.4 Hz, 1 H), 2.27 ± 2.21 (m, 1H), 1.44 (s, 9 H), 1.05 (s, 9H), 0.99 (d, J�
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6.9 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d� 181.0, 170.6, 160.0, 155.8,
136.3, 134.5, 131.6, 129.7, 128.2, 119.1, 79.4, 66.0, 64.8, 60.8, 58.0, 34.8, 31.1,
28.5, 27.0, 18.9, 17.9; IR (KBr): nÄ� 3361, 1742, 1716, 1689, 1220, 1168 cmÿ1;
MS (EI): m/z : 552 [M�H]� ; elemental analysis calcd (%) for C27H41N3O7S
(551.7): C 58.78, H 7.49, N 7.62; found C 58.43, H 7.49, N 7.50.


(SS)-N-(N-tert-Butyloxycarbonyl-l-tert-leucinyl S-phenyl sulfonimidoyl)-
N-(O-allyl-l-leucinyl)carboxyamide (Boc-Tle-Sulf-CO-Leu-OAll, 33): Fol-
lowing general procedure C H-Leu-OAll ´ pTos (0.37 g, 1.08 mmol) and
DMAP (13.44 mg, 0.11 mmol) were added to sulfonimidoyl acetate 18
(0.60 g, 1.08 mmol) in CH2Cl2 (6 mL), and after cooling to 0 8C, DCC
(0.23 g, 1.11 mmol) dissolved in CH2Cl2 (4 mL) was added. Purification by
flash chromatography (ethyl acetate/hexanes 2:1) gave 33 as a colorless oil
(85 %). [a]25


D �ÿ28.2 (c� 1.05, acetone); 1H NMR (400 MHz, CDCl3): d�
8.02 ± 7.98 (m, 2H), 7.69 (t, J� 7.4 Hz, 1 H), 7.63 ± 7.55 (m, 3 H), 5.97 ± 5.86
(m, 1 H), 5.59 ± 4.53 (m, 1H), 5.34 (ddd, J� 1.4, 2.7, 17.0 Hz, 2 H), 5.25 (ddd,
J� 1.2, 2.3, 10.4 Hz, 1 H), 5.15 (d, J� 9.3 Hz, 1 H), 4.69 ± 4.63 (m, 2 H), 4.55/
4.17 (AB-system, J� 14.3 Hz, 2H), 4.19 ± 4.14 (m, 1H), 1.93 (br s, 1H),
1.72 ± 1.67 (m, 2 H), 1.44 (s, 9 H), 1.05 (s, 9 H), 0.96 (d, J� 6.0 Hz, 3 H), 0.93
(d, J� 6.1 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d� 181.2, 171.8, 159.9,
156.1, 136.3, 134.7, 131.8, 129.8, 128.4, 119.1, 79.6, 66.2, 65.0, 60.9, 51.7, 34.7,
28.6, 27.1, 25.0, 22.9, 22.0; IR (KBr): nÄ� 3354, 1745, 1688, 1222, 1169 cmÿ1;
MS (EI): m/z : 379 [Mÿ tBuCHNHCOOtBu]� ; elemental analysis calcd
(%) for C28H43N3O7S (565.7): C 59.45, H 7.66, N 7.43; found C 59.07, H 7.82,
N 7.41.


(SS)-N-(N-tert-Butyloxycarbonyl-l-prolinyl S-phenyl sulfonimidoyl-N-(O-
allyl-l-leucinyl)carboxyamide (Boc-Pro-Sulf-CO-Leu-OAll, 34): Following
general procedure C H-Leu-OAll ´ pTos (0.32 g, 0.93 mmol) and DMAP
(10.99 mg, 0.09 mmol) were added to sulfonimidoyl acetate 19 (0.50 g,
0.93 mmol) in CH2Cl2 (6 mL), and after cooling to 0 8C, DCC (0.20 g,
0.96 mmol) dissolved in CH2Cl2 (2 mL) was added. Purification by flash
chromatography (ethyl acetate/hexanes 3:1) gave 34 as a colorless oil
(73 %, as mixture of two rotamers in a ratio of 2:1). [a]25


D �ÿ52.5 (c� 1.01,
acetone); 1H NMR (400 MHz, CDCl3): d� 8.07 (d, J� 7.8 Hz, 1H), 8.05 (d,
J� 7.4 Hz, 1H), 7.68 (quin, J� 7.2, 8.2, 8.8 Hz, 1 H), 7.57 (quin, J� 7.2, 8.2,
8.8 Hz, 2H), 7.83/7.40 (d, J� 7.9 Hz, 1H), 5.97 ± 5.85 (m, 1 H), 5.38 ± 5.23 (m,
2H), 4.83/4.13, 4.63/4.23 (AB-system, J� 14.3 Hz, 2 H), 4.66 ± 4.63 (m, 2H),
4.56/3.40 (m, 1H), 4.39/4.31 (m, 1H), 3.61 ± 3.44 (m, 2H), 2.35 ± 1.79 (m,
4H), 1.74 ± 1.59 (m, 3H), 1.47/1.44 (s, 9 H), 0.95 ± 0.91 (m, 6H); 13C NMR
(100 MHz, CDCl3): d� 182.8, 171.9, 160.3/160.0, 154.8/154.6, 136.5, 134.8/
134.6, 131.8/131.7, 129.8/129.7, 128.7/128.4, 119.1/118.9, 79.9/79.6, 66.2/66.1,
63.3/62.9, 60.8/60.5, 51.7, 46.9/46.6, 41.5/41.3, 31.5/30.4, 28.7, 25.0, 24.8/23.6,
22.9, 22.0, 22.9; IR (KBr): nÄ� 3318, 1746, 1692, 1200, 1159 cmÿ1; MS (CI):
m/z : 549 [M]� ; elemental analysis calcd (%) for C27H39N3O7S (549.7): C
58.99, H 7.15, N 7.64; found C 58.63, H 7.38, N 7.49.


(SS)-N-(N-tert-Butyloxycarbonyl-l-prolinyl S-phenyl sulfonimidoyl)-N-
(O-allyl-l-isoleucinyl)carboxyamide (Boc-Pro-Sulf-CO-Ile-OAll, 35): Fol-
lowing general procedure C H-Ile-OAll ´ pTos (0.39 g, 1.13 mmol) and
DMAP (13.44 mg, 0.11 mmol) were added to sulfonimidoyl acetate 19
(0.61 g, 1.13 mmol) in CH2Cl2 (7 mL), and after cooling to 0 8C, DCC
(0.24 g, 1.17 mmol) dissolved in CH2Cl2 (2.5 mL) was added. Purification by
flash chromatography (ethyl acetate/hexanes 5:1) gave 35 as a colorless oil
(71 %, as a mixture of two rotamers (2:1). [a]25


D �ÿ49.5 (c� 1.03, acetone);
1H NMR (400 MHz, CDCl3): d� 8.09 ± 7.99 (m, 2 H), 7.83/7.50 (d, J�
8.2 Hz, 1 H), 7.73 ± 7.64 (m, 1H), 7.62 ± 7.52 (m, 2H), 5.98 ± 5.86 (m, 1H),
5.39 ± 5.33 (m, 1H), 5.29 ± 5.24 (m, 1 H), 4.83/4.17, 4.62/4.15 (AB-system,
J� 14.3 Hz, 14.6, 2 H), 4.69 ± 4.63 (m, 2 H), 4.57 ± 4.51 (m, 1H), 4.41 ± 4.37,
4.31 ± 4.28 (m, 1 H), 3.60 ± 3.56 (m, 2 H), 3.37 ± 3.33, 2.13 ± 1.79 (m, 6H),
1.46/1.43 (s, 9 H), 1.30 ± 1.20 (m, 1H), 0.93 (t, J� 7.4 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d� 182.8, 170.8/170.7, 160.3/160.2, 154.7/154.4, 136.7,
134.8/134.5, 131.8/131.7, 129.8/129.7, 128.7/128.4, 119.3/119.1, 79.8/79.6, 66.1/
66.0, 63.2/62.9, 60.9/60.5, 57.5, 47.1/46.7, 38.0, 31.5/30.4, 28.7, 25.4, 24.6/23.6,
15.7, 11.8; IR (KBr): nÄ� 3326, 1743, 1694, 1200, 1162 cmÿ1; MS (CI): m/z :
550 [M�H]� ; elemental analysis calcd (%) for C27H39N3O7S (549.7): C
58.99, H 7.15, N 7.64; found C 58.86, H 7.20, N 7.62.


(SS)-N-tert-Butyloxycarbonyl S-methyl S-phenyl sulfoximine (Boc-Sulf-H,
38):[57] In a flame-dried Schlenk (SS)-3 (0.50 g, 3.22 mmol) was dissolved in
THF (10 mL). The solution was cooled to 0 8C and potassium tert-
butanolate (0.45 g, 3.99 mmol) in THF (8 mL) was added. The reaction
mixture was stirred for 30 min at 0 8C and under vigorous stirring di-tert-
butyl dicarbonate (1.40 g, 6.44 mmol) in THF (15 mL) was added. After
stirring for 1 h at 0 8C and 16 h at room temperature the reaction mixture


was added to a cold saturated ammonium chloride solution (16 mL), the
organic phase was separated, and the aqueous phase was extracted three
times with CH2Cl2 (10 mL). The combined organic phases were dried over
MgSO4, the solvent removed under reduced pressure and the remaining oil
purified by flash chromatography (ethyl acetate/hexanes 2:1) to give 38 as a
colorless oil (89 %). [a]25


D ��69.9 (c� 1.00, acetone); 1H NMR (300 MHz,
CDCl3): d� 7.96 ± 7.92 (m, 2 H), 7.65 ± 7.32 (m, 3H), 3.21 (s, 3H), 1.34 (s,
9H); 13C NMR (75 MHz, CDCl3): d� 157.2, 138.8, 133.5, 129.5, 127.4, 80.5,
44.8, 27.9; IR (KBr): nÄ� 1659, 1288, 1222, 1161 cmÿ1; MS (EI): m/z : 256
[M�H]� ; elemental analysis calcd (%) for C12H17NO3S (255.3): C 56.45, H
6.71, N 5.49; found C 56.57, H 6.67, N 5.47.


(SS)-Cyclohexyl(isopropyl)ammonium N-(N-tert-butyloxycarbonyl)-S-
methyl S-phenyl sulfonimidoyl acetate (Boc-Sulf-Ac, 39): According to
general procedure B cyclohexyl(isopropyl)amine (1.91 mL, 11.31 mmol)
was dissolved in THF (16 mL) at 0 8C. Sequentially nBuLi (6.08 mL,
11.31 mmol) and, after cooling to ÿ78 8C, 38 (0.85 g, 3.77 mmol) in THF
(10 mL) were added dropwise. For the workup (see procedure B) the
following reagents were used: water (41 mL), diethyl ether (15 mL), and
CH2Cl2 (26 mL). Product 39 was obtained as a colorless solid (85 %).
1H NMR (400 MHz, CDCl3): d� 9.00 (br s, 2 H), 8.02 ± 7.94 (m, 2H), 7.62 ±
7.57 (m, 1H), 7.55 ± 7.49 (m, 2H), 4.31 ± 4.17 (AB-system, J� 14.7 Hz, 2H),
3.32 ± 3.25 (m, 1H), 3.00 ± 2.91 (m, 1 H), 2.10 ± 2.02 (m, 2 H), 1.86 ± 1.77 (m,
2H), 1.69 ± 1.62 (m, 1 H), 1.50 ± 1.10 (m, 5 H), 1.33 (s, 9H), 1.29 (dd, J� 3.0,
6.3 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d� 164.6, 157.8, 138.8, 133.0,
128.9, 128.2, 80.1, 62.5, 53.7, 46.0, 29.1, 28.9, 28.0, 25.0, 24.8, 19.2, 19.0.


(SS)-N-(N-tert-Butyloxycarbonyl S-phenyl sulfonimidoyl)-N-(O-allyl-l-va-
linyl)carboxyamide (Boc-Sulf-CO-Val-OAll, 36): Following general proce-
dure C H-Val-OAll ´ pTos (0.43 g, 1.37 mmol) and DMAP (17.10 mg,
0.14 mmol) were added to sulfonimidoyl acetate 39 (0.67 g, 1.37 mmol) in
CH2Cl2 (11 mL), and after cooling to 0 8C, DCC (0.29 g, 1.41 mmol) in
CH2Cl2 (5 mL) was added. Purification by column chromatography (ethyl
acetate/hexanes 1:1) gave 36 (73 %) as a viscous colorless oil. [a]25


D �ÿ0.9
(c� 1.05, acetone); 1H NMR (300 MHz, CDCl3): d� 8.05 ± 7.97 (m, 1H),
7.72 ± 7.56 (m, 3 H), 6.00 ± 5.84 (m, 1H), 5.40 ± 5.34 (m, 1 H), 5.26 (dd, J� 1.3,
10.4 Hz, 1H), 4.64 (d, J� 5.7 Hz, 2H), 4.51/4.40 (AB-system, J� 14.4 Hz,
2H), 4.47 (dd, J� 3.7, 8.3 Hz, 1 H), 2.31 ± 2.24 (m, 1H), 1.41 (s, 9H), 1.00 ±
0.97 (dd, J� 1.4, 6.7 Hz, 6H); 13C NMR (75 MHz, CDCl3): d� 170.6, 160.4,
157.6, 136.4, 134.4, 131.6, 128.4, 119.1, 81.4, 66.0, 60.8, 58.0, 31.2, 28.3, 19.2,
17.8; IR (KBr): nÄ� 3312, 1736, 1649, 1254, 1149 cmÿ1; MS (CI): m/z : 439
[M�H]� ; elemental analysis calcd (%) for C21H30N2O6S (438.5): C 57.51, H
6.90, N 6.39; found C 57.47, H 6.98, N 6.57.


(SS)-(S-Phenyl sulfonimidoyl)-N-(O-allyl-l-valinyl)carboxyamide (H-Sulf-
CO-Val-OAll, 37): Compound 36 (0.30 g, 0.68 mmol) was dissolved in
CH2Cl2 (3 mL), cooled to 0 8C and TFA (1 mL) was added dropwise. After
stirring for 30 min at 0 8C the ice bath was removed, the reaction mixture
was allowed to warm to room temperature and again TFA (0.5 mL) was
added dropwise. The reaction mixture was stirred for 4 h, water and then
K2CO3 were added until no gas evolution was observed. The phases were
separated, the aqueous phase extracted three times with CH2Cl2, and the
combined organic phases were dried over MgSO4. After removing the
solvent under reduced pressure, 37 was obtained as a pale yellow oil (83 %).
[a]25


D ��1.0 (c� 1.04, acetone); 1H NMR (300 MHz, CDCl3): d� 8.51 (d,
J� 8.6 Hz, 1H), 7.99 ± 7.91 (m, 2H), 7.65 ± 7.57 (m, 1 H), 7.53 ± 7.45 (m, 2H),
5.92 ± 5.78 (m, 1 H), 5.39 ± 5.33 (m, 1H), 5.29 ± 5.26 (m, 1 H), 4.62 ± 4.55 (m,
2H), 4.44 (dd, J� 5.0, 8.7 Hz, 1 H), 4.05/3.98 (AB-System, J� 14.4 Hz, 2H),
3.02 (br s, 1H), 2.22 ± 2.08 (m, 1 H), 0.99 (d, J� 7.0 Hz, 3H), 0.98 (d, J� 7.7,
3H); 13C NMR (75 MHz, CDCl3): d� 171.0, 161.3, 141.0, 133.8, 131.7, 129.4,
128.4, 119.1, 66.0, 62.5, 57.9, 31.3, 19.2, 17.9; IR (KBr): nÄ� 3296, 1739, 1681,
1243, 1152 cmÿ1; MS (CI): m/z : 339 [M�H]� ; elemental analysis calcd (%)
for C16H22N2O4S (338.4): C 56.78, H 6.55, N 8.28; found C 56.52, H 6.72, N
8.43.
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Syntheses and Properties of Zinc and Calcium Complexes of Valinate and
Isovalinate: Metal a-Amino Acidates as Possible Constituents of the Early
Earth�s Chemical Inventory


Henry Strasdeit,* Insa Büsching, Sabine Behrends, Wolfgang Saak, and Walter Barklage[a]


Abstract: We have studied the ligand
behavior of racemic isovalinate (ivaÿ)
and valinate (valÿ) towards zinc(ii) and
calcium(ii). The following solid metal
amino acidates were obtained from
aqueous solutions: Zn3Cl2(iva)4 (1),
Zn3Cl2(val)4 (2), Zn(val)2 (3), Zn(iva)2 ´
2 H2O (4), Zn(iva)2 ´ 3.25 H2O (5), Zn-
(iva)2 (6), Ca(iva)2 ´ x H2O (7), and Ca-
(val)2 ´ H2O (8). Except for complex 3,
these were hitherto unknown com-
pounds. The conditions under which
they formed, together with current ideas
of the conditions on early Earth, support
the assumption that a-amino acidate


complexes of zinc and calcium might
have belonged to early Earth�s prebiotic
chemical inventory. The zinc isovali-
nates 1, 4, and 5 were characterized by
X-ray crystal structure analyses. Com-
plex 1 forms a layer structure containing
four- and five-coordinate metal atoms,
whereas the zinc atoms in 4 and 5 are
five-coordinate. Compound 5 possesses
an unprecedented nonpolymeric struc-


ture built from cyclic [Zn6(iva)12] com-
plexes, which are separated by water
molecules. The thermolyses of solids 1,
3, and 8 at 320 8C in an N2 atmosphere
yielded numerous organic products, in-
cluding the cyclic dipeptide of valine
from 3 and 8. Condensation, C ± C bond
breaking and bond formation, aromati-
zation, decarboxylation, and deamina-
tion reactions occurred during the ther-
molyses. Such reactions of metal-bound
a-amino acidates that are abiotically
formed could already have contributed
to an organic-geochemical diversity be-
fore life appeared on Earth.


Keywords: amino acids ´ coordina-
tion modes ´ prebiotic chemistry ´
thermolysis ´ zinc


Introduction


The current paradigm for the origin of life states that on early
Earth abiotically formed organic compounds were present
that constituted the raw material from which the first
metabolizing and self-replicating systems evolved.[1, 2] a-
Amino acids are among the most intriguing of the supposed
prebiotic molecules. As Miller and Urey demonstrated in
their classical experiments, amino acids are formed by electric
discharges in an atmosphere of a mixture of CH4, NH3, H2,
and H2O.[3] From a more recent view, however, the atmos-
phere at the time before life�s origin was dominated by N2,
CO2, and H2O with lesser amounts of CO, H2, and possibly
CH4. In such a weakly reducing atmosphere, amino acid
formation appears to be more difficult.[4]


Alternatively, comets and meteorites could have been
major sources of amino acids (and other organics), either by
delivery or by impact-shock synthesis.[5] The possibility of a


direct supply gains support from the detection of amino acids
in certain carbon-rich meteorites, the carbonaceous chon-
drites.[6] The Murchison meteorite, for example, contains at
least 66 different amino acids.[7] Some of the amino acids there
as well as in the Murray meteorite have been reported to
exhibit small excesses of the l-enantiomers.[8, 9] However,
terrestrial contaminations could largely be excluded. This has
been shown, inter alia, by analyses of the stable isotopes of
nitrogen and carbon in the individual enantiomers.[10, 11] Thus,
both the d- and l-forms are of extraterrestrial origin.
Carbonaceous chondrites are considered to be composed of
primitive material from the early times of the solar system.
Furthermore, the isotopic compositions suggest that the
amino acids or their precursors were abiotically formed in
the interstellar cloud that preceded the solar system.[12]


These considerations, taken together, give rise to the
assumption that amino acids belonged to Earth�s early
chemical inventory and therefore were among the first
organic compounds capable of forming stable metal com-
plexes.[13] In the present paper, we describe the syntheses,
structures, and thermal behavior of zinc and calcium com-
plexes of racemic isovalinate and valinate. Zinc(ii) and
calcium(ii), which both have numerous biological functions
in modern organisms,[14] were chosen because of their possible
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availability in the ocean and/or at the surface of the early
Earth (see the discussion below). Isovaline (Hiva) and valine
(Hval) belong to the ten most abundant amino acids in the
Murchison meteorite.[7]


Unlike valine, isovaline is a nonprotein amino acid that is
exceedingly rare in the biosphere.[15] It therefore closely
approaches the concept of an ªextraterrestrialº substance.


Results and Discussion


Syntheses of the metal complexes : In aqueous solution,
calcium(ii) and zinc(ii) a-amino acidato complexes are only
moderately stable if additional donors in the amino acid
sidechains are absent.[16] It is therefore necessary to raise the
natural acidic pH value of the MII/amino acid systems. One
possible way to achieve this is the use of the urea hydrolysis
technique, which has previously been used to prepare CuII


amino acidates.[17] This method has the advantage that, by
slow release of ammonia, crystallization of the products
proceeds in a controlled manner. When a 1:2:1 molar ratio of
zinc(ii) chloride, rac-isovaline (Hiva), and urea was kept at


80 8C in aqueous solution, the unexpected mixed chloride/
isovalinate Zn3Cl2(iva)4 (1) crystallized in good yield
[Eq. (1)].


3ZnCl2 � 4Hiva � 2 (NH2)2CO � 2H2O


ÿ!80 oC Zn3Cl2(iva)4 (1) # � 4 NH4Cl � 2 CO2 " (1)


The corresponding reaction system with rac-valine (Hval)
behaves differently: initially, compound Zn3Cl2(val)4 (2),
which is analogous to 1, crystallizes. Later on, when the
solution is depleted in zinc chloride relative to Hval, the
already known compound Zn(val)2 (3) precipitates.[18] It is,
however, possible to obtain pure 2 and 3 in moderate and very
good yields, respectively, by the addition of excess chloride (as
sodium chloride) and of Hval, respectively. Another route to 3
uses zinc nitrate instead of the chloride.


As an alternative to the urea hydrolysis technique, a
suspension of the metal oxide or hydroxide may be heated
under reflux together with the amino acid. This method allows
the preparation of Zn(iva)2 ´ 2 H2O (4) and Zn(iva)2 ´ 3.25 H2O
(5) from zinc oxide [Eq. (2)] (n� 2 for 4, n� 3.25 for 5).


ZnO (excess) � 2Hiva ÿ!H2O


reflux
Zn(iva)2 ´ nH2O (2)


Both 4 and 5 can only be isolated in low yields. When the
volume of the reaction solution is reduced too far, the
products are contaminated by unreacted amino acid. Once
isolated, 5 very rapidly looses water of crystallization. The
water content given in the formula was therefore deduced
from the crystal structure analysis (see below). In order to
obtain a well-defined product it is advisable to convert 5 into
the anhydrous form Zn(iva)2 (6) in a vacuum. Another
problem with compound 5 is its apparently kinetically con-
trolled formation. For this reason, the preparative method
sometimes fails and gives 4 instead of 5. Fortunately, the two
compounds are easily distinguishable by their different crystal
forms (see Experimental Section). Compound 4 can also be
prepared from zinc hydroxide. In the same way, but with
better yields, Ca(iva)2 ´ x H2O (7) and Ca(val)2 ´ H2O (8) are
accessible from calcium hydroxide and the respective amino
acid. Analytical data for 7 best fit the hemihydrate, though the
water content of freshly isolated crystals is probably higher.


Transferability to prebiotic environmental conditions : Factors
crucial to the existence of zinc and calcium amino acidates on
the early Earth are i) the acidity and temperature of the
hydrosphere, ii) the chemical availability of the metal ions,
and iii) the presence of amino acids. The latter aspect has
already been discussed in the Introduction. Values of pH 5.5 ±
8 and 55 ± 80 8C have been assumed for the ocean existing
�4� 109 years ago.[19, 20] Conditions under which the zinc
chloride amino acidates 1 and 2 can be prepared fall within
these ranges: namely, 1 and 2 crystallize at 80 8C and at pH 6
and 5.5, respectively. They are sparingly soluble in water. Thus
their precipitation can be regarded as an efficient way of
accumulating isovaline and valine from dilute solutions. The
amino acids themselves are readily soluble in water.


In contrast to 1 and 2, the calcium compounds 7 and 8 are
readily soluble in water. Their solutions have pH values of 9 ±


Abstract in German: Wir haben untersucht, wie sich racemi-
sches Isovalinat (ivaÿ) und Valinat (valÿ) als Liganden gegen-
über Zink(ii) und Calcium(ii) verhalten. Aus wässriger Lösung
wurden die folgenden festen Metall-Aminoacidate erhalten:
Zn3Cl2(iva)4 (1), Zn3Cl2(val)4 (2), Zn(val)2 (3), Zn(iva)2 ´
2 H2O (4), Zn(iva)2 ´ 3.25 H2O (5), Zn(iva)2 (6), Ca(iva)2 ´
x H2O (7) und Ca(val)2 ´ H2O (8). Mit Ausnahme von 3
handelt es sich hierbei um bisher unbekannte Verbindungen.
Die Bedingungen, unter denen sie entstanden, stützenÐin
Kombination mit gegenwärtigen Vorstellungen über die Erd-
geschichteÐdie Annahme, dass Zink- und Calcium-a-Ami-
noacidate möglicherweise zum präbiotischen chemischen In-
ventar der Urerde gehörten. Die Zink-Isovalinate 1, 4 und 5
wurden durch Röntgenkristallstrukturanalysen charakterisiert.
Komplex 1 bildet eine Schichtenstruktur, die vier- und fünffach
koordinierte Metallatome enthält. Die Zinkatome in 4 und 5
sind fünffach koordiniert. Verbindung 5 besitzt eine nicht-
polymere Struktur, die bislang ohne Beispiel ist. Sie ist aus
cyclischen [Zn6(iva)12]-Komplexen aufgebaut, die durch Was-
sermoleküle separiert sind. Die Thermolysen von festem 1, 3
und 8 bei 320 8C in einer N2-Atmosphäre ergaben zahlreiche
organische Produkte, zum Beispiel aus 3 und 8 das cyclische
Dipeptid des Valins. Während der Thermolysen traten Kon-
densationsreaktionen, C ± C-Bindungsbruch und -Bindungs-
bildung, Aromatisierung, Decarboxylierung und Deaminie-
rung auf. Solche Reaktionen metallgebundener, abiotisch
entstandener a-Aminoacidate könnten zu einer organisch-
geochemischen Vielfalt beigetragen haben, noch bevor Leben
auf der Erde existierte.







Metal Amino Acidates 1133 ± 1142
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10, which may be compared to pH 8 of similarly concentrated
solutions of the zinc isovalinates 4 ± 6. The more ionic
character of dissolved 7 and 8 is not only reflected by the
basicity of their solutions, but also by the 13C NMR chemical
shifts which are within �0.2 ppm of the values of the
respective NMe4


� amino acidate. In contrast, the 13C NMR
peak positions of the zinc compound 6 differ by up to 3.5 ppm
from those of NMe4


�(iva)ÿ. This data indicates a compara-
tively weak complex formation with calcium(ii). In order to
obtain more quantitative information, we used the program
SPE[21] to calculate the species distribution in the calcium(ii)/
alanine(Hala) system for a total concentration of 0.10m of
each of the two components at 25 8C. Alanine was chosen
because it appears to be the only non-N-substituted a-alkyl a-
amino acid for which at least the stability constant of the 1:1
complex with calcium is known.[16] Our calculations show that
this complex, namely [Ca(ala)]� , is practically absent at
pH 7.0. At pH 8.0 it contains 3 % of the total calcium. This
percentage increases to 18 % at pH 9.0. Evidently, the
formation of 7 and 8 on early Earth is conceivable when the
(local) existence of concentrated solutions of relatively high
pH is assumed.


The chemical availability of calcium(ii) in the Archaen
ocean was possibly affected by the presence of carbon dioxide.
High atmospheric partial pressures of CO2 have been
proposed because CO2, being a greenhouse gas, could have
prevented global glaciation of the early Earth at a time when
the solar luminosity was lower than today.[4b,c] But there are
also other solutions to the ªfaint young Sun ± frozen Earthº
paradox that do not depend on the assumption of high
atmospheric CO2 levels.[20b, 22] The sedimentary rock record is
consistent with marine calcium(ii) concentrations of 0.01 ±
0.3m at pH 7.0 and at �3 ± 100 times the present atmospheric
level (PAL) of CO2.[23] Even at higher pH values, such
relatively high concentrations of dissolved calcium(ii) were
still possible, but they required a lower upper limit of the CO2


partial pressure. So both the calcium(ii) concentration and the
pH could have been sufficient for calcium amino acidate
formation. Our attempts to obtain calcium a-amino acidates
from calcite (CaCO3) and simple a-amino acids were un-
successful. It can be concluded that the huge amounts of solid
calcium carbonate, which must already have existed on early
Earth, were not directly available for amino acidate forma-
tion, at least when those amino acids are concerned that lack
additional functional groups.


The availability of zinc might have been limited by the
formation of ZnCO3 and ZnS, which both are poorly soluble.
At pH 7.0 and �3 ± 100 times PAL of CO2 (see above), the
resulting dissolved carbonate would have allowed a zinc(ii)
concentration of �0.04 mm.[24] This is 3 ± 4 orders of magni-
tude lower than the calcium(ii) concentration. However, as far
as the comparative values are known,[16] stability constants of
zinc amino acidates are higher than those of calcium amino
acidates typically by about this factor. Because of the mildly
reducing atmosphere on early Earth, sulfur was mainly
present in the oxidation state ÿ ii, initially as H2S from
volcanic sources. Metal sulfide formation was an important
sink for H2S. In particular, the formation of the extremely
stable and highly insoluble pyrites (FeS2) from FeS and H2S[25]


could have efficiently lowered local H2S concentrations. This
might have allowed zinc(ii) concentrations to be high enough
for zinc amino acidate formation, despite the rather small
solubility product of ZnS.


Characterization : The complexes described here are most
conveniently identified by infrared spectroscopy. Prominent
features in the IR spectra are two very strong bands, one
slightly below and the other slightly above nÄ � 1600 cmÿ1.
These absorptions are attributed to d(NH2) and n(C�O) [or
nas(COOÿ)] modes.[26] Comprehensive IR spectroscopic stud-
ies of some rac-valinato and rac-isovalinato complexes,
including 3, have been performed by others.[18, 27] The IR
spectra of the zinc isovalinates 4 and 6 closely resemble each
other. Because of rapid efflorescence, no reliable IR spectrum
can be recorded for the third zinc isovalinate 5. As mentioned
above, 4 and 5 can, however, be distinguished by their
different crystal shapes.


In order to find out how the unusual composition of
Zn3Cl2(iva)4 (1) and the different contents of water of
crystallization in Zn(iva)2 ´ 2 H2O (4) and Zn(iva)2 ´ 3.25 H2O
(5) are reflected in the solid-state structures, single-crystal
X-ray structure analyses were performed on these com-
pounds. To the best of our knowledge, crystal structures of
isovalinato complexes have not been previously determined.
Apparently, the solid-state structure of isovaline itself is also
unknown,[28] while the crystal structures of some organic
derivatives have been determined, for example, N-acetyl-(S)-
isovaline[29] and some isovaline homopeptides.[30] We were
unable to grow suitable single crystals of the calcium
isovalinate 7; however, we were able to determine the
structure of the valinato complex Ca(val)2 ´ H2O (8). Complex
8 forms a one-dimensional coordination polymer built from
carboxylate-bridged seven-coordinate calcium(ii) ions. Details
of this structure will be reported elsewhere, together with the
crystal structures of other calcium a-amino acidates.[31]


Crystals of 1 consist of layers perpendicular to the crystallo-
graphic c direction (Figure 1). Neighboring layers are con-
nected only by van der Waals contacts in alkyl sidechains. Two
types of zinc ions can be discerned: one is found in
{ZnCl(iva)2}ÿ groups (Zn1), while the other (Zn2) links these
groups in two dimensions. The overall coordination architec-
ture may therefore be expressed by the formula 21[Zn{ZnCl-
(iva)2}2]. The valinate Zn3Cl2(val)4 (2) and 1 are probably
isostructural, as judged from the powder diffraction patterns.


In 1, Zn1 is situated in a ClO2N2 environment (Figure 2).
On the basis of the angular criterion t, as defined by Addison
et al. (t� 1.00 for an ideal trigonal bipyramid and t� 0.00 for
an ideal square pyramid),[32] the coordination polyhedron
around Zn1 is a strongly distorted trigonal bipyramid (t�
0.67). Compounds that possess ZnClO2N2 groups are rare.
The Cambridge Structural Database (CSD)[28] lists only four
examples, of which the mononuclear complex [ZnCl(pic)(Hpic)]
(Hpic� picolinic acid)[33] shows the strongest resemblance to
the {ZnCl(iva)2}ÿ moiety of 1. The second type of zinc ion in 1,
Zn2, is situated at the center of a strongly tetragonally
compressed O4 tetrahedron. The corresponding bond length
of 2.004(2) � (Zn2 ± O1) is larger than the mean value of
1.946(22) � observed in ZnO4 groups in which the O atoms
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Figure 1. Layer of Zn3Cl2(iva)4 (1) viewed approximately down the c axis.
The unit cell is shown. Hydrogen atoms are omitted.


belong to terminal monoden-
tate alkylcarboxylates.[34] Fac-
tors which can lead to this
small, but significant bond elon-
gation are the bridging function
of O1, increased O ´´´ O repul-
sion caused by the flattening of
the coordination tetrahedron,
and, in particular, a weak coor-
dination of the O2 atoms. The
distance Zn2 ´´´ O2 (2.794(2) �)
is smaller than the sum of the
van der Waals radii (2.9 ±
3.0 �)[35] and is thus indicative
of weak ªsecondaryº bonding.
The carboxylate groups can
therefore be described as being
aniso-bidentate near the mono-
dentate extreme. As Harding recently pointed out, zinc
carboxylates show the full range of intermediates be-
tween symmetrical bidentate and syn-monodentate coordi-
nation.[36]


Crystals of Zn(iva)2 ´ 2 H2O (4) are made up of carboxylate-
bridged {Zn(iva)2} moieties and non-coordinating water
molecules. The bridging is of the syn-anti type. Because Zn1
and Zn3 are disordered around centers of inversion,[37]


the interpretation of the crystallographic data is partly
ambiguous. One possible connectivity pattern leads to the
infinite chain structure shown in Figure 3. Alternatively,
Zn3 instead of Zn3II (for the symmetry transformation
please see footnote in Table 1) may be linked to Zn1 via a
carboxylate bridge. At the same time, Zn3 and Zn2 would
be bridged. This results in a cyclic trimer and disruption of
the chain (Figure 4). Although the connectivity is there-


fore not clear, the coordination spheres of the metal ions are
well-defined. Each zinc ion is five-coordinate in an O3N2


environment. Selected bond lengths and angles are given in
Table 1. The coordination polyhedra are slightly distorted
square pyramidal (Zn2, t� 0.18) and intermediate between
trigonal bipyramidal and square pyramidal (Zn1, t� 0.43;
Zn3, t� 0.45).


{Zn(iva)2} moieties connected by syn-anti-carboxylate
bridges also appear in crystalline Zn(iva)2 ´ 3.25 H2O (5); the
water molecules do not coordinate. Otherwise the structure of
5 differs strongly from that of 4. Six {Zn(iva)2} moieties form
the discrete cyclic complex [Zn6(iva)12], which contains a
puckered 24-membered {ZnOCO}6 ring (Figure 5). A CSD
search[28] revealed that the cyclo-{M(m-carboxylato-kO :kO')}6


structural motif of 5 was previously unknown for M�Zn.
Furthermore, there is only one a-amino acidato metal


Figure 3. Zn(iva)2 ´ 2H2O (4): connectivity model leading to a one-dimensional coordination polymer. The
polymer strand runs from left to right. Hydrogen atoms are omitted. For symmetry transformations see footnote
in Table 1.


Figure 2. The coordination environments of the zinc atoms in Zn3Cl2(iva)4


(1). Displacement ellipsoids are shown at the 50 % probability level. Bond
lengths [�] and angles [8]: Zn1ÿCl 2.223(1), Zn1ÿO1 2.242(2), Zn1ÿN
2.028(3), Zn2ÿO1 2.004(2), Zn2 ´´´ O2 2.794(2); Cl-Zn1-O1 98.01(6), Cl-
Zn1-N 123.76(9), O1-Zn1-O1I 164.0(1), O1-Zn1-N 77.7(1), O1-Zn1-NI


93.4(1), N-Zn1-NI 112.5(2), O1-Zn2-O1II 135.9(2), O1-Zn2-O1III 98.10(6).
Symmetry transformations: (I): 0.5ÿ y, 0.5ÿ x,ÿz ; (II): 1ÿ x, 1ÿy, z ; (III):
y, 1ÿ x, ÿz ; (IV): 1ÿ y ; x, ÿ z.
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Figure 4. Zn(iva)2 ´ 2H2O (4): alternative connectivity model leading to a
cyclic arrangement. Hydrogen atoms are omitted. For symmetry trans-
formations see footnote in Table 1.


complex in which this motif was identified. This complex,
namely [Ni6(pro)12] (proÿ� prolinate), does not exist as such,
but was isolated with an additional incorporated metal ion
(Sm3� or Eu2�/3�).[38] Its nickel ions are six-coordinate, whereas
the zinc ions of 5 are five-coordinate. Thus 5 is unprecedented
in the structural chemistry of metal a-amino acidates. The
overall dimensions of the [Zn6(iva)12] molecule are 2.1�
1.1 nm. The O3N2 coordination polyhedron around Zn is a
distorted square pyramid (t� 0.27, Figure 6). The isovalinato
ligands in 5, as in the other two structures described, are O,N-


chelating and therefore participate in five-membered chelate
rings.


Finally, the complexation behavior of a-aminoisobutyrate
(aibÿ) with zinc(ii) is worth mentioning: the aibÿ ligand,


Figure 5. The cyclo-[Zn6(iva)12] molecule in Zn(iva)2 ´ 3.25 H2O (5). The
{ZnOCO}6 ring is highlighted. Hydrogen atoms are omitted. Symmetry
transformation: (I): ÿ0.25 � y, 0.5ÿ z, 0.25 � x.


Figure 6. The coordination environment of the zinc atom in Zn(iva)2 ´
3.25 H2O (5). Displacement ellipsoids are shown at the 30 % probability
level. Bond lengths [�] and angles [8]: ZnÿO1 2.110(4), ZnÿO2I 1.990(4),
ZnÿO3 2.047(4), ZnÿN1 2.052(5), ZnÿN2 2.093(5), O1-Zn-O2I 101.5(2),
O1-Zn-O3 86.7(2), O1-Zn-N1 77.9(2), O1-Zn-N2 152.7(2), O2I-Zn-O3
107.6(2), O2I-Zn-N1 115.4(2), O2I-Zn-N2 104.6(2), O3-Zn-N1 136.4(2), O3-
Zn-N2 78.1(2), N1-Zn-N2 97.6(2). Symmetry transformation: (I): ÿ0.25 �
y, 0.5ÿ z, 0.25 � x.


(CH3)2C(NH2)COOÿ, is formally derived from ivaÿ by
replacing the ethyl with a second methyl group. Thus aibÿ


and ivaÿ are closely related to each other. Nevertheless,
crystals of the zinc compound Zn(aib)2 ´ 1.33 H2O are reported
to contain mononuclear five- and six-coordinate complexes
bearing coordinating water molecules;[39] this is in striking
contrast to the situation found in the zinc isovalinate hydrates
4 and 5.


Thermal transformations : The thermolysis and pyrolysis[40] of
amino acids are of possible prebiotic relevance for two
reasons. Firstly, the chemical compounds on early Earth were
exposed to the thermal energy of volcanic activities and of
episodical impacts of space bodies.[20b] Secondly, amino acids


Table 1. Bond lengths [�] and angles [8] at the zinc atoms of Zn(iva)2 ´
2H2O (4).[a]


Zn1ÿO1a 2.155(10) Zn2ÿN2 2.037(6)
Zn1ÿO1bI 2.158(8) Zn2ÿN3 2.041(6)
Zn1ÿO8II 2.123(5) Zn3ÿO4 1.928(5)
Zn1ÿN1 1.881(6) Zn3ÿO7a 2.128(9)
Zn1ÿN1I 1.965(6) Zn3ÿO7bII 2.143(10)
Zn2ÿO2 1.967(5) Zn3ÿN4 1.874(6)
Zn2ÿO3 2.194(5) Zn3ÿN4II 1.984(6)
Zn2ÿO5 2.107(5)
O1a-Zn1-O1bI 162.3(3) O3-Zn2-N2 75.4(2)
O1a-Zn1-O8II 103.8(3) O3-Zn2-N3 96.1(2)
O1a-Zn1-N1 78.3(3) O5-Zn2-N2 88.9(2)
O1a-Zn1-N1I 94.1(3) O5-Zn2-N3 78.6(2)
O1bI-Zn1-O8II 93.7(3) N2-Zn2-N3 138.8(3)
O1bI-Zn1-N1 95.4(3) O4-Zn3-O7a 100.2(3)
O1bI-Zn1-N1I 79.0(3) O4-Zn3-O7bII 96.7(3)
O8II-Zn1-N1 103.0(3) O4-Zn3-N4 113.9(3)
O8II-Zn1-N1I 120.5(3) O4-Zn3-N4II 110.0(3)
N1-Zn1-N1I 136.3(2) O7a-Zn3-O7bII 163.1(3)
O2-Zn2-O3 104.8(2) O7a-Zn3-N4 78.3(3)
O2-Zn2-O5 105.1(2) O7a-Zn3-N4II 96.7(3)
O2-Zn2-N2 112.3(3) O7bII-Zn3-N4 93.8(3)
O2-Zn2-N3 108.8(2) O7bII-Zn3-N4II 78.4(3)
O3-Zn2-O5 149.7(2) N4-Zn3-N4II 136.1(2)


[a] Symmetry transformations: (I): 1ÿ x, 1ÿ y, 2ÿ z ; (II): ÿx, 1ÿ y, 2ÿ z.
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in meteorites, interplanetary dust particles, comets, and
asteroids experienced more or less high temperatures on
entering the Earth�s atmosphere.[5, 41] Recently, Basiuk and co-
workers have extensively studied the thermal transformations
of solid a-amino acids with respect to these prebiotic
aspects.[41, 42] They identified several mono-, di-, and tricyclic
condensation products which were formed in the temperature
range of 230 ± 800 8C. Near the lower temperature limit,
catalysts, such as silica gel and lava, were necessary; beyond
the higher limit, neither the amino acids nor their condensa-
tion products survived. One problem with the thermal trans-
formation of amino acids is the ease with which they sublime
and thereby escape from high-temperature zones. Atmos-
pheric movement at hot surfaces evidently assists this process.
At normal pressure, the sublimation of simple a-amino acids
usually starts well below 200 8C, for example, at 150 ± 151 8C
for isovaline[43] (see also the synthesis of isovaline in the
Experimental Section). In contrast to isovaline and valine,
their zinc and calcium salts are nonvolatile and thus can keep
the acidates in places where temperatures are above the
sublimation temperatures of the acids. In the following, we
discuss preliminary results of thermolysis experiments on
three selected metal amino acidates.


Solid samples of Zn3Cl2(iva)4 (1), Zn(val)2 (3) and Ca-
(val)2 ´ H2O (8) were heated to 320 8C in a slow nitrogen
stream, as described in the Experimental Section. Within a
few hours the compounds had decomposed to a large extent.
Three groups of thermolysis products were found: i) a non-
volatile solid residue in the heating zone, ii) volatile products
that were carried by the nitrogen stream to cooler parts of the
apparatus where they condensed as liquids or solids, and
iii) products that had a high vapor pressure at 0 8C (temper-
ature of the cold trap) and therefore left the apparatus as
gases. For all three starting materials, gas-chromatographic
analyses of the liquid products alone revealed that at least 50 ±
60 different compounds had formed from a single metal
amino acidate! The majority of these compounds is still
waiting for identification.


Crystalline 1 is thermally stable up to �300 8C. At slightly
higher temperatures the crystals slowly decomposed without
previous melting (see Experimental Section for details).
When 1 was heated under EI mass-spectroscopic conditions,
intense peaks at m/z 293 (45 %) and 278 (100%) were
observed. These peaks are assigned to M� and [MÿCH3]� of
the heterocycle 9. This heterocycle is derived from 10, which is


a condensation product of three isovaline molecules. Com-
pounds analogous to 10 have been reported as thermolysis
and pyrolysis products of the amino acids valine and a-
aminoisobutyric acid by Basiuk et al.[41b, 41c, 42] Unlike 10,
heterocycle 9 is incapable of forming strong hydrogen bonds


and thus should be more volatile and more easily observable
in the mass spectrum. O-Methylation is assumed for 9 because
in comparable compounds significant [MÿCH3]� peaks were
observed only with O-, but not with N-methylation.[44] When 1
was thermolyzed at 320 8C in an N2 stream (flow velocity:
40 cm minÿ1), some simple decomposition products were
identified, namely ethyl methyl ketone, CO2, CO, H2O,
NH3, and HCN. CO2, H2O, and NH3 formed NH4HCO3.
The observation that 1 can release CO, NH3, and HCN is
especially interesting because these gases have been used as
starting materials for important, potentially prebiotic synthe-
ses, of which the formation of the nucleic-acid base adenine
from NH4CN solutions is perhaps the most remarkable.[4a]


From the thermolysis of 3 (320 8C, velocity of N2 flow:
3 cm minÿ1) colorless needles of 3,6-diisopropylpiperazine-
2,5-dione (11), the cyclic dipeptide of valine, were obtained.


The mass of 11 that was isolated corresponded to 8 % of the
mass of 3 used in the experiment. As in the case of 1,
NH4HCO3 and CO were observed as thermolysis products.
However, no significant amounts of HCN were detectable.
Isobutylamine, the decarboxylation product of valine, was
identified. The black thermolysis residue consisted of zinc
oxide, as judged from a very strong, characteristically shaped
IR band at nÄ � 440 cmÿ1,[45] and of nonvolatile organic
components.


The thermolysis of 8, under the same conditions as for 3,
also gave the cyclic dipeptide 11 as a major product (15 % of
the mass of 8 used). Other condensable products occurred at
�22 %, gases at �21 %, and a nonvolatile residue at 42 %.
The compounds 12 ± 14 were found among the condensed
products. 2-Isopropyl-6-methoxypyrazine (12) was identified
by GC/MS comparison with the commercially available
3-methoxy isomer, which showed a nearly identical EI mass
spectrum; however it had a clearly different gas-chromato-
graphic retention time. The possibility that the observed
compound is the 5-methoxy isomer cannot be ruled out,
although this seems less probable because the formation of
this isomer from 11 would require the migration of one of the
ring substituents, whereas the formation of 12 from 11 would
be more straightforward. The compounds 13 and 14 were
identified by combined mass spectrometric and 1H and
13C NMR spectroscopic methods. Acid 13 is the condensation
product of 4-hydroxybutanal and 4-hydroxybutanoic acid.
The existence of 14 as a thermolysis product is intriguing
because it demonstrates that chains of at least nine carbon
atoms can form from valinate. Sufficiently long carbon chains
are regarded as prerequisite to the prebiotic self-organization
of membranes, vesicles, and primitive cellular systems.[46] The
light-brown thermolysis residue of 8 consisted of calcite
(�74 %) and nonvolatile organic compounds, as inferred
from analyses (C, H, Ca, CO3


2ÿ, N), IR spectra, and powder
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X-ray diffraction patterns.[47] The organic constituents partly
dissolved in boiling water. This extractable portion of the
residue contained isopropyl groups and carboxyl and/or
carboxylate groups. However, no valinate was present. There-
fore, the calcium amino acidate had been completely ther-
mally transformed.


Conclusions


The following are the principle results and conclusions of this
work: i) It is proposed that zinc and calcium complexes of
abiotically formed racemic a-amino acidates, for example,
rac-valinate and rac-isovalinate, might have existed on the
early Earth. Necessary assumptions concerning the prebiotic
conditions are within the framework of current geochemical
and cosmochemical models. ii) In the laboratory, these com-
plexes readily form from simple metal compounds, such as
ZnCl2, ZnO, Zn(OH)2, and Ca(OH)2 along with the respec-
tive amino acid in aqueous solutions. The zinc(ii)/isovalinate
system shows an unexpected compositional and structural
diversity. Here, at least four compounds can be isolated,
namely Zn3Cl2(iva)4 (1), Zn(iva)2 ´ 2 H2O (4), Zn(iva)2 ´
3.25 H2O (5), and Zn(iva)2 (6). The crystal structures of 1, 4,
and 5 differ from each other rather strongly. One of the few
common features is the presence of bridging isovalinato
ligands. iii) Thermolyses of solid 1, Zn(val)2 (3), and Ca(val)2 ´
H2O (8) at 320 8C in an N2 stream yielded a surprising number
of organic products. The a-amino acidates are not only
thermally degraded, but are also transformed into larger
molecules with new functional groups. A variety of reactions
occur, for example, C ± C bond breaking and bond formation.
Some of these reactions are probably catalyzed by the metal
ions acting as Lewis acids. Thermal transformations of metal
amino acidates might thus have contributed to the prebiotic
chemical inventory on the early Earth.


Experimental Section


Instrumentation : IR spectra (KBr pellets) were obtained on a Bio-Rad
FTS 7PC spectrometer. Only the�15 strongest IR bands are listed for each
compound. 13C{1H} NMR spectra (75.5 MHz, D2O) were recorded at
ambient temperature on a Bruker AM 300 spectrometer. 1,4-Dioxan served
as the internal standard (dc� 67.19[48]). Mass spectra were measured with
Finnigan-MAT212 and Finnigan-MAT95 instruments. A Philips PW 1050/
80 automated powder diffractometer (CuKa radiation) and a STOEIPDS
area detector diffractometer (MoKa radiation) were used to obtain
diffraction data of polycrystalline samples. The decomposition temper-
atures were determined in unsealed melting-point capillaries. Elemental
analyses were performed by the Mikroanalytisches Labor Beller, Göttin-
gen; Analytische Laboratorien Malissa und Reuter, Lindlar; and Mikro-
analytisches Labor Pascher, Remagen (Germany). Some of the C/H/N
analyses were obtained with a Fisons Instruments EA 1108 elemental
analyzer at our central analytical department.


Starting materials : Racemic isovaline (Hiva) was obtained from ethyl
methyl ketone by the Strecker synthesis.[49] The final step, namely the
dehydration of Hiva ´ H2O, was accomplished by vacuum sublimation at
�160 8C. Spectroscopic data of Hiva (see also ref. [27, 50]): IR: nÄ � 3600 ±
2300 (s, br) 2972 (w), 2562 (w, br), 2066 (w, br), 1605 (vs, br), 1460 (m), 1404
(s), 1368 (m), 1339 (m), 1296 (s), 1181 (m), 891 (m), 802 (s), 586 (s), 538 (s),
401 cmÿ1 (s); 13C NMR: d� 8.3, 22.7, 31.1, 62.4, 176.5; 13C NMR spectrum of


isovalinate (ivaÿ, 0.20m solution prepared in situ from equimolar amounts
of Hiva and NMe4OH): d� 8.8, 26.2, 34.1, 59.5, 185.7.


e-Zinc hydroxide was prepared as described in the literature.[51] Deionized
water was used throughout. All other chemicals, including racemic valine
(Hval; Fluka, �99.0 %), were purchased commercially and used without
further purification. 13C NMR spectrum of valinate (valÿ, 0.20m solution
prepared in situ from equimolar amounts of Hval and NMe4OH): d� 17.3,
19.7, 32.3, 62.5, 183.6.


Preparation of Zn3Cl2(iva)4 (1): A solution of ZnCl2 (2.04 g, 15.0 mmol),
Hiva (3.51 g, 30.0 mmol), and urea (0.90 g, 15.0 mmol) in water (60 mL)
was kept at 80 8C for 9 d (CO2 evolution!). During this period, colorless
crystals of 1 formed; these were collected on a large-pored glass filter,
thoroughly washed with water, and dried in a vacuum. The filtrate was
concentrated to a volume of 45 mL and kept at 80 8C. After 5 d a second
crop of crystals was isolated. Total yield: 2.86 g (78 %). Thermal behavior:
crystals started turning brown at �310 8C; at �320 8C gas evolution and
slow formation of a dark-brown melt were observed. IR: nÄ � 3283 (s), 3239
(m), 1643 (vs), 1593 (s), 1464 (m), 1385 (s), 1290 (s), 1200 (s), 1090 (s), 1051
(s), 816 (s), 760 (m), 683 (s), 392 (m), 305 cmÿ1 (m); elemental analysis calcd
(%) for C20H40Cl2N4O8Zn3 (731.6): C 32.83, H 5.51, Cl 9.69, N 7.66, Zn
26.81; found C 32.91, H 5.53, Cl 9.80, N 7.29, Zn 26.76.


Preparation of Zn3Cl2(val)4 (2): A solution of ZnCl2 (1.64 g, 12.0 mmol),
Hval (1.87 g, 16.0 mmol), urea (0.48 g, 8.0 mmol), and NaCl (2.81 g,
48.0 mmol) in water (30 mL) was kept at 80 8C for 9 d (CO2 evolution!).
The colorless crystalline product was isolated on a large-pored glass filter,
thoroughly washed with water, and dried in a vacuum. Yield: 1.28 g (44 %);
IR: nÄ � 3289 (s), 3252 (s), 1640 (vs), 1595 (s), 1375 (s), 1323 (m), 1102 (s, br),
1015 (m), 795 (s), 650 (s), 565 (m), 374 cmÿ1 (m); elemental analysis calcd
(%) for C20H40Cl2N4O8Zn3 (731.6): C 32.83, H 5.51, Cl 9.69, N 7.66, Zn
26.81; found C 33.33, H 5.51, Cl 9.56, N 7.61, Zn 26.80.


Preparation of Zn(val)2 (3)


Method A : A solution of ZnCl2 (1.36 g, 10.0 mmol), Hval (3.51 g,
30.0 mmol), and urea (0.90 g, 15.0 mmol) in water (40 mL) was kept at
80 8C for 15 d (CO2 evolution!). Colorless crystals of 3 were collected on a
large-pored glass filter. Keeping the filtrate at 80 8C for additional 7 d
yielded a second crop of crystals. The product was thoroughly washed with
water and dried in a vacuum. Total yield: 2.81 g (94 %); IR: nÄ � 3306 (m),
3250 (m), 2961 (m), 1604 (vs), 1564 (vs), 1431 (m), 1325 (s), 1142 (s), 1123
(s), 1090 (s), 1051 (m), 785 (s), 708 (m), 577 cmÿ1 (m); elemental analysis
calcd (%) for C10H20N2O4Zn (297.7): C 40.35, H 6.77, N 9.41, Zn 21.97;
found C 40.48, H 6.67, N 9.23, Zn 21.92.


Method B : A solution of Zn(NO3)2 ´ 6 H2O (5.95 g, 20.0 mmol), Hval
(4.69 g, 40.0 mmol), and urea (1.20 g, 20.0 mmol) in water (60 mL) was
kept at 80 8C for 15 d (CO2 evolution!). The crystalline product was
collected on a large-pored glass filter. The filtrate was kept at 80 8C for
additional 13 d, and a second crop of crystals was isolated. The crystals
were thoroughly washed with water and dried in a vacuum. Total yield:
3.57 g (60 %). The IR spectrum was identical to that of the product
prepared by Method A. Elemental analysis calcd (%) for C10H20N2O4Zn
(297.7): C 40.35, H 6.77, N 9.41, Zn 21.97; found C 40.36, H 6.85, N 9.37, Zn
21.91.


Preparation of Zn(iva)2 ´ 2H2O (4)


Method A : ZnO (2.44 g, 30.0 mmol) was added to a solution of Hiva
(1.76 g, 15.0 mmol) in water (20 mL). The reaction mixture was heated
under reflux for 14 d and then filtered hot to remove unreacted ZnO. The
filtrate was kept at 1 8C, after its volume had been reduced by a few mL.
After 3 d, a small amount of cube-shaped crystals of 5 was removed by
filtration and discarded. The filtrate was slightly concentrated by evapo-
ration and stored at room temperature. Needle- or diamond-shaped
crystals of 4 formed, which were isolated on a glass filter and dried between
filter papers for a short time. Yield: 0.17 g (7%); IR: nÄ �� 3480 (m, br),
3267 (s), 2971 (m), 1630 (vs, sh), 1574 (vs), 1464 (s), 1416 (s), 1395 (s), 1296
(m), 1186 (s), 1080 (m), 1051 (m), 934 (m), 814 (m), 611 cmÿ1 (s); elemental
analysis calcd (%) for C10H24N2O6Zn (333.7): C 35.99, H 7.25, N 8.40, Zn
19.60; found C 35.92, H 7.58, N 8.37, Zn 19.75.


Method B : e-Zn(OH)2 (1.59 g, 16.0 mmol) was added to a solution of Hiva
(1.87 g, 16.0 mmol) in water (20 mL). The reaction mixture was heated
under reflux for 4 d and then filtered hot to remove unreacted Zn(OH)2.
The filtrate was slightly concentrated by evaporation and stored at 1 8C.
After 1 d, a small amount of elongated diamond-shaped crystals of 4 had
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formed, one of which was used for the single-crystal X-ray structure
determination.


Preparation of Zn(iva)2 ´ 3.25 H2O (5) and Zn(iva)2 (6): ZnO (2.44 g,
30.0 mmol) was added to a solution of Hiva (1.76 g, 15.0 mmol) in water
(20 mL). The reaction mixture was heated under reflux for 14 d and then
filtered hot to remove unreacted ZnO. The volume of the filtrate was then
reduced by a few mL. On standing at 1 8C, cube-shaped crystals of 5 formed
within 20 d. They were isolated and liberated from adhering mother liquor
with filter paper. These crystals, however, could not be stored because they
effloresced very rapidly. Therefore, they were transformed into the
completely dehydrated form 6 in a vacuum (oil pump) for 4 h. Yield:
0.19 g (9%); IR: nÄ � 3441 (m), 3275 (s), 2972 (m), 1620 (vs, sh), 1568 (vs),
1464 (s), 1416 (s), 1397 (s), 1294 (m), 1184 (m), 1072 (m), 1047 (m), 934 (m),
815 (m), 610 cmÿ1 (m); 13C NMR (0.20m solution): d� 8.3, 24.7, 32.4, 60.7,
182.2; elemental analysis calcd (%) for C10H20N2O4Zn (297.7): C 40.35, H
6.77, N 9.41, Zn 21.97; found C 40.62, H 7.01, N 9.27, Zn 21.82.


Preparation of Ca(iva)2 ´ xH2O (7): Ca(OH)2 (1.48 g, 20.0 mmol) was added
to a solution of Hiva (2.34 g, 20.0 mmol) in water (20 mL). The reaction
mixture was heated under reflux for 3 d and then filtered hot to remove
unreacted Ca(OH)2. The volume of the filtrate was reduced to �7 mL by
rotary evaporation. On standing at room temperature for several days, a
white crystalline precipitate of 7 formed which was collected on a glass
filter and dried in a vacuum. Yield: 1.40 g (50 % for x� 0.5). Thermal
behavior: when a sample of the precipitate was heated, a liquid (probably
water) was lost and the glassy residue turned into a brown melt at�316 8C;
IR: nÄ � 3359 (m), 3262 (m), 2965 (s), 1626 (vs, sh), 1597 (vs), 1462 (s), 1398
(s), 1292 (m), 1202 (m), 999 (m), 953 (m), 926 (s), 885 (m), 808 (s), 596 cmÿ1


(m); 13C NMR (0.10m solution): d� 8.7, 26.2, 34.1, 59.6, 185.9; elemental
analysis calcd (%) for C10H21CaN2O4.5 (281.4, x� 0.5): C 42.69, H 7.52, Ca
14.24, N 9.96; found C 43.12, H 7.65, Ca 13.80, N 10.08.


Preparation of Ca(val)2 ´ H2O (8): Ca(OH)2 (1.48 g, 20.0 mmol) was added
to a solution of Hval (2.34 g, 20.0 mmol) in water (20 mL). The reaction
mixture was heated under reflux for 6 h and then filtered hot to remove
unreacted Ca(OH)2. The volume of the filtrate was reduced by rotary
evaporation until precipitation occurred. The white crystalline solid was
collected on a glass filter, washed with a 1:1 (v/v) water/methanol mixture,
and dried in a vacuum. Yield: 0.85 g (29 %). Thermal behavior: gas
evolution slowly started at�295 8C; the resulting glassy mass slowly turned
light-brown at �302 8C; brown and colorless droplets formed in the upper
part of the capillary. IR: nÄ � 3352 (m), 3287 (m), 3202 (m, br), 2955 (s), 1624
(s, sh), 1566 (vs), 1422 (s), 1366 (s), 1011 (s), 932 (s), 839 (m), 766 (m), 648


(m), 598 cmÿ1 (m); 13C NMR (0.10m solution): d� 17.2, 19.6, 32.2, 62.4,
183.6; elemental analysis calcd (%) for C10H22CaN2O5 (290.4): C 41.36, H
7.64, Ca 13.80, N 9.65; found C 41.11, H 7.48, Ca 13.10, N 9.33.


X-ray crystallography : Crystal data and details of the data collection and
structure refinement are summarized in Table 2. Suitable single crystals of
1, 4, and 5 were obtained from syntheses identical with or very similar to
those described above. The crystals were sealed into thin-walled glass
capillaries and mounted on a Siemens/STOE AED2 diffractometer.
Graphite-monochromated MoKa radiation (l� 0.71073 �) was used.
Accurate lattice parameters and their standard deviations were determined
by a least-squares fit to the angular settings of typically 50 automatically
centered reflections. The intensity data were collected at 23� 1 8C. The w ±
2V (for 1 and 4) and the w step scan technique (for 5) were used. Three
check reflections were measured every 45 min. There was no significant
decay of the crystals. For 1 and 5 empirical absorption corrections (y scans)
were applied to the data; min. and max. transmissions were 0.2114, 0.4247
for 1 and 0.2416, 0.3247 for 5. The structures were solved by direct methods
and refined on F 2 values. The programs SHELXTL PLUS,[52] SHELXTL
PC,[53] SHELXL-93,[54] SHELXL-97,[55] and DIAMOND[56] were used.


Compound 1: The structure was successfully refined in the noncentrosym-
metric space group P4Åb2. The absolute structure parameter was ÿ0.02(3)
for the final model. Anisotropic thermal parameters were refined for all
non-hydrogen atoms. Hydrogen atoms were included on idealized posi-
tions.


Compound 4 : Zn1 and Zn3 are disordered around inversion centers.
Anisotropic displacement parameters were applied to the non-hydrogen
atoms, except O1, O7, C4, and C19 which are each disordered on two
positions. C4 and C19 are g-carbon atoms, that is they belong to methyl
groups of ethyl sidechains. Their disorders at the b-carbon atoms are
interpreted as the presence of both enantiomers at the respective ligand
site. The hydrogen atoms on the C and N atoms were assigned to calculated
positions, while the hydrogen atoms of the water molecules were localized
from difference maps and included by use of a riding model.


Compound 5 : Anisotropic thermal parameters were refined for the non-
hydrogen atoms, except C4, which shows the same type of disorder as the
carbon atoms C4 and C19 of 4 (see above). On account of special positions
or disorder of the water oxygen atoms, some of the water molecules were
left without hydrogen atoms. The others were refined with hydrogen atoms
in the riding mode; the initial positions of the hydrogen atoms were taken
from difference maps. Hydrogen atoms were added geometrically to C and
N atoms.


Crystallographic data (excluding
structure factors) for the structures
reported in this paper have been
deposited with the Cambridge Crys-
tallographic Data Centre as supple-
mentary publication nos. CCDC-
148127 (1), CCDC-148128 (4), and
CCDC-148129 (5). Copies of the
data can be obtained free of charge
on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK
(fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).


Thermolysis experiments : Com-
pounds 1, 3, or 8 (1 to 40 g) were
exactly weighed out and transferred
to a quartz-glass boat. The larger
amounts of metal amino acidates
that were required in some experi-
ments were obtained by scaling up
the synthetic procedures given
above. The quartz-glass boat was
positioned in a glass tube which had
been placed into a tube furnace. A
slow stream of nitrogen gas was
passed through the tube, initially at
room temperature to purge the
apparatus from oxygen and later
during the thermolysis. The temper-


Table 2. Crystallographic data and details of the data collection and structure refinement for compounds 1, 4,
and 5.


1 4 5


formula C20H40Cl2N4O8Zn3 C10H24N2O6Zn C60H159N12O43.5Zn6
[a]


Mr 731.6 333.7 2137.3[a]


crystal system tetragonal monoclinic cubic
space group P4Åb2 (no. 117) P21/c (no. 14) Fd3Å (no. 203)
a [�] 11.114(2) 10.991(1) 34.424(5)
b [�] ± 24.342(4) ±
c [�] 11.528(1) 12.352(2) ±
b [8] ± 112.81(1) ±
V [�3] 1424.0(4) 3046.2(8) 40793(10)
Z 2 8 16[a]


1calcd [gcmÿ3] 1.706 1.455 1.392
m(MoKa) [cmÿ1] 27.43 16.35 14.75
crystal size [mm] 0.87� 0.57� 0.08 0.42� 0.19� 0.11 0.72� 0.61� 0.34
2V range [8] 3.5 ± 53.9 3.3 ± 46.1 3.3 ± 46.0
reflections collected 1627 4443 4774
independent reflections (Rint) 1554 (0.0364) 4193 (0.0603) 2389 (0.0772)
reflections used in final refinement 1554 4193 2387
parameters 85 348 195
R1 [I> 2s(I)] 0.0366 0.0606 0.0540
wR2 (all data) 0.0866 0.1396 0.1407
goodness-of-fit (on F 2) 1.056 1.048 1.039
largest difference peak/hole [e �ÿ3] � 0.76/ÿ 0.40 � 0.44/ÿ 0.33 � 0.49/ÿ 0.23


[a] Refers to the hexamer.
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ature of the heating zone of the furnace was raised from room temperature
to 320 8C within a few minutes and kept there for the next 4 h (1, 3) and 7 h
(8), respectively. At the gas-outlet end, the tube protruded from the furnace
and was equipped with an array of hollows and a cold trap, which allowed
the preseparation of thermolysis products transported by the carrier gas.
Further separations of the condensed products were achieved by standard
HPLC, GC, and preparative column techniques. Gaseous products were
selectively identified with Dräger Tubes (Dräger Sicherheitstechnik
GmbH, Lübeck (Germany)).
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Chemical Synthesis of Lymphotactin:
A Glycosylated Chemokine with a C-Terminal Mucin-Like Domain


Lisa A. Marcaurelle,[a] Laura S. Mizoue,[b] Jill Wilken,[c] Lisa Oldham,[d]


Stephen B. H. Kent,[c] Tracy M. Handel,[b] and Carolyn R. Bertozzi*[a]


Abstract: The synthesis of a 93-residue chemokine, lymphotactin, containing eight
sites of O-linked glycosylation, was achieved using the technique of native chemical
ligation. A single GalNAc residue was incorporated at each glycosylation site using
standard Fmoc-chemistry to achieve the first total synthesis of a mucin-type
glycoprotein. Using this approach quantities of homogeneous material were obtained
for structural and functional analysis.


Keywords: chemical ligation ´ che-
mokines ´ glycoproteins ´ mucin ´
solid-phase synthesis


Introduction


Mucin-type glycosylation, in which oligosaccharides are
linked via an a-GalNAc residue to either serine or threonine
(Figure 1), is the most common type of O-linked glycosylation
found in mammals and other eukaryotes. Typically, this type
of glycosylation is associated with glycoproteins known as
ªmucinsº which contain dense clusters of O-linked glycans
and can be up to 80 % carbohydrate by weight.[1] However,
mucin-type oligosaccharides are not restricted to mucins.
They can also be found in small regions of proteins which are
otherwise not heavily glycosylated such as CD45, the low
density lipoprotein (LDL) receptor and the decay accelerat-
ing factor.[2±4] Although the precise roles of these glycosylated
regions are unclear, they have now been found in a number of
other proteins, including certain members of the chemokine
family.
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Figure 1. General structure of a mucin-type glycoprotein: R, R�� carbo-
hydrate residues.


Chemokines are a large family of �8 ± 12 kD proteins that
mediate key steps in infection and inflammation by binding to
seven-transmembrane receptors on target cells. Lymphotactin
(Lptn) is a 93-residue chemokine that acts as a chemo-
attractant for both T-cells and natural killer cells.[5] Examina-
tion of the amino acid sequence of Lptn (Figure 2) reveals
a cluster of serine and threonine residues located at the


Figure 2. Amino acid sequence of human lymphotactin. Potential sites of
O-linked glycosylation are underlined.
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C-terminus, suggestive of the presence of a mucin-like
domain. Indeed, Lptn has been shown to be O-glycosylated
in vivo, although the structural and functional significance of
this glycosylation is yet unknown.[5a]


While chemokines generally adopt highly ordered struc-
tures, NMR studies of unglycosylated Lptn suggest that the
protein is only partially folded.[6] This is most likely due to the
absence of one of the two intrachain disulfide bonds that are
conserved among all other chemokines.[5] Since glycosylation
can have a profound effect on the structure of a protein,[7] we
reasoned that the addition of O-linked glycans to the putative
mucin-like C-terminus of Lptn might lead to a more ordered
structure. Other chemokines are also known to be influenced
by glycosylation.[8, 9] In particular, fractalkine, a membrane-
bound chemokine, contains a long mucin-like stalk which
extends its receptor binding domain away from the cell
surface.[8] The presence of a membrane-tethered mucin
domain enables it to function not only as a chemoattractant,
but also as a cell adhesion molecule.[10] As a first step in evaluat-
ing the structural and functional significance of the mucin-like
domain of Lptn, we undertook the total chemical synthesis of
the full-length glycoprotein, which we report herein.


For our initial studies we chose to incorporate only a single
GalNAc residue at each of the eight potential glycosylation
sites which are clustered near the C-terminus (Figure 2). It has
been demonstrated in the context of small synthetic mucins
that clusters of a-linked GalNAc can lead to the formation of
highly stable structures similar to those induced by higher
order glycans.[7b] In order to synthesize this Lptn glycoform we
took advantage of the well-known technique of native
chemical ligation.[11] This method, which is compatible with
the presence of O-linked glycans,[12] required the synthesis of a
47-residue peptide a-thioester (1 ± 47), and a 46-residue
glycopeptide (48 ± 93) with an N-terminal cysteine. Due to
the acid lability of glycosidic linkages, O-linked glycopeptides
in general must be synthesized using Fmoc-chemistry.[13] Thus,
Fmoc-based SPPS was employed for the synthesis of the
glycopeptide fragment. Since the amino terminus of Lptn is
not predicted to be modified by glycosylation,[5a] we were able
to employ established Boc-based methods to generate the
peptide a-thioester.[14]


Results and Discussion


The synthesis of the glycopeptide fragment 1 on Wang resin is
depicted in Scheme 1. The eight GalNAc residues were
installed at Thr76, Thr79, Thr81, Ser84, Thr85, Thr87, Thr90, and
Thr92 using glycosyl amino acids 2 and 3[15] as building blocks.
Peptide couplings were performed manually with O-benzo-
triazol-1-yl-N,N',N'',N'''-tetramethyluronium (HBTU)/1-hy-
droxybenzotriazole (HOBt) for the first 20 residues of the
glycopeptide so that the reactions could be monitored by the
Kaiser test.[16] Double couplings were performed as needed.
Upon completion of glycopeptide 4 (residues 77 ± 93) the
remainder of the synthesis was carried out on an automated
peptide synthesizer using dicyclocarbodiimide (DCC)/HOBt-
mediated couplings. Cleavage of the glycopeptide from the
resin with reagent K,[17] followed by treatment with 10 %
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Scheme 1. Synthesis of glycopeptide 1. a) Manual SPPS on Fmoc-Gly-
Wang resin using Na-Fmoc-amino acids (5 equiv), coupling with HBTU/
HOBt, DIEA (5 equiv) in DMF, 1 h; b) automated SPPS using Na-Fmoc-
amino acids (10 equiv), coupling with DCC/HOBt (10 equiv) in NMP;
c) reagent K (TFA/phenol/H2O/thioanisole/ethanedithiol) 4 h; d) 10 %
N2H4 in H2O, excess DTT, 30 min.


aqueous hydrazine hydrate in the presence of dithiothreitol
(DTT),[18] afforded the deacetylated glycopeptide 1 (160 mg,
24 % overall yield).


The peptide a-thioester 5 (Scheme 2) was generated by
Boc-SPPS using established protocols. Of significance, attempts
to synthesize the thioester fragment by Fmoc-SPPS[12] were
problematic, perhaps due to the presence of the C-terminal
valine residue. Treatment of the activated ªsafety-catchº resin
with various thiol nucleophiles did not lead to the desired
product. Likewise, attempts to generate the target thioester
fragment using recombinant methods[19] were also unsuccess-
ful. Thus, traditional Boc-based methods for generating peptide
a-thioesters proved to be superior for the synthesis of 5.


Ligation of glycopeptide 1 and peptide a-thioester 5 was
carried out under standard conditions (Scheme 2).[20] Briefly,
the peptide a-thioester 5 (42 mg, 7.8 mmol) and glycopeptide 1
(53 mg, 7.9 mmol) were reacted at pH 7.0 in aqueous buffer
containing 6m guanidinium hydrochloride (GuHCl) and
0.5 % thiophenol. Due to the presence of a bulky valine
residue at the ligation site the reaction proceeded slowly,[21]


requiring 60 h to approach completion. Nevertheless, the
ligated product 6 was isolated in 38 % yield (35 mg, 2.9 mmol)
after purification by RP-HPLC. The identity of the reduced
glycoprotein 6 was confirmed by ESI-MS (calculated 11897.3,
found 11898.7� 0.5).


Disulfide formation was achieved by stirring the purified
glycoprotein 6 overnight at pH 8 in 2m GuHCl in the presence
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of 8 mm cysteine and 1 mm cystine. Purification by semi-
preparative RP-HPLC gave the oxidized glycoprotein 7
(17 mg, 1.5 mmol, 49 % yield based on the reduced glycopro-
tein). The purity of the glycoprotein was confirmed by ESI-
MS and analytical RP-HPLC (Figure 3).


In order to investigate the functional consequences of
glycosylation of human Lptn, an unglycosylated variant was


also synthesized.[22] Both variants were evaluated for their
ability to bind the Lptn receptor XCR1 expressed on human
embryonic kidney cells (HEK 293), and trigger a signal
transduction cascade that produces an increase in intracellular
calcium levels.[23] Glycosylated and unglycosylated Lptn were
found to be equally active, inducing a Ca2� flux response at a
concentration of 1 mm in each case (Figure 4). By comparison,
a truncated variant of Lptn (1 ± 72)[5b] showed no activity at
the same concentration. Since the C-terminus of Lptn is
required for its activity, it is intriguing that the addition of
eight O-linked glycans to this region of the protein has no
adverse effects. By contrast, the activity of another chemo-


kine, MCP-1, is significantly reduced when the protein is O-
glycosylated.[9]


Having confirmed the bioactivity of the synthetic glycosy-
lated Lptn, we investigated its solution structure by NMR in
order to assess the effects of the clustered O-linked glycans.
One-dimensional proton spectra were acquired at various


temperatures as shown in Fig-
ure 5. The most upfield amide
and downfield methyl resonan-
ces (indicated with arrows)
were exchange-broadened at
higher temperature, consistent
with a partially folded, dynamic
state of the protein. As the
temperature was lowered, these
resonances sharpened consider-
ably, indicating that the protein
was becoming more ordered.
However, similar results were
obtained with the unglycosylat-
ed form of the protein;[6] this
suggests that glycosylation does
not significantly affect the
structure.


Conclusion


A structural and functional role for glycosylation may not
have been revealed in our studies for two reasons. First, the
native O-linked glycans are undoubtedly more complex and
may impart structural restraints on the protein that a single
GalNAc residue cannot achieve. The Ca2� flux assay probes
one dimension of bioactivity, but other glycosylation-depend-
ent functions may be possible. For example, similar to the
adhesive properties of other mucin-like molecules,[1] the
mucin domain of Lptn may promote its accumulation and


Figure 4. Calcium mobilization assay using human embryonic kidney cells
(HEK 293) transfected with the human Lptn receptor XCR1. Arrows
indicate points at which glycosylated, unglycosylated and truncated Lptn
(1 ± 72) were injected at a concentration of 1 mm. Both glycosylated and
unglycosylated Lptn (1 ± 93) induced a Ca2� flux response while truncated
Lptn was inactive.


Figure 3. Electrospray mass spectrum and RP-HPLC trace of purified, oxidized glycosylated Lptn (7). RP-HPLC
elution was performed using a gradient of 10 ± 60% CH3CN in H2O (0.1 % TFA) over 50 min.
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retention on cell surfaces, a phenomenon thought to be
important for the chemotactic function of many chemo-
kines.[24] The synthetic glycosylated Lptn described here and
more elaborated variants will provide chemically-defined
reagents for exploring this hypothesis.


Experimental Section


Synthesis of glycopeptide 1: Glycopeptide 1 was synthesized on Fmoc-Gly-
Wang resin (Novabiochem) on a 0.1 mmol scale. Automated peptide
synthesis was carried out on an ABI 431A synthesizer. Peptide cleavage/
deprotection was accomplished by treatment with reagent K at rt for 4 h.
The crude glycopeptide was precipitated with tert-butyl methyl ether and
purified by preparative RP-HPLC with a gradient of 10 ± 60 % CH3CN in
H2O (0.1 % TFA) over 50 min. After lyophilization the acetylated
glycopeptide was treated with 10 % aqueous N2H4 in the presence of
DTT for 30 min at rt and directly purified by preparative RP-HPLC (same
conditions as above) and lyophilized. The identity of glycopeptide 1 was
confirmed by ESI-MS (calculated 6706.2, found 6706.5).


Calcium mobilization assay : The biological activities of the glycosylated,
unglycosylated, and truncated forms of human Lptn were tested in calcium
mobilization assays. Briefly, human embryonic kidney cells (HEK 293)
transfected with human XCR1 were loaded for 60 min at 37 8C with 3 mm
indol-1AM (Molecular Probes, Eugene, OR). Cells were washed and
resuspended in Hank�s balanced salt solution (HBSS) with 1 % fetal calf
serum (Gibco/BRL, Grand Island, NY) to a final concentration of 106 cells
per mL. Calcium mobilization was measured using a Photon Technology
International spectrophotometer with excitation at 350 nm and dual
simultaneous recording of fluorescence emission at 400 nm and 490 nm.
Relative intracellular calcium levels are expressed as the 400 nm/490 nm
emission ratio. Experiments were performed at 37 8C with constant mixing
in a cuvette containing 106 cells in 2 mL HBSS with 20mm HEPES, pH 7.3,
and 1.6mm CaCl2.


Structural analysis of synthetic Lptn : One-dimensional proton spectra were
obtained by dissolving the lyophilized protein in 90% H2O, 10 % D2O,
0.05 % NaN3 and adjusting the pH to 5.0. Spectra were recorded with
presaturation on a 600 MHz Bruker DMX spectrometer at various
temperatures.
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Figure 5. 1H NMR spectra of glycosylated Lptn at various temperatures.
Arrows indicate peaks that sharpen considerably as the temperature is
lowered. Unglycosylated Lptn showed similar spectra at the indicated
temperatures (Supporting Information).





