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Introduction


The transition metal catalyzed activation of C�H and C�C
bonds has recently attracted increasing attention in organo-
metallic chemistry. For the last two decades, its utility in
organic synthesis has been exemplified by valuable applica-
tions, for which the beneficial
features in the aspect of atom
economy and chemoselectivity
were highlighted.[1]


Among various strategies to
activate the C�H and C�C
bonds by transition metal cata-
lysts, a chelation-assistance
strategy[2] utilizing cyclometa-
lation[3] is considered to be one
of the most promising ways.
This strategy requires the exis-
tence of a coordination site to facilitate the access of a
transition metal to the bond to be cleaved for the formation of
a stable metallacycle. Thus, the application of this strategy is
limited to the substrates bearing a coordination site.[1, 4]


To apply the chelation-assistance strategy to the C�H and
C�C bond activation of molecules with no coordination site, it
is necessary to utilize a chelation auxiliary to induce cyclo-
metalation. Herein we describe the RhI-catalyzed C�H and
C�C bond activation of unstrained carbonyl compounds
utilizing 2-amino-3-picoline as a chelation auxiliary. The
reaction of allylamines derived from 2-amino-3-picoline will
be elaborated; this is complementary to the protocol with a
chelate auxiliary.


Chelation-Assisted C�H and C�C Bond Activation
by Utilizing 2-Amino-3-picoline


General aspects of hydroacylation : Intermolecular hydro-
acylation of olefins with aldehydes is one of representative
examples for the synthetic application of a transition metal
catalyzed C�H bond activation (path a in Scheme 1).[5±7]


A key intermediate in hydroacylation is acylmetal hydride 1
generated from the oxidative addition of a transition metal
into C�H bond in aldehyde. This intermediate 1 can undergo


the hydrometalation of the olefin followed by reductive
elimination to give a ketone. Nevertheless, the hydroacylation
is interrupted by decarbonylation (path b in Scheme 1), which
is driven by the stability of a metal carbonyl complex.[8] Thus,
the stabilization of the acylmetal hydride intermediate is
essential to evade decarbonylation. For such purposes,
catalyst systems under the high pressure of carbon monox-
ide,[5a,b] and ethylene[5c±e] have been devised to stabilize
acylmetal hydride.[6] However, these systems lack in general-
ity and efficiency due to the harshness of the reaction
conditions and a limitation of olefins that can be used.[7]
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Scheme 1. Hydroacylation of olefin with aldehydes by transition metal complexes.







CONCEPTS C.-H. Jun et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2424 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 112424


Meanwhile, an epoch-making strategy to utilize cyclo-
metalation was demonstrated by model compounds such as
8-quinolinecarboxaldehyde[9] and 2-(diphenylphosphino)-
benzaldehyde (Scheme 2).[10] This strategy is based on the
fact that five-membered metalacycles (2 and 3) are so stable
as to prevent decarbonylation.[11]
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Scheme 2. Cyclometalation models: a) 8-quinolinecarboxaldehyde; b) 2-
(diphenylphosphino)benzaldehyde.


Another cyclometalation model, al-
dimine 4a, which has no carbonyl
group, was designed to make decarbon-
ylation impossible (Scheme 3).[12] The
rhodium-catalyzed hydroiminoacyla-
tion of an olefin with aldimine 4a
produced ketimine 6, which could be
further acid-hydrolyzed to give ketone
7. This reaction included the formation
of a stable iminoacylrhodium(���) hy-
dride 5a ; this was facilitated by the
coordination of the pyridine moiety in
4a to the rhodium complex 8. There-
fore, this hydroiminoacylation turned
out to be a good alternative to the hydroacylation.[13]
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Scheme 3. RhI-catalyzed hydroiminoacylation of olefins.


Hydroacylation utilizing a chelation auxiliary : From the
cyclometalation model aldimine 4a, we could envisage the
introduction of 2-amino-3-picoline (9) as a chelation auxiliary
in order to directly employ an aldehyde as a substrate for
hydroacylation. This protocol was based on the in situ
generation of the aldimine from an aldehyde and 2-amino-3-
picoline. For example, when the reaction of benzaldehyde and
olefins was carried out in the presence of [Rh(PPh3)3Cl] (8,


Wilkinson×s complex) and 9, the corresponding ketones 7
were obtained in fairly good yields [Eq. (1)].[14]
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The mechanism of the reaction is depicted in Scheme 4.
Initially, benzaldehyde condenses with 9 to form the aldimine
4a, which then undergoes hydroiminoacylation to afford
ketimine 6 via the formation of acylrhodium(���) hydride 5a,
followed by hydrometalation of olefin to form 11 and
reductive elimination. Since the ketimine is more susceptible
toward hydrolysis compared with the aldimine, it is readily
hydrolyzed to ketone 7 by water generated during the
condensation step, thus regenerating 9. Therefore, amine 9
is used as a catalyst to assist chelation with the rhodium
complex. In fact, in the absence of 9, no hydroacylation took
place and aldehydes underwent the rapid decarbonylation.


The transimination strategy[15] as well as the addition of
carboxylic acid turned out to be effective to accelerate the
condensation step between an aldehyde and 9 ; this is
supposed to be the rate-determining step.[16] Thus, a very
efficient catalyst system, which consists of 8, 9, benzoic acid
(12), and aniline (13), was developed. Under this catalyst
system, the reactivity was dramatically enhanced compared
with those carried out in the absence of 12 and/or 13 as shown
in Figure 1.[16a]


Figure 1. The plot of the GC yield of heptanopheone versus time for the
reaction of benzaldehyde and 1-hexene in the presence of 8 (2 mol%) and 9
(20 mol%). The profile for the reaction performed without any additive
(�), in the presence of 12 (6 mol%, �), and in the presence of both 12
(6 mol%) and 13 (60 mol%, �) are shown.
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The mechanism of this reaction is illustrated in Scheme 5.
Initially, an aldehyde condenses with more reactive aniline to
form aldimine 14a, and the subsequent transimination with 9
generates 4a,[17] which participates in hydroiminoacylation of
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Scheme 5. The mechanism of direct hydroacylation of olefins by transimi-
nation.


an olefin. Highly enhanced reactivity of this catalyst system
implies that the condensation of an aldehyde with 13 followed
by transimination of 14a into
aldimine 4a is more facile than
the direct condensation of an
aldehyde and 9.


Chelation-assisted hydroacylation with primary alcohols and
primary amines : A primary alcohol can be utilized as an
aldehyde precursor, since it can be oxidized by hydrogen
transfer.[18] For example, the reaction of benzyl alcohol with
excess olefin afforded the corresponding ketone in good yield
in the presence of a Rh complex and 2-amino-4-picoline
[Eq. (2)].[19, 20]


Ph OH
Pr


Ph Pr


O


+


 [RhCl3.xH2O]/ PPh3 (3.3 mol %)


2-amino-4-picoline (100 mol% )


130 oC, 12 h
86 %


(2)


In this reaction, olefins were required to simultaneously
function as not only a substrate for hydroacylation, but also a
hydrogen acceptor for a transfer hydrogenation (Scheme 6).


Similarly, primary amines, which could be transformed into
imine such as 16 by dehydrogenation,[21] were also employed
as a substrate instead of aldehyde (Scheme 6).[22] The unstable
imine 16 undergoes transimination with another amine to
form more stable aldimine 14b with the liberation of NH3.


Similarly to the reaction of 14a as shown in Scheme 5,
aldimine 14b was treated with olefin to afford corresponding
ketone through 4a.


Chelation-assisted C�C bond activation of unstrained ke-
tones : Ketones have been often used as substrates for C�C
bond activation, because the C�C bond adjacent to the
carbonyl group is weaker than other C�C bonds.[23] Never-
theless, examples of C�C bond activation of unstrained
ketones are quite rare.[24] Therefore, we envisaged the
application of the chelation-assistance strategy in our hydro-
acylation to the C�C bond activation of unstrained ketones,
since all the steps from aldimine through ketimines were
believed to be reversible. It was realized in the reaction of
benzylacetone with olefin under the catalyst system of
Wilkinson×s complex (8) and 2-amino-3-picoline (9), which
resulted in the replacement of an alkyl group of an unstrained
ketone [Eq. (3)].[25]


As illustrated in Scheme 7, initially ketimine 17a is formed
from benzylacetone and 9. Subsequent C�C bond activation


followed by �-hydrogen elimination affords iminoacyl-
rhodium(���) hydride 5b, which is the net reverse reaction of
hydroiminoacylation. The hydrometalation of 5b with an
olefin followed by reductive elimination produces ketimine
17b and the alkyl-exchanged ketone as a final product.
According to the proposed mechanism, there are two require-
ments for this catalytic cycle to be successfully executed
(Scheme 7). First, the ketone substrate should possess a �-
hydrogen, because �-hydrogen elimination of complex 18a
affords 5b via 19a. The second requirement for completion of
this process is to add an excess of external olefin (10 equiv) to
drive the forward reaction from complex 5b to 19b. In
addition, we noticed only the trace amount of styrene
remained; this might be attributed to the facile polymer-
ization of styrene at high temperature.[26] Thus, such polymer-
ization also forces this catalytic process to go forward to the
production of the alkyl-exchanged ketone.


The C�C bond activation of unstrained cycloalkanones,
such as cycloheptanone (20a), was also performed in the
absence of external olefin to afford ring-contracted products,


2-methylcyclohexanone (20b)
and 2-ethylcyclopentanone
(20c) through skeletal rear-
rangement [Eq. (4)].[27]


The intermediate imino-
acylrhodium(���) hydride 23a,
derived from C�C bond acti-
vation of ketimine 21a, affords
an iminoacylrhodium(���) met-
alacyclic complex 22b by Mar-
kovnikov hydrometalation.
Ketimine 21b is yielded
through reductive elimination,
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and then hydrolyzed to give ketone 20b. Similarly, further
skeletal rearrangement of 22b through �-hydrogen elimina-
tion followed by hydrometalation and reductive elimination
affords cyclopentanone 20c (Scheme 8).
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Scheme 8. The C�C bond activation of cycloalkanone.


When ketimine 21a instead of 20a was subjected to this
skeletal rearrangement in the presence of [{Rh(C8H14)2Cl}2]
and PCy3, the ring-contracted products 20b and 20c were
obtained in a high yield of 82% after hydrolysis [Eq. (5)].


The C�H and C�C Bond
Activation by Utilizing
Allylamine Derivatives


The introduction of allylamines
as a synthon of formaldehyde :
The synthesis of dialkyl ketones
cannot be realized through the
hydroacylation of aliphatic al-
dehydes; this might be attrib-
uted to the occurance of possi-
ble side reactions, such as aldol
condensation. To overcome
such problems, we derived allyl-
amine 24 from 2-amino-3-pico-
line, which could be readily
isomerized by a metal complex
to generate aldimine 4b
(Scheme 9).[28]


Then, aldimine 4b could un-
dergo the hydroiminoacylation of olefins by C�H bond
activation to give ketimine 25, which could be hydrolyzed to
afford an unsymmetric ketone 26. In addition, ketimine 25
bearing a hydrogen � to the imine might be subject to the C�C
bond activation to yield a symmetric ketone 28 after acidic
hydrolysis. Consequently, allylamine 24 is expected to func-
tion as a synthon of formaldehyde for the synthesis of
aliphatic ketones.


When the reaction of allylamine 24 with 3,3-dimethylbu-
tene was carried out in the presence of [{Rh(C8H14)2Cl}2] and
PCy3, a mixture of ketones 26a and 28a was obtained. In
contrast, the use of [Ru3(CO)12] instead of the RhI complex in
the above reaction led to only the monoalkylated ketone 26a
(Scheme 10). Therefore, these results demonstrated that the
RhI complex is active enough for both C�H and C�C bond
activation, whereas the Ru0 complex acts only for C�H bond
activation.


Hydroiminoacylation of alkynes with allylamine 24 and its
application to the cleavage of C�C triple bonds : Since the
hydroacylation of alkynes has not been studied very
well,[11c, 29] we investigated the utilization of allylamine 24
for the hydroiminoacylation of alkynes.[30] Under the catalyst
system consisting of 8, 12, and cyclohexylamine, the reaction
of cinnamylamine 24 with 2-butyne (29) yielded 1-phenyl-
pentan-3-one (32) after hydrolysis [Eq. (6)].


This transformation begins with the hydroiminoacylation of
29 with 24 to generate �,�-unsaturated ketimine 33
(Scheme 11). Actually, when the reaction was carried out in
the absence of cyclohexylamine, �,�-unsaturated ketone 34
was obtained after hydrolysis. The conjugate addition of
cyclohexylamine into 33 can take place to form �-amino-
ketimine 35. Then, retro-Mannich type fragmentation of 35
leads to enamine 36 along with aldimine 31.[31] Enamine 36 can
be isomerized to give ketimine 37, which is then transiminated
by cyclohexylamine to produce ketimine 30 with liberation of
9. The final product, ketone 32, can be obtained by acidic
hydrolysis of 30. Therefore, this one-pot reaction includes 1)
hydroiminoacylation of alkynes with allylamine 24 by the RhI
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catalyst, 2) the conjugate addi-
tion of cyclohexylamine into
the resulting �,�-unsaturated
ketimine, and 3) the retro-Man-
nich type fragmentation of �-
aminoketimine.


Conclusion


The RhI-catalyzed hydroacyla-
tion of unstrained aldehydes
has been established by the
C�H bond activation utilizing
cyclometalation, for which the
key aldimine 4a is generated in
situ by introducing 2-amino-3-
picoline as a chelation auxiliary.
The formation of aldimine 4a is
immensely accelerated by the
transimination strategy. In ad-
dition, primary alcohols and
amines instead of aldehydes
can be used as substrates for
this hydroacylation, by carry-
ing out dehydrogenation in the
presence of an Rh catalyst. The
same protocol has been suc-
cessfully applied to the C�C
bond activation of unstrained
ketones, which gives rise to a
net replacement of an alkyl
group in ketones. In the case
of an unstrained cycloalkanone,
a skeletal rearrangement takes
place in the absence of olefins.


Allylamine 24, derived from
2-amino-3-picoline, was desired
to act as a synthon of form-
aldehyde. The olefin isomeriza-
tion of 24 followed by a con-
secutive C�H and C�C bond
activation afforded a symmetric
ketone. The hydroiminoacyla-
tion of alkynes with allylamine
24 generates �,�-unsaturated
ketimines, which can then be
subjected to the conjugate ad-
dition of cyclohexylamine fol-
lowed by the retro-Mannich
type fragmentation to result in
the cleavage of the C�C triple
bond of alkynes.


Consequently, the Rh-cata-
lyzed activation of the C�H
and C�C bonds adjacent to
carbonyl functionality is facili-
tated by utilizing a chelation
auxiliary, such as 2-amino-3-
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picoline, in which the formation of a stable metallacycle
intermediate is driven by the directing group, that is, the
nitrogen atom of the pyridine ring. Therefore, this reaction
might give access to the activation on an unreactive bond of
unactivated substrates, provided that a metal complex can be
directed to the bond to be cleaved by an appropriate chelation
auxiliary.
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The Separation of Racemic Crystals into Enantiomers
by Chiral Block Copolymers


Yitzhak Mastai,*[a] Milosœ Sedla¬k,[b] Helmut Cˆlfen,[a] and Markus Antonietti[a]


Abstract: A series of chiral double
hydrophilic block copolymers (DHBCs)
was synthesized and employed as addi-
tives in the crystallization of calcium
tartrate tetrahydrate (CaT). We found
that appropriate polymers can slow
down the formation of the thermody-
namically most stable racemic crystals as
well as the formation of one of the pure
enantiomeric crystals so that chiral sep-


aration by crystallization occurs even
when racemic crystals can be formed. In
addition, the presence of DHBCs results
in major modifications of crystal mor-
phology, creating unusual morphologies


of higher complexity. Our study demon-
strates the potential application of chiral
DHBCs in the control of chirality
throughout crystallization, in particular
for racemic crystal systems, and also
shows that enantiomeric excess of one
enantiomer can be maximized by the
kinetic control of crystallization.


Keywords: calcium ¥ chiral resolu-
tion ¥ crystal growth ¥ hydrophilic
block copolymers ¥ polymers


Introduction


The discovery of the importance of stereochemistry in
biochemical environments dates back to 1860 when Pasteur
reported the different rates of destruction of dextro and levo
ammonium tartrate by the mold Penicillium glaucum.[1] Since
then resolution of racemic compounds has been of funda-
mental importance both for pure science and for applications.
Among those, the resolution of racemic drugs is extremely
important in view of the fact that optical isomers of drugs can
exhibit different pharmacological profiles in living systems.[2]


The significance of optically pure drugs is reflected in the new
FDA[3] and European community[4] regulations for the
approval of new chiral drugs, which demand pharmacological
and toxicological tests of all drug enantiomers.


Resolution of isomers can be achieved by various processes
based on physical, chemical, and biological techniques.
Among them, chemical methods have a long history. For
instance preferential crystallization and diastereomeric salt
formation[5] have been in use for more than 100 years. In
recent decades there has been a remarkable advance in the
separation of enantiomers. New chromatographic techni-
ques[6] based on the strategy of linking chiral compounds to


a solid substrate and using the resultant material to selectively
bind one enantiomer were developed. Not only chiral organic
compounds, but also biologically derived materials such as
enzymes, amino acids, sugars, and antibodies can be coupled
to a solid substrate and used as the stationary phase in chiral
chromatography. Although these techniques show high chiral
discrimination, none of them is yet applicable for the
resolution of enantiomers on a large scale; therefore large-
scale separation technology is still based on the classical
crystallization methods.


In recent years, new approaches to the optical resolution
and purification of organic enantiomers based on chiral
recognition have been employed. For instance Lahav and co-
workers[7±11] developed a new general methodology, termed
™tailor-made additives∫, for the kinetic resolution of con-
glomerates (mixtures of independent crystals of both enan-
tiomers) and racemic mixtures that is in principle suitable for
large-scale applications. This separation method is based on
the addition of enantiospecific chiral inhibitors that prevent
or delay the growth of one of the enantiomorphs. For example
in the crystallization of (R,S)-threonine a resolving additive
with stereochemical similarity to the (R)-threonine is em-
ployed (e.g., (R)-glutamic acid), and a chiral discrimination of
94.8% of (S)-threonine is achieved. This process underlies the
so-called ™rule of reversal∫,[8] where an R additive is absorbed
selectively on the growing R enantiomorph crystal or crystal
nucleus and as a result delays the growth of the R crystal;
consequently the enantiomorph of the opposite chirality
precipitates in excess. It should be pointed out that the ™tailor-
made additives∫ method is applicable for the resolution of
conglomerates and racemic systems, for instance the resolu-
tion of racemic histidine.[9] The resolution process is ration-
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alized in terms of molecular recognition, specifically the
stereoselective adsorption of the additive at the surface of
crystals. In further studies, Zbaida and Lahav et al.[12, 13]


extended this work to soluble chiral polymers.
Although the low molecular weight additives lead to high


chiral discrimination, they are still limited with respect to the
molecules to be separated. Most of those methods are only
applicable if the racemic compound crystallizes as a conglom-
erate, that is, both enantiomers form independent crystals, and
a mixture of those crystals is obtained. This is, however, a rare
case: as a matter of fact there are only 240 compounds known
to crystallize as conglomerates.[5] All other chiral compounds
crystallize as racemic crystals as the thermodynamically most
stable modification, where both enantiomers are found in
equal proportions in each unit cell. Here, the classical point of
view holds that chiral separation by crystallization processes
cannot be employed at all.


In a series of papers it was recently demonstrated that
double hydrophilic block copolymers (DHBCs) with appro-
priate chemical functionality could selectively interact with
specific crystal surfaces and influence the morphology,
crystalline structure and defined superstructure formation of
inorganic crystals such as calcium carbonate,[14] hydroxyapa-
tite,[15] and barium sulfate.[16] Those block copolymers were
also used in the synthesis of stable noble metal and semi-
conductor nanocolloids.[17, 18] DHBCs consist of one block
with a functionality pattern designed to interact with the
crystal surface, and another hydrophilic block that, in
contrast, does not interact and only provides dissolution in
the solvent water.


In this paper DHBCs are employed for the resolution of
racemic solutions by crystallization. For this purpose, optically
active groups that are assumed to selectively interact and
stabilize one crystal enantiomer are attached as a side group
to a polymer backbone with a distinct number and pattern of
functionalities. The overall approach is in line with the general
concept of molecular recognition at crystal interfaces, yet we
expect additional advantages from the use of DHBCs. In
general, DHBCs as ™molecular tools∫ not only affect crystal
surfaces by the action of the functional block, but also offer
stabilization during crystal nucleation and growth and do not
precipitate or agglomerate the bound crystals.[19] From a
technical point of view, block copolymers as high molecular
weight species can easily be separated from the crystallizing
substrate, thus allowing recovery of both the polymer and the
enantiomers.


The chiral block copolymers are synthesized on the base of
a poly(ethylene glycol)-block-branched poly(ethyleneimine)
(PEO-b-PEI) copolymer where a variety of optically active
functional groups are bound to the PEI. The potential of these
block copolymers to control crystal chirality is illustrated in
the crystallization of one racemic and one conglomerate
model crystal system, namely the classical examples of the two
Pasteur tartrate salts. It will be shown that the chiral block
copolymers can even be employed for the resolution of the
racemic crystals (though still with low chiral purity). Beside
chiral discrimination, major morphology changes with unique
crystal shapes are obtained during crystallization with the
chiral block copolymers.


Results and Discussion


A set of optically active DHBCs was synthesized based on one
polymer backbone of PEG-b-PEI blocks (PEG� poly(ethy-
lene glycol), M� 5000 gmol�1, PEI� branched poly(ethyle-
neimine), M� 700 gmol�1). Table 1 presents the different
optically active groups of the block copolymers that were
employed in this study, all of them quite common natural
components such as (S)-ascorbate (vitamin C), (S)-proline, or
(R)-gluconate. In general all polymers contained 2 ± 3 opti-
cally active side groups in the PEI polymer chain, as is
evidenced by 1H NMR and light rotation.


In order to demonstrate chiral discrimination by the block
copolymers in the crystallization process we chose–following
the very first experiments of Pasteur–sodium ammonium
tartrate (NaNH4T) as a model for conglomerate crystalliza-
tion and calcium tartrate tetrahydrate (CaT) as a character-
istic case of crystallization into a stable racemate crystal. The
crystal structure of racemic CaT is not reported in the
literature (although Addadi et al.[20] have studied and solved
it), but the crystal structure of enantiomeric (R,R)- or (S,S)-
CaT is well documented.[21±23]


Table 1. Chiral copolymers used in the crystallization of racemic CaT and
conglomerate NaNH4T. N� number of optically active units.[a]
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[a] PEG: polyethyleneglycol MW� 5000 gmol�1 ; PEI: polyethyleneimine
MW� 700 gmol�1.
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In Figure 1 the typical morphologies, as seen by scanning
electron microscopy (SEM), of the ™default∫ crystals (that is
those without polymeric additives) are shown. The enantio-
meric CaT (R,R or S,S) crystallizes as prismatic crystals (space
group P212121, orthorhombic unit cell), delimited by two
different faces, {011} and {101} (Figure 1a). The racemate CaT
crystallizes in needles with a typical length of �40 �m
(Figure 1b) and finally the NaNH4T conglomerate crystallizes
in an orthorhombic structure.[24]


Figure 1. Scanning electron microscopy images of: a) enantiomeric (R,R)-
calcium tartrate tetrahydrate (CaT); b) racemic CaT; c) conglomerate of
sodium ammonium tartrate (NaNH4T).


The presence of block copolymers as additives in the
crystallization of CaT and NaNH4T results in various effects
on the crystallization kinetics, crystal morphology, and chiral
discrimination, which will be discussed separately. On the
basis of the effects, we will differentiate between a low
concentration region of 1 ± 10 mg polymermL�1 and a semi-
dilute region with typical polymer concentrations of 10 ±
30 mg polymermL�1.


Effects on crystallization kinetics : The crystallization of the
NaNH4T conglomerate is relatively slow: half of the material
has crystallized after 8 ± 12 days. For each of the CaT
enantiomers full crystallization is completed in two days,
whereas crystallization of the racemate CaT is relatively rapid
and is accomplished within a few minutes (ca. 5 min). This
underlines the key problem of obtaining enantioselectivity by
chiral crystallization of potential racemate crystals: one either
has to slow down the formation of racemic crystals or to
stimulate the formation of the pure enantiomers, and the
change of kinetics has to be by more than two orders of
magnitude.


In order to investigate the influence of our copolymers on
the crystallization kinetics of racemate CaT, we used a
calcium-ion-selective electrode, as reported in the literature
for aqueous solutions and wines.[25] The calcium-ion-selective
electrode measuring system has been shown to be indepen-
dent of any pH effect above pH 3, and the signal output
voltage is converted to calcium concentration by means of a
calibration curve recorded with calcium standards. The results
of the kinetic measurements in the pH region of �6.0 are
shown in Figure 2.


In the presence of block copolymers the crystallization
kinetics of racemate CaT is generally inhibited. For example,
in a solution of 7 mgmL�1 PEG-b-PEI ± (S)-proline, crystal-
lization with �80% crystal yield, as calculated from the drop
in free Ca concentration, is observed after about 6 min, while
without copolymers the same crystal yield is obtained in
3 min. In general, the inhibitory effect of the copolymers on
the crystallization kinetics is increased as the concentration of
copolymers is increased; see, for example, Figure 2D for the


Figure 2. The kinetics of crystallization of racemic CaT in the presence of
chiral copolymers. Experiments were carried out at 25 �C, pH � 6.0,
[Ca2�]� [sodium hydrogentartrate]� 0.025�. A) Pure CaT without co-
polymer additives. B) CaT with 5 mgmL�1 PEG-b-PEI ± (R)-gluconate.
C) CaTwith 7 mgmL�1 PEG-b-PEI ± (S)-proline. D) CaTwith 25 mgmL�1


PEG-b-PEI ± (S)-ascorbate.


case of 25 mgmL�1 PEG-b-PEI ± (S)-ascorbate. The strongest
inhibitor in this series, the PEG-b-PEI ± quinine copolymer at
high copolymer concentration (17 mgmL�1 and higher)
retards crystallization to an overall time of 2 ± 3 days, which
is already of the right order to be considered for chiral
crystallization.
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For the evaluation of the kinetic effect of block copolymers
on crystallization, it is meaningful to divide the kinetic data
into two different regions. The first one is the crystallization
induction time, which is characterized by only a small
decrease in calcium concentration (d[Ca2�]/dt �1�
10�3 mol s�1); the second region is one of crystal growth,
characterized by a rapid decrease in Ca concentration. It is
seen that an appropriate block copolymer strongly influences
the crystallization induction period, in other words, suppress-
es nucleation, but influences crystal growth less distinctly. For
example, the induction period of pure CaT is extremely short
(10 ± 15 s) whereas the induction period in solution of
25 mgmL�1 PEG-b-PEI ± (S)-ascorbate is �80 s.


It has to be pointed out that the optically active copolymers
employed show practically no effect on the crystallization
kinetics of each of the CaT enantiomers. The strong retarda-
tion of the racemate is in good agreement with a previous
report[26] that addition of polygalacturonic acid to a model
wine inhibits spontaneous precipitation of calcium tartrate. In
addition, the chiral copolymers were added to standard Ca2�


solutions (100m� CaCl2) in order to test the potential binding
of free Ca2� ions. From the decrease in the calcium-selective-
electrode potential, it was calculated that�7% of the calcium
was bound by the copolymers. Therefore, the effect of ion
binding to the polymers can practically be neglected. The
influence on the crystallization kinetics of the NaNH4T
conglomerate was not examined due to the extremely slow
overall kinetics (ca. 10 ± 12 days), which limits the use of the
calcium-selective electrode.


Effects on crystal morphology : The influence of different
copolymers on the morphology of racemic CaT and NaNH4T
conglomerate crystals is shown in Figure 3. In the case of
NaNH4T conglomerate crystals, all chiral copolymers have a
similar influence on the crystal morphology, as is shown in
Figure 3a. Generally addition of copolymer reduces the
crystal size. For example, the average crystal size of NaNH4T
precipitated from a solution of 4 mgmL�1 PEG-b-PEI ± (S)-
ascorbate is�20 �m, compared with�35 �m for the polymer-
free default case. Yet the overall crystal morphology is not
affected and the crystals preserve their typical shape. This
suggests a nonselective influence of the chiral polymers on the
conglomerate.


On the other hand, various modifications of the crystal
morphology were found for the racemic CaT. Figure 3b, c
depicts typical morphology modifications for low copolymer
concentrations. In this concentration range, the dominant
crystal morphology is rhombohedral, as compared to the
typical needle-like morphology of the ordinary CaT (see
Figure 1b). The degree of this transformation can be charac-
terized by the crystal aspect ratio (a/b), which shifts from �40
for the ordinary CaT to �7 for PEG-b-PEI ± (R)-gluconate-
modified crystals. At semidilute copolymer concentrations,
unusual crystal morphologies with higher complexity are
obtained (Figure 3d, e). For example, ™star∫-like CaT crystals
precipitated from the copolymer solution of 19 mgmL�1


PEG-b-PEI ± (S)-ascorbate, whereas ™flower∫-like structures
were found in 15 mgmL�1 PEG-b-PEI ± (S)-proline. The
unusual crystal shapes are not due to drying or aggregation


Figure 3. Crystal morphology of: a) conglomerate NaNH4T formed in the
presence of 4 mgmL�1 PEG-b-PEI ± (S)-ascorbate; b) racemic CaT formed
in the presence of 7 mgmL�1 PEG-b-PEI ± (R)-gluconate; c) racemic CaT
formed in the presence of 10 mgmL�1 PEG-b-PEI ± (S)-histidine; d) rac-
emic CaT formed in the presence of 19 mgmL�1 PEG-b-PEI ± (S)-
ascorbate; e) racemic CaT formed in the presence of 15 mgmL�1 PEG-b-
PEI ± (S)-proline.


effects, since they are also observed with light microscopy.
Furthermore, high-resolution SEM of the crystals (Figure 3d
inset) shows the deeply rooted growth of the crystals.


In a control experiment, both CaT and NaNH4T were
precipitated in a solution of the parent PEG-b-PEI copolymer
without chiral functionalities, and only a slight decrease in the
crystal size (typically 10%) without any morphology mod-
ification was noticed. Hence, the chiral copolymers have a
strong effect on the crystal morphology of the CaT racemic
crystals, while for the NaNH4T conglomerate crystals only the
size is decreased. To shed light onto the role of the polymers
on the crystal morphology, which is usually explained by
specific interactions of the polymers with crystal surfaces, we
also examined the interaction of the different chiral copoly-
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mers with the two enantiomerically pure (R,R)- and (S,S)-CaT
crystals.


Figure 4 displays the crystal morphology of (R,R)- and
(S,S)-CaT crystals precipitated from copolymer solutions of
10 mgmL�1 PEG-b-PEI ± (S)-ascorbate. It can be seen that
the morphology of (R,R)-CaT remains nearly as for the
ordinary CaT while the (S,S)-CaT crystals show a strong
orientation along the (011) plane. These results support the
™rule of reversal∫,[8] that is the (S)-ascorbate interacts with the
(S,S)-CaT; to be exact, the chiral copolymer additive interacts
with enantiomorph crystals of the same chirality. The fact that
the polymer modifies the growth of both the S,S derivative
and the racemic CaTwhile it does not influence the growth of
the R,R derivative is the final prerequisite of a polymer-
induced racemic discrimination.


Figure 4. Crystal morphology of (R,R)- and (S,S)-CaT formed in the
presence of Co-labeled 10 mgmL�1 PEG-b-PEI ± (S)-ascorbic acid; crystal
planes are marked. a) (R,R)-CaT; b) (S,S)-CaT.


Furthermore, in EDX analysis of polymer-modified S,S
crystals produced with Co-labeled PEG-b-PEI ± (S)-ascorbate
(cobalt ions can complex with the amino sites of the remaining
nitrogen on the polymer backbone), there is a strong Co signal
(corresponding to ca. 12% Co) at the (011) plane and a
relatively low Co signal (ca. 2.1%) for the plane of crystal
growth (101). These results demonstrate the mode of action
by a high stereochemical selectivity of copolymer adsorption
at specific crystal surfaces. The (011) plane becomes exposed
due to the decreased growth caused by the high polymer
absorption, whereas the (101) plane has a higher surface


energy, since only a small amount of polymer is adsorbed, so
that it becomes the growth face.


Chiral discrimination : Before we describe the results on chiral
discrimination, we should point out that CaT can crystallized
only in two crystal forms, the racemic and the pure enantio-
meric forms. In view of that, the chiral discrimination
observed in our experiments can be interrelated to the
enrichment of the pure enantiomeric crystals. The enantio-
purity, namely the chiral discrimination of the DHBCs, is
reported in terms of ™enantiomeric excess∫ (ee %). It is
speculated that the chiral discrimination exerted on the CaT
racemate system is mainly due to copolymer blocking of the
racemic nuclei and those of one enantiomer (with different
rates) during crystallization. To confirm this assumption, we
conducted time-dependent circular dichroism (CD) experi-
ments throughout the crystallization runs.


Figure 5 shows one of these experiments. From our study of
the kinetics we collected crystals at different crystallization
time and from the CD peak maximum we calculated the ee.
Analyses of the CD spectra verify high chiral discrimination in
the early stages of crystallization; an ee of about 40% is
recorded within the first few minutes of crystallization, but
drops rapidly with time to the final value of �20%. Similar
experiments in which the optical activity of the mother
solution instead of the crystals was measured reveal compa-
rable results.


Figure 5. Time-resolved circular dichroism (CD) spectra of racemic CaT
crystallization in the presence of 19 mgmL�1 PEG-b-PEI ± (S)-ascorbate,
as a function of crystallization time. A) 1.5 min, ee 39% S. B) 3 min, ee 25%
S. C) 8 min, ee 23% S. D) 25 min, ee 19% S (and constant for longer
experimental times, up to 3 h).


Further evidence for the generation of the metastable pure
enantiomeric crystals at the expense of the thermodynami-
cally more stable racemic crystals can be obtained from
differential scanning calorimetry (DSC). The DSC curves of
crystals collected at very early stages of crystallization are
shown in Figure 6. Pure racemic CaT has a melting peak at
201 �C, while the DSC scan of CaT crystal collected from a
polymer solution of 15 mgmL�1 PEG-b-PEI ± (S)-ascorbate
shows an additional melting peak at 178 �C, indicative for the
presence of pure enantiomeric CaT crystals. DSC cannot
differentiate between the presence of R,R and S,S crystals and
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Figure 6. DSC investigations of pure racemic CaT crystals (A) and CaT
crystals (B) collected from the first crystallization steps (3 min) in the
polymer solution of 15 mgmL�1 PEG-b-PEI ± (S)-ascorbate.


is therefore just taken as a measure for the suppression of the
racemic crystal form.


It should be noted that similar results on chiral discrim-
ination were obtained with the other chiral copolymers at
early crystallization stages of racemic CaT; for instance, an ee
of �30% is observed in a solution of 17 mgmL�1 of PEG-b-
PEI ± (S)-histidine at the early stages of crystallization, which
drops to a low final ee value (12%). Furthermore we have to
point out that the final chiral discrimination reflected in the ee
values can fluctuate slightly upon repetition of the experi-
ments. This relatively low fluctuation is not yet completely
clear to us but appears to depend on the experimental
apparatus such as glassware, dust exclusion and so on,
implying possible perturbations by heterogeneous nucleation.


From these experiments it is seen that the chiral discrim-
ination is still relatively low and accords with the kinetic
behavior: the highest ee for CaT is found for the strongest
retarder, namely PEG-b-PEI ± (S)-ascorbate. In addition, the
chirality of the copolymers determined the kind of enantiom-
er crystallized first: S copolymers resulted in an enantiomeric
excess of S crystals and vice versa. Moreover, in all the cases
that we examined, the chiral discrimination for the conglom-
erate-forming NaNH4T is by far lower than that for the
racemic CaT; typical ee values for the conglomerate NaNH4T
are 4 ± 5%. This is in agreement with the findings reported on
the effects on crystal morphology (see Figure 3), that is, that in
the case of NaNH4T the polymer influences the crystal size
only.


Even in spite of the rather low ee values, these results were
significant since they demonstrated the capability of chiral
block copolymers to break up the thermodynamically most
stable species, the racemic crystal, and to create the meta-
stable polymorphs, the pure enantiomer crystals, where in
addition one of the two chiral versions crystallizes faster. This
is an advance on the majority of previously described
crystallization aids and techniques, as mainly applicable to
separation of conglomerate crystals by bulk crystallization.


All these data indicate that chiral discrimination and
separation is indeed a transient effect: the formation of the
racemic crystal is suppressed and occurs more slowly, while
first one of the enantiomers, then the other, crystallizes. This


scenario points towards some possibilities for optimization:
either the kinetic discrimination has to be improved (for
instance by increasing the molecular weight of the binding
block), or the two different effects (blocking the racemic
crystal and selection of one of the enantiomers) have to be
achieved by simultaneous application of two different poly-
mers, one optimized for each task.


Beside molecular weight, the type of additive and its
complementary fit to the substrate is also of key importance
and was not optimized here: for example, Black et al.[27] have
shown that the growth rate of {101} faces of (S)-asparagine
monohydrate crystals is reduced to zero, that is to say
completely blocked, at relatively low concentrations (5�
10�4�) of glutamine as an additive. The fact that application
of the presented polymers also changes the shape of the
crystals indicates that control of more than one crystal growth
plane might also be worth considering, since the required
dynamic discrimination by more than two orders of magni-
tude also increases the importance of less quickly growing
faces of the enantiomeric crystals.


Conclusion


In the present paper, the use of double hydrophilic block
copolymers with appropriate molecular functions as interac-
tive templates in crystallization was extended to chiral
copolymers and surface interactions with enantiomeric crys-
tals. It has been shown for two model systems, CaT and
NaNH4T, that chiral double hydrophilic block copolymers are
indeed active in chiral discrimination during crystallization of
racemic crystals and conglomerates. The racemate of CaT,
which usually does not form the pure enantiomorphs, was
persuaded to generate 40 wt% of both enantiopure modifi-
cations and 60 wt% of the racemic crystals, as evidenced by
DSC. Measurements of the optical rotation did indeed show
that the enantiopure crystals were mainly composed of the S
species, that is, the polymer suppressed not only the racemic
crystal but also the R species. It has to be pointed out that
these are two different tasks or operations needed to generate
high chiral discrimination. Although the resulting enantio-
meric excess is not yet very high, the basic principles of chiral
discrimination by block copolymer could be demonstrated, so
that future studies with optimized polymer architectures and
chiral functions might result in significant improvements of
the ee. The simultaneous employment of more than one
polymer with separate functions (optimized and selected by
the kinetic experiments) seems to be especially promising.


Time-dependent investigations of chiral discrimination
showed high chiral discrimination at the early stages of
nucleation, which dropped rapidly with crystal yield. Addi-
tionally, the presence of the DHBCs affected the crystal
shape, with appearance of various unusual morphologies. This
result speaks for polymer adsorption that is selective for
specific crystal surfaces. The finding was also quantified by
addition of cobalt salts that acted as selective contrast agents
for the binding blocks of the copolymers, and differences of
polymer density of up to a factor of 6 were found.
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Although experiments on chirality go back to the middle of
the last century, knowledge in this field is still rather limited.
We believe that the approach presented here using designed
copolymers may provide further insight into the discrimina-
tion process. The possibility of creating block copolymers with
a variety of sizes, architectures, and chemical functionalities
opens new experimental opportunities for probing the pattern
recognition between polymers and crystal surfaces at the
molecular level.


Experimental Section


1. Synthesis of block copolymers : The optically active DHBCs used in this
work were prepared by modification of PEG-b-PEI (PEG� poly(ethylene
glycol), M� 5000 gmol�1, PEI� branched poly(ethyleneimine), M�
700 gmol�1). The synthesis of the PEG-b-PEI is descried in our earlier
work.[28, 29] The block copolymer PEG-b-PEI was modified by nucleophilic
reaction of amino groups with 6-bromo-6-dideoxy-(S)-ascorbic acid, 2,6-
dideoxy-(R)-arabinohexonic acid, and epoxidated quinine. In the case of
connection of the (S)-histidine and (S)-proline we used methods of peptide
chemistry[30] to couple the amino groups of PEG-b-PEI to the activated
carboxy group of methanesulfonic salts of the amino acids.


1.1 PEG-b-PEI ± ((S)-ascorbic acid)3 (modification of PEG-b-PEI by
6-bromo-6-deoxy-(S)-ascorbic acid): A solution of 6-bromo-6-deoxy-(S)-
ascorbic acid[31] (3.85 g, 0.016 mol) in dimethoxyethane (30 mL) was added
to a solution of the poly(ethylene glycol)-block-poly(ethyleneimine) (10 g,
M� 5700 gmol�1) in dimethoxyethane (50 mL). This mixture was stirred
for two days at room temperature and then the solvent was evaporated and
the crude modified copolymer was purified by ultrafiltration through an
AMICON membrane with MWCO (molar weight cut-off) 3000 gmol�1.
After lyophilization, the product was obtained as a fine brown powder
(8.3 g, 77%). [�]20D ��16.4� (�� 230 nm, c� 0.8 g in 100 mL H2O);
1H NMR (400 MHz, 25 �C, CDCl3): �� 1.27 (s, 11H; NH), 2.25 (m, 64H;
CH2CH2N), 3.66 (m, 440H; CH2CH2O), 4.65 (m, 3H, CH�OH); elemental
analysis calcd (%) for: C 53.16, H 8.72, N 3.30; found: C 52.75, H 8.58, N
3.27; MW calcd for: 6890 gmol�1.


1.2 PEG-b-PEI ± ((S)-histidine)3 (modification of PEG-b-PEI by (S)-
histidine): A suspension of (S)-histidine (2.78 g, 0.018 mol), methanesul-
fonic acid (3.44 g, 0.036 mol), and 1-hydroxybenzotriazole (2.42 g,
0.018 mol) in dimethylformamide (50 mL) was cooled to �15 �C. A
solution of dicyclohexylcarbodiimide (3.69 g, 0.018 mol) in dimethylforma-
mide (20 mL) was then added, and stirred at �15 �C for 30 min. A solution
of poly(ethylene glycol)-block-poly(ethyleneimine) (10 g, M�
5700 gmol�1) in dimethylformamide (40 mL) was then added and mixed
at room temperature for 3 h. The mixture was then diluted with water
(80 mL), stirred for 2 h, and filtered. The filtrate was dialysed by the
method described above. After final lyophilization the product was
obtained as a fine white powder (8.5 g, 75%). [�]20D ��23.1� (�� 230 nm,
c� 1.0 g in 100 mL H2O); 1H NMR (400 MHz, 25 �C, CDCl3): �� 1.25 (s,
4H; NH), 2.03 (s, 11H; NH), 2.65 (m, 64H; CH2CH2N), 3.64 (m, 440H;
CH2CH2O), 7.05 (m, 3H; CONH), 7.33 (s, 3H; CH-imidazole), 7.54 (s, 3H;
CH-imidazole); elemental analysis calcd (%) for: C 48.53, H 9.06, N 4.47;
found: C 49.01, H 9.11, N 4.21; MW calcd for: 6062 gmol�1.


1.3 PEG-b-PEI ± ((R)-gluconate)3 (PEG-b-PEI ± (2,6-dideoxy-(R)-arabi-
nohexonic acid)3 by modification of PEG-b-PEI by 6-bromo-2,6-dideoxy-
�-arabinohexono-1,4-lactone): A solution of 6-bromo-2,6-dideoxy-�-arabi-
nohexono-1,4-lactone[32] (5 g, 0.022 mol) in dichloromethane (30 mL) was
added to a solution of poly(ethylene glycol)-block-poly(ethyleneimine)
(10 g, M� 5700 gmol�1) and triethylamine (22 g, 0.22 mol) in dichloro-
methane (50 mL). After refluxing overnight, the mixture was evaporated to
dryness and mixed with water (50 mL). The solution of the crude modified
copolymer was further purified by exhaustive dialysis against distilled
water using a Spectra Pore membrane with MWCO of 1000 gmol�1. After
final lyophilization, the product was obtained as a fine yellowish powder
(6.2 g, 57%). [�]25D ��1.5� (�� 240 nm, c� 0.175 g in 100 mL H2O),
[�]25D � 1.1� (�� 275 nm, c� 0.175 g in 100 mL H2O); 1H NMR (400 MHz,
25 �C, CDCl3): �� 1.26 (s, 11H; NH), 2.65 (m, 64H; CH2CH2N), 3.66 (m,


440H; CH2CH2O), 3.91 (t, 3H; CH�OH), 4.58 (m, 3H; CH�OH), 4.62 (m,
3H, CH�OH); elemental analysis calcd (%) for: C 52.80, H 9.25, N 3.16;
found: C 52.56, H 9.05, N 2.72; MW calcd for: 6190 gmol�1.


1.4 PEG-b-PEI ± (quinine)2 (modification of PEG-b-PEI by epoxyqui-
nine): A mixture of quinine (5.68 g, 0.0175 mol), urea hydrogen peroxide
(19.8 g, 0.21 mol), NaHCO3 (1.47 g, 0.035 mol), and dicyclohexylcarbodi-
imide (7.22 g, 0.035 mol) in methanol (90 mL) was stirred at room
temperature for 7 h.[33] Water (180 mL) was then added. After stirring for
4 h the reaction mixture was extracted by dichloromethane (4� 80 mL).
The combined organic layers were dried with Na2SO4 and the volume was
reduced by distillation to 50 mL. The solution of poly(ethylene glycol)-
block-poly(ethyleneimine) (10 g, M� 5700 gmol�1) as well as BF3 ¥Et2O
(2.0 g, 0.017 mol) in dichloromethane (50 mL) was added to a prepared
solution of epoxyquinine, and the mixture was refluxed overnight. After
evaporation of the solvent, the crude modified polymer was dissolved in
water (200 mL) and purified by ultrafiltration through an AMICON
membrane with MWCO 3000 gmol�1. After lyophilization, the product was
obtained as fine yellow powder (8.4 g, 75%). [�]25D ��2.1� (�� 240 nm, c�
0.30 g in 100 mL H2O); [�]25D ��0.5� (�� 275 nm, c� 0.30 g in 100 mL
H2O); [�]25D ��0.6� (�� 325 nm, c� 0.30 g in 100 mL H2O); 1H NMR
(400 MHz, 25 �C, CDCl3): �� 1.23 (s, 11H; NH), 1.59 (m, 4H, CH2-CH2N),
1.75 (m, 2H, CH-CH2N), 2.55 (m, 70H, CH2CH2N), 3.62 (m, 440H;
CH2CH2O), 6.14 (d, 2H; CH-OH), 7.22 (d, 2H, CH-arom), 7.29 (d, 2H,
CH-arom), 7.93 (d, 2H, CH-arom), 8.61 (d, 2H, CH�N-arom); elemental
analysis calcd (%) for: C 53.42, H 9.15, N 3.82; found: C 52.24, H 9.08, N
3.19; MW calcd for: 6350 gmol�1.


1.5 PEG-b-PEI ± ((S)-proline)3 (modification of PEG-b-PEI by (S)-pro-
line): A solution of (S)-proline (1.64 g, 0.014 mol), methanesulfonic acid
(1.34 g, 0.014 mol), and 1-hydroxybenzotriazole (1.90 g, 0.014 mol) in
dimethylformamide (30 mL) was cooled to �15 �C. A solution of dicyclo-
hexylcarbodiimide (2.88 g, 0.014 mol) in dimethylformamide (20 mL) was
then added, and the mixture was stirred at �15 �C for 30 min; a solution of
poly(ethylene glycol)-block-poly(ethyleneimine) (10 g, M� 5700 gmol�1)
in dimethylformamide (40 mL) was then added and mixed in at room
temperature for 3 h. The mixture was then diluted with water (80 mL),
stirred for 2 h, and filtered. The filtrate obtained was dialysed by the
method described above. After final lyophilization the product was
obtained as a fine white powder (5.8 g, 55%). [�]25D ��3.3� (�� 230 nm,
c� 0.15 g in 100 mL H2O); [�]25D ��2.1� (�� 300 nm, c� 0.15 g in 100 mL
H2O); 1H NMR (400 MHz, 25 �C, CDCl3): �� 1.25 (s, 1H, NH), 2.03 (s,
11H, NH), 2.65 (m, 64H; CH2CH2N), 3.64 (m, 440H, CH2CH2O), 7.63 (t,
3H, CONH); elemental analysis calcd (%) for: C 52.11, H 8.63, N 4.04;
found: C 51.47, H 8.47, N 3.85; MW calcd for: 5995 gmol�1.


2. Crystallization experiments : All crystallization experiments were car-
ried out at room temperature, unless noted otherwise elsewhere. The water
used was purified by a MilliQ water system.


2.1 Crystallization of calcium tartrate tetrahydrate : The enantiomeric
(R,R)- or (S,S)-CaT is crystallized as follows: sodium hydrogentartrate
solution (50m�, 50 mL) was mixed with CaCl2 ¥ 2H2O (90m�, 50 mL) at
pH 6.5 and room temperature. Typically crystals of ca. 200 ± 450 �m were
formed within 1 ± 2 days. For the crystallization of racemic CaT, identical
calcium and tartrate stock solutions of 0.025� were used. Crystallization in
the presence of block copolymers was carried out as follows: first the
polymers were mixed with the calcium chloride solution, then the tartrate
solution was added (the final pH of the solutions was �6.0).


2.2 Crystallization of sodium ammonium tartrate : Crystals were grown at
room temperature, in each case; aqueous ammonia was added to a solution
of sodium hydrogentartrate (0.25m� in 100 mL) with the different block
copolymers, until a pH of �8.5 was attained. Precautions were taken in
cleaning the glassware, excluding dust and so on. Crystals formed within 8 ±
12 days; the crystals were then filtered and collected.


3. Experimental techniques : Chiral discrimination experiments were
performed as follows: copolymers were added to the crystallization
solutions; after complete crystallization the crystals were filtered off.
Finally the specific light rotation was measured with a polarimeter
(Rudolph Analytical, 589 nm, �0.05� accuracy) by dissolving the crystals
(5 ± 10 mg) in 0.1� HCl. A Phillips PW-1130 diffractometer was used for
powder X-ray diffraction analysis. In all cases CuK� radiation was used.
Differential thermal calorimetry analysis was carried out by means of a
Netzsch TG 209 unit (Netzsch, Selb, Germany) by heating samples at a rate
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of 10 Kmin�1 up to 350 �C under argon. For the NMR experiments, a Varian
Model Unity 400 operating at 400 MHz was used. Circular dichroism
measurements were carried out with a JASCO CD spectrometer (Model
J-715) using a cylindrical quartz cell (0.1 mL) at room temperature.
Measurements of the kinetics of crystal growth of CaT were made under
the same conditions as described for the crystallization experiments. A
calcium-selective electrode (CSE-Orion 93) was used and an Ag/AgCl
electrode served as reference. The millivolt output of the CSE is converted
to calcium concentration by means of standard calibration solutions.
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New Scaffolds for Supramolecular Chemistry: Upper-Rim Fully Tethered
5-Methyleneureido-5�-methyl-2,2�-bipyridyl Cyclodextrins


Romain Heck, Florence Dumarcay, and Alain Marsura*[a]


Abstract: Seven upper-rim fully tethered cyclodextrins (URFT-CDs) have been
synthesised in a good average coupling yield using the one-step ™phosphine imide∫
approach and their metal complexation behaviour with lanthanides and transition
metals was explored. We observed that the A-TE-E light conversion process
(antennae effect) occurs in the URFT-CD lanthanide complexes. A molecular redox
switch based on the corresponding iron complexes is also reported. A reversible
intramolecular translocation of the FeII and FeIII ions, between two distinct binding
cavities has been monitored spectroscopically and achieved by chemical triggering.
Finally, a negative allosteric control of ion recognition through the formation of a CD
pseudocryptand is discussed.


Keywords: allosterism ¥ 2,2�-bipyri-
dine ¥ cyclodextrins ¥ molecular
devices ¥ molecular switches


Introduction


Cyclodextrins (CDs), a class of oligosaccharides with six,
seven or eight �-glucose units linked by �-1,4-glycosidic
bonds, are well known to accommodate various guest
molecules into their hydrophobic cavity in aqueous solution.[1]


The natural cyclodextrins are themselves of great interest as
molecular hosts, but much of their utility in supramolecular
chemistry is derived from their structural modification. From
another point of view, natural CDs may be viewed as
molecular scaffolds on which functional groups and other
substituents of increasing sophistication can be assembled
with controlled geometry. Thus, metallocyclodextrins, rotax-
anes, catenanes or surface monolayers of these modified
cyclodextrins are now accessible.[2] Here, metallocyclodex-
trins are considered as coordination compounds or metal
complexes in which the modified CD acts as a ligand platform.
The majority of metallocyclodextrins are formed from
functionalised CDs which incorporate one or more metal
ion coordinating groups of varying degrees of complexity.[3] In
the following discussion, some of these CDs are presented
along with their more interesting properties.


Results and Discussion


The new devices introduced here are based on upper-rim bis-
heterocyclic (2,2�-bipyridyl) fully functionalised CDs, which
accommodate one single or two different metal ions in their
internal ™hard∫ binding cavity and external ™soft∫ binding
cavity, leading to lanthanide and transition metal complexes
(Figure 1).


The present work describes these molecular devices with
respect to the nature of the complexing ions involved.
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Figure 1. Schematic representation of an upper-rim fully tethered CD
binuclear complex with ™hard∫ and ™soft∫ binding cavities.
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Synthesis of the devices re-
quired the preparation of the
hexakis to octakis azido-cyclo-
dextrins 4 ± 9,[4, 5] and their con-
densation with 5-methylamino-
5�-methyl-2,2�-bipyridine (3) or
n-propylamine, using the so
called ™phosphine imide∫ one-
pot reaction,[6±7] to give directly
the URFT-CDs 10 ± 16 in mod-
erate to good yields (30 ± 60%)
(Scheme 1). This reaction has
also been extended to other
heterocycles such as 2,2�-bithia-
zole[8a] and thiourea derivatives,
using carbon disulphide in
place of carbon dioxide as re-
agent and solvent.[8b] Recently, we published the scope and
limitations of this methodology, allowing the synthesis of
symmetrical versus unsymmetrical cyclodextrin carbodi-
imides under mild conditions, or isocyanates of complex and
sensitive molecules without the use of hazardous reagent (e.g.
phosgene).[9a]


All new compounds were characterised by FTIR, NMR,
CpMAS-NMR, MALDI-FTICR-MS, UV/Vis spectroscopies
and elemental analysis. The spectroscopic FTIR, 1H NMR,
13C NMR and MS data were all in agreement with the
assigned structures. As expected, the IR spectra exhibited
strong characteristic frequencies for the carbonyl urea func-
tions �CO�NH at around 1650 cm�1, and intense aromatic double
bonds �C�C at around 1550 cm�1 that corresponded to the
bipyridine units. Characteristic 13C NMR spectra of 10 ± 16 in
solution (DMSO) indicated that the C2 ligand symmetry was
conserved. Signals corresponding to NH�CO�NH carbonyl
carbons at �� 156 ± 160, and intense sharp signals corre-
sponding to the bipyridyl carbons at �� 155 ± 120 were
detected. Analyses of the 13C NMR spectra, revealed that
the glycosyl carbon signals of the upper-rim persubstituted
bipyridyl compounds (e.g. compound 14 in Figure 2) were
highly broadened and of lower intensities than the aromatics.
This effect was not found under the same conditions with 16


(propyl substituents). The 1H NMR spectra (e.g. for com-
pound 14) recorded in solution (10�2�) and in two solvents
(e.g. MeOH and DMSO), exhibited broad and unresolved
resonance signals (like a polymer) in both the regions
expected for cyclodextrins and bipyridines and therefore
their assignment was rendered uncertain. In our opinion, this
phenomenon may be interpreted in terms of polymeric-like
aggregates formed by self-organisation of the polyaromatic
cyclodextrins in solution. Broadening of signals disappeared
at the highest dilution (10�4� in MeOH), indicating a
dissociation of the proposed aggregates, but no evidence of
a characterised dimer could be ascertained. This effect was
not observed with DMSO. Nevertheless, the integration ratio
(6:1) observed between the aromatic part and a broad singlet
at �� 5.10, attributed to H(1) of CD, and the ratio (3:1)
observed between the methyl singlet of bipyridines at �� 2.40
and the same CD H(1) singlet, were consistent with the
assigned per-substitution. Broadening of signals was not found
in alkyl derivative 16, and thus proton resonances could easily
be assigned. Owing to the limit of ligand solubility, the carbon
NMR signal-to-noise ratios were improved by recording the
Cp-MAS NMR spectrum. Spectra of 14 and its EuIII complex
17 are shown in Figure 3. The NMR spectrum of ligand 14 in
the solid phase was correlated to those in solution and clearly
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Scheme 1. Synthesis of URFT-CDs 10 ± 16.


Figure 2. 13C CpMAS NMR spectrum (8 KHz) and SPT of odd carbons (left) and 13C NMR spectrum in solution (right) of ligand 14.
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Figure 3. 13C CpMAS NMR spectra of (a) ligand 14 and (b) [EuIII(14)]
complex 17.


exhibited the best signal-to-noise ratios, particularly for the
carbons signals of glucosyl units and the urea carbonyl. The
lack of bipyridine carbon signals on complexation with the
Eu3� ion, confirms that the bypyridine units are not involved.


Positive mode FABMS showed the presence of the desired
compound with a base peak at m/z 2705 corresponding to
[11�H]� , accompanied by a fragment [M� bipyridyl]� at m/z
2522. It should be noted that characterisation of the [M�H]�


ion was obtained only in the case of the lower-rim unsub-
stituted �-CD derivatives. This
result was attributed to the
greater stability of the �-CD
core towards ionisation, rela-
tive to �- and �-CDs or their
methylated derivatives. With
these last cases, the cyclodex-
trin cores are probably broken
first and give a set of oligomeric
fragments as observed in the
mass spectra of polymers. It
should be noted that so far, all
attempts to characterise this
family of ligands by ESMS have
failed. Elemental analyses were
consistent with the presence of
an additional number of asso-
ciated water molecules owing
to cyclodextrin hydration.


From a conformational point
of view, previous results ob-
tained with a ureido-cyclam
ligand family by molecular dy-
namics computations, indicated
that the molecules adopted a
spatial ™calix∫ form, which es-
sentially arises from the pres-
ence of strong intramolecular


hydrogen bonds between urea functions.[9a] Preliminary
computations (molecular mechanics) with 11, suggest a spatial
™tubular∫ organisation of the ligand (Figure 4).[9b] The mo-
lecular geometry of 11 was optimised using the DISCOV-
ER III programme of INSIGHT II (Biosym/MSI) and the
AMBER force field. Minimisation was performed at 298 K
using ™steepest descent∫. ™Conjugate gradients∫ and ™New-
ton ±Raphson∫ methods were then applied to complete the
minimisation which converged for a maximum derivative of
0.01 kcalmol�1ä or for 1000 steps of 1 ps. However, in the
absence of full molecular dynamics computations, or other
information such as X-ray analyses, one should treat these
preliminary results with care.


Treatment of 14 and 16 with EuCl3 ¥ 6H2O afforded the
complexes 17 and 18 in 71 and 90% yield, respectively. These
were obtained as pink powders, by diffusion of diethyl ether
into a methanol solution of 14 and 16 at room tempera-
ture. The europium complex of 16 was characterised
by positive mode MALDI FTICR-MS which had the desired
mononuclear complex with an ion peak [16�EuIII,Cl2]� at
m/z 1946 (36%), accompanied by characteristic frag-
ments [16�EuIII,Cl]2�, [16�EuIII]3�, and [16�EuIII�
propyl�NH�CO]3� at m/z 1911 (45%), 1876 (40%) and
1790, respectively. Recent papers have reported efficient
antennae effects for EuIII or TbIII complexes of �-cyclo-
dextrins bearing amino carboxylates[3c] or ureido cyclam
derivatives.[10] In a recent paper, our group presented pre-
liminary results on luminescence properties and an efficient
antennae effect (A-TE-E) of Eu3� and Tb3� complexes of
ligand 11.[11] The luminescence excitation of [11�EuIIICl]� at
288 nm, and of [16�LbIII,PF6)]� at 280 nm, cause standard


Figure 4. Ball-and-stick structure of ligand 11 [printed from the Insight II molecular modelling program and
obtained by molecular mechanics minimization at 298 K, until a maximum derivative of 0.01 kcalmol�1ä (done
with AMBER force field and DISCOVER III, program from (Biosym/MSI)].
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emission of the EuIII and TbIII lanthanide ions by an
absorption ± energy transfer ± emission light conversion proc-
ess. Thus, the transitions corresponding to 5D0 ± 7Fj (EuIII) and
5D4 ± 7Fj (TbIII) are observed (Figure 5). Lifetime measure-
ments recorded in the time resolved mode for the two
complexes gave: �� 0.7 ms and 3.5 ms for the [11�EuIIICl]�


and [16�LbIII,PF6)]� complexes, respectively. This antennae
effect also occurs with all the investigated ligands 10 ± 16 and
an extensive study of their steady-state photophysical proper-
ties will be described in a forthcoming paper.


Cation complexation–UV/Vis absorption spectra : As shown
in Figure 1, upper-rim fully substituted bipyridyl-ureido-CDs
10 ± 15 accommodate two potential complexation sites inside
their structures and one in 16 (the internal, hydrophobic
cavity of the CD core is not taken into account). In this
section, the cation complexation behaviour of two represen-
tative ligands [11 (non-methylated) and 14 (lower-rim per-
methylated)] is illustrated by UV/Vis spectroscopy; the
results were similar for other molecules except 16 (owing to
a lack of the bipyridine units). Titrations of the ligands 10 ± 16
with lanthanides (Eu3�, Tb3�, Sm3� and Dy3�) and other
™hard∫ HSAB-classified cations (e.g. Fe3�) followed by ™soft∫
or ™borderline∫ metals were monitored by UV/Vis spectros-
copy.


The electronic spectra of the free ligands 10 ± 15 were
recorded in MeOH and had two absorption maxima in the
UV region at �max� 250 nm and 284 ± 288 nm (� ±�* and n ±
�* of bipyridines and urea carbonyl). Molar extinction
coefficients of 55080 ± 110830mol�1L�1 cm�1 were obtained
for the bipyridyl derivatives; these gave an estimated
extinction average of about 12500mol�1L�1 cm�1 per bipyr-
idine unit which is in the expected range of values measured
for 2,2-bipyridine. In the case of the propyl derivative 16, the
absorption maximum was at �max� 260 nm with a molar
extinction coefficient of 603mol�1L�1 cm�1 as a result of the
urea-carbonyl chromophores.


The titrations of 10 ± 15 by lanthanides (Figure 6) had an
isobestic point at 305 nm, a slight red shift of the 288 nm
absorption to 292 nm and appearance of a LMCT band at
320 nm owing to efficient metal coordination and according to
conformational changes occurring in the ligands. The com-


Figure 6. Spectrophotometric titration of 11 (c� 1.0� 10�5 molL�1) in
MeOH with TbCl3 ¥ 6H2O; Tb3�� 0.2 ± 2 equiv.


plexes of 10 ± 16 had a stoichiometry of 1:1 and this was also
confirmed by plasma torch titration of EuIII in 17 (see
Experimental Section). A stability constant of 6.02� 105��1


was calculated for the [11�EuIIICl]� complex. [11] In these
complexes, lanthanides or ™hard∫ metals are coordinated to
the urea carbonyl oxygen atoms; this is in accordance with
their coordination preference observed in our previous results
obtained with 11,[12] MALDI-FTMS of 18, and literature
reports.[13]


Titration of 14 by FeIII was an exception because in this case
two isobestic points were determined: one, with 1 equivalent
and the second with 2 equivalents of FeIII added to the ligand,
indicating a new [(Fe)2(14)] binuclear complex [2M:1L]
formation (Figure 7). Looking at the absorbance evolution,
coordination with bipyridine units could be excluded and
formation of a stable, six-coordinate complex is suggested[14]


in which the CD lower-rim methyl ether oxygen atoms of 14
act as a crown ether macrocycle ™hard∫ binding cavity.[15] This
effect was not observed in the presence of an excess of
lanthanide ions.


In contrast, titrations of the free ligands 10 ± 15 by addition
of ™borderline∫ or ™soft∫ metals (CoII, NiII, FeII, CuII and CuI)
gave another isobestic point at 292 nm, along with a strong red
shift (and a hyperchromic effect) of the 288 nm absorption
band to 305 nm (Figure 8). The complexes had a stoichiom-


etry of 1:1. In the case of FeII, a
new MLCT band at �max� 520 nm
was observed, along with the
appearance of the characteristic
purple [FeII-bipyridyl] complex
colour.


Addition of transition metals
(e.g. CuI) to the mononuclear
lanthanide complex, reveals a sec-
ond isobestic point at 308 nm,
with a new strong red-shift of the
292 nm absorption maximum to
310 nm and a hyperchromic effect
as result of the second metal
coordination and conformational
change occurring in the complex
(Figure 9). The resulting new


Figure 5. a) Excitation and emission spectra of [Tb(16)(PF6)]� (c� 1.06 mmolL�1); b) emission spectrum of
[Eu(11)(Cl)]� (c� 2.65� 10�6 molL�1) in MeOH at 300 K.
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Figure 7. Spectrophotometric titration of 14 (c� 1.0� 10�5 molL�1) in
MeOH with Fe2(SO4)3; Fe3�� 0.2 ± 2.2 equiv.


Figure 8. Spectrophotometric titration of 11 (c� 1.0� 10�5 molL�1) in
MeOH with FeSO4 ¥ 7H2O; Fe2�� 0.2 ± 1.0 equiv.


Figure 9. Spectrophotometric titration of 11 (c� 2.4� 10�6 molL�1) in
MeOH with TbCl3 ¥ 6H2O (solid line), then [Cu(CH3CN)4]� PF6


� (dashed
line); Tb3�� 0.2 ± 1 equiv and Cu�� 0.2 ± 1.2 equiv.


heterobinuclear complexes were found to have a 1:1 stoichi-
ometry for the second metal. In these complexes, the ™soft∫
metal is coordinated to the bipyridyl units according to their
coordination preference reported recently.[13c] The resulting
absorption spectrum for the heterobinuclear complex is a
superposition of the individual mononuclear complexes with-
out the appearance of any supplementary charge-transfer
bands.


Finally, negative allosteric control of cation recognition was
also observed when europium ion was added to a preformed
mononuclear ™borderline∫ metal complex (for example


[11�CoII]). In this case, formation of the CoII complex with
terminal bipyridines probably induced a dramatic conforma-
tional change in the ™hard∫ recognition site by formation of a
pseudo-cryptand, therefore inhibiting the lanthanide ion
access to the cavity. This feature is supported by the absence
of the corresponding isobestic point and LMCT absorption
band (shoulder at 320 nm) of the Eu3� ion coordination
process (Figure 10). Similarly, allosteric control of ion recog-
nition through formation of pseudo-cryptands was explored a
few years ago by Nabeshima×s group.[16] The authors showed
in particular, that for a designed triple-stranded helix with
three polyether chains and terminal 2,2�-bipyridyl groups as
™hard∫ and ™soft∫ metal coordination sites, that the corre-
sponding iron(��) complex induced an allosteric control on the
second metal (alkali cation) complexation and transport.


Figure 10. Allosteric negative effect of Co2� on the coordination of Eu3�


ion in MeOH; ligand 11 c� 1.0� 10�5 molL�1; Co2�� 1.0 equiv and Eu3��
0.2 ± 1 equiv.


It was evident, with respect to the transition metal
coordination number, that participation of the six, seven or
eight ureido-bipyridyl arms was not necessary for the
formation of stable mononuclear transition metal complexes.
A maximum of two (e.g. CuI) or three (e.g. FeII) ureido-
bipyridyl units were necessary to complete the desired
number of coordination sites, leaving the supplementary units
free of complexation.


Iron translocation by chemical triggering : The growing
interest in the miniaturisation of electronic components is
stimulating research on molecular assemblies with device-like
functionalities.[17] One of these functionalities could be a
redox molecular switch based on chemical triggering, as
published in the case of a triple-stranded helical iron
complex.[18] Attempts to reproduce such a functionality with
11 have been achieved with iron, which can occupy one of the
two distinct binding cavities in the CD structure. Reversible
intramolecular translocation of the metal ion between the
™hard∫ and ™soft∫ cavities was achieved by chemical oxidation
and reduction, owing to the different coordination prefer-
ences of the FeII and FeIII states (see Figure 12). UV/Vis
titration of 11 with FeIII (Figure 11), indicates formation of the
expected [11�FeIII-urea] complex [1M:1L]] with a light
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Figure 11. Spectrophotometric titration of ligand 11 (c� 1.0�
10�5 molL�1) in MeOH with Fe2(SO4)3; Fe3�� 0.2 ± 1.0 equiv.


brown colour and a stability constant of 1.28� 105��1.
Titration of 11 with FeII gave a [1M:1L], characteristically
light purple coloured, [11�FeII-bipyridyl] complex with a
stability constant of 2.80� 105��1; correspondingly, a new
MLCT band appeared at �max� 520 nm (Figure 8). To verify
the occurrence of metal ±metal interaction, we prepared the
dinuclear FeIII/FeII complex by treatment of 11 with one
equivalent of FeCl3 followed by one equivalent of FeSO4. The
resulting absorption spectrum is a superposition of the
individual mononuclear complexes without any supplemen-
tary charge-transfer bands. Treatment of the mononuclear
complex [11�FeIII-urea] with ascorbic acid resulted in a rapid
reduction, as evidenced by the appearance of the purple-red
absorption of the bipyridyl complex, and identical spectral
features of the latter with those of the bipyridyl complex
previously obtained by treatment of 11 with FeSO4 (Figure 8).
Reversal of the reduction process was achieved by heating the
[11�FeII-bipyridyl] complex for a few minutes at 70 �C with
excess ammonium persulphate; this was evidenced by the
disappearance of the purple-red colour and regeneration of
the light yellow colour of the [FeIII(11)] urea complex
(Figure 13).


Conclusion


The new molecular devices introduced here are intended to
contribute to the future development of nanotechnologies
based on cyclodextrins. The challenges that remain to be met


Figure 13. UV/Vis spectra of the ligand 11 (c� 2.4� 10�6 molL�1) in
MeOH. FeII/FeIII reduction then re-oxidation is triggered by ascorbic acid
and (NH4)2S2O8 present in tenfold excess. � Ligand 11; � [11�FeIII] ; - - - -
[11�FeII]; –– [11�FeIII] .


include isolating homo- and heterometallic complexes, devel-
oping means of immobilising Langmuir ±Blodgett films of
these amphiphilic URFT-CDs and their complexes on con-
ducting or non-conducting surfaces (actually in progress), to
stimulate the switching functionality by electrochemical or
photochemical techniques and to explore potentialities of
other redox couples. Photophysical properties of lanthanide
complexes are also under investigation. Their evaluation as
pinpoint sources of light, after self-assembling monolayers on
surfaces, to give photosensitive chips is underway. Elsewhere,
modifications of structures, by chemically-controlled intro-
duction of a designed number of other bis-heterocyclic
systems and new functional groups, investigations into cations
and organic compound recognition modulation or catalysis,
are planned for the construction of molecular machines and
general systems for the amplification and modulation of
molecular information.


Experimental Section


Structures of all compounds were assigned by 1H and 13C NMR spectra
recorded on a Bruker DRX-400 or DRX-300 (MAS) spectrometer. FTIR
spectra were recorded on a Perkin ±Elmer 1600 apparatus. UV/Vis spectra
were done on a Safas UVmc2. Luminescence experiments were performed
on a Spex Fluorolog II photon counting spectrofluorimeter equipped with a
450 W xenon continuous-wave irradiation source. Mass spectra were
recorded in FAB positive mode on a ZAB-SEQ mass spectrometer and on


a Thermo-Finnigan Mat. MALDI-
FTICR-MS used a Nd/Yag laser
(355 nm). All new compounds gave
satisfactory spectroscopic data. DMF
was dried over CaSO4, filtered off and
flushed with argon to eliminate dime-
thylamine. Retention factors were
measured on TLC aluminium plates
coated with silica gel unless stated
otherwise. Column chromatography
was also performed with silica gel
unless otherwise stated. NH3 refers to
a 28% solution of ammonia in water.


5-Monobromomethyl-5�-methyl-2,2�-
bipyridine (1): NBS (0.03 mol, 5.30 g)
and a catalytic quantity of AIBN was
added to a solution of 5,5�-dimethyl-
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Figure 12. Schematic representation of the URFT-CD metal complex-based molecular switches that function on
exposure to reducing and oxidizing chemical agents through the interconversion and translocation of iron.
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2,2�-bipyridine (0.03 mol, 5.0 g) in CCl4 (250 mL). The mixture was stirred
and heated at reflux under argon for 90 min. The reaction was monitored
by TLC. The hot solution was then filtered off and the filtrate concentrated
to dryness. The dibromomethyl derivative was precipitated from CH2Cl2
and separated by filtration. The filtrate was purified by column chroma-
tography (CH2Cl2) to afford 1 (2.86 g, 0.01 mol, 40%) as a white powder.
Rf� 0.7 (CH2Cl2/MeOH 98:2); 1H NMR (400 MHz, CDCl3): �� 8.68 (s,
1H; H6-bpy), 8.62 (s, 1H; H6�-bpy), 8.37 (d, 1H, 3J(H,H)� 8.2 Hz; H3-
bpy), 8,30 (d, 1H, 3J(H,H)� 8.2 Hz; H3�-bpy), 7.85 (d, 1H, 3J(H,H)�
8.2 Hz; H4-bpy), 7,64 (d, 1H, 3J(H,H)� 8.2 Hz; H4�-bpy), 4.55 (s, 2H;
CH2Br), 2.41 (s, 3H; CH3).


5-Azidomethyl-5�-methyl-2,2�-bipyridine (2): 5-Monobromomethyl-5�-
methyl-2,2�-bipyridine (1) (2.0 g, 0.08 mol) was added in small portions to
a solution of sodium azide (3.0 g, 46.1 mol, 6 equiv) in DMSO (40 mL). The
solution was stirred at 70 �C for 2 h and then cooled to RT. Distilled water
(80 mL) was added and the product was extracted with toluene (5�
30 mL). The organic layer was dried over MgSO4 and evaporated to
dryness. The residue was purified by column chromatography (CH2Cl2) to
give 2 (1.5 g, 0.07 mol, 88%) as a white powder. Rf� 0.55 (CH2Cl2/MeOH
90:10); 1H NMR (400 MHz, CDCl3): �� 8.63 (s, 1H; H6-bpy), 8.53 (s, 1H;
H6�-bpy), 8.43 (d, 1H, 3J(H,H)� 8.2 Hz; H3-bpy), 8.31 (d, 1H, 3J(H,H)�
8.2 Hz; H3�-bpy), 7.80 (d, 1H, 3J(H,H)� 8.2 Hz; H4-bpy), 7.66 (d, 1H,
3J(H,H)� 8.2 Hz, H4�-bpy), 4,45 (s, 2H; CH2N3), 2.42 (s, 3H; CH3).


5-Aminomethyl-5�-methyl-2,2�bipyridine (3): 5-Azidomethyl-5�-methyl-
2,2�-bipyridine (2) (0.88 g, 4.0 mmol) was dissolved in a CH2Cl2/EtOH
solution (100 mL, 1:1), and Pd/C (10%, 0.16 g) was then added. The
mixture was stirred under H2 pressure for 21.3 h. The reaction medium was
filtered through Celite and washed with a mixture CH2Cl2/EtOH (1:1). The
filtrates were evaporated to dryness and diethylether was added to the
residue. The precipitate was then filtered over a sintered glass to give 3
(0.51 g, 2.5 mmol, 65%) as a white powder. Rf� 0.52 (CH2Cl2/MeOH 9:1,
on Al2O3); 1H NMR (400 MHz, CDCl3): �� 8.59 (s, 1H; H6-bpy), 8.49 (s,
1H; H6�-bpy), 8.32 (d, 1H, 3J(H,H)� 8.2 Hz; H3-bpy), 8.26 (d, 1H,
3J(H,H)� 8.2 Hz; H3�-bpy), 7.77 (d, 1H, 3J(H,H)� 8.2 Hz; H4-bpy), 7.61
(d, 1H, 3J(H,H)� 8.2 Hz; H4�-bpy), 3.94 (s, 2H; CH2), 2.38 (s, 3H; CH3),
1.62 (s, NH2).


Hexakis-[6-deoxy-6-(5-methyleneureido-5�-methyl-2,2�-bipyridyl)]-cyclo-
maltohexaose (10): Triphenylphosphane (2.63g, 10.0 mmol, 70 equiv) was
added to hexakis-(6-deoxy-6-azido)-cyclomaltohextaose (4) (0.16 g,
0.14 mmol) in distilled DMF (25 mL). A solution of 5-aminomethyl-5�-
methyl-2,2�-bipyridine (0.20 g, 1.0 mmol, 7 equiv) in distilled DMF (15 mL)
was added dropwise to the mixture and a stream of dry CO2 was
simultaneously bubbled through the solution. The mixture was stirred for
16 h at RT under the stream of CO2. The solution was concentrated to
dryness. Diethyl ether was added to the residue and the precipitate was
filtered and washed thoroughly with diethyl ether. The solid was purified by
column chromatography (NH3/dioxan 43:57) to give 10 (0.11 g, 0.05 mmol,
33%). 1H NMR (400 MHz, [D6]DMSO): �� 8.41 (d, unresolved, 2H;
bipy), 8.16 (d, unresolved, 2H; bipy), 7.73 (m, 2H; bpy), 5.60 ± 5.52 (brm,
3H; NH, CH2-bpy), 4.87 (br s, 6H; H1-CD), 4.16 ± 3.36 (m, 48H; H2 to H-6
CD, OH-CD), 2.32 (s, 21H; CH3-bpy); 13C NMR (100 MHz, [D6]DMSO):
�� 155.0 (CONH), 153.0 (C2, C2�), 150.1 (C6), 148.5 (C6�), 138.3 (C4), 136.5
(C4�), 134.5 (C5, C3), 130.4 (C3�), 120.7 (CH2), 102.5 (C1), 84.0 (C4), 73.5 ±
72.7 (C2, C3, C5), 18.6 (CH3); IR (KBr): �� � 3400 ± 3152 (NH, OH), 1648
(CONH), 1556 cm�1 (C�C aromatics); UV/Vis (MeOH): �max (	)� 288
(58660 mol�1dm3cm�1); FAB-MS (thioglycerol): m/z : 2354 [M�HCl�H]� ,
2171 [M�HCl�H� bipyridyl]� ; elemental analysis calcd (%) for
C114H132N24O30 ¥ 9H2O (2480.5): C 55.20, H 6.10, N 13.56; found: C 55.60,
H 6.43, N 12.96.


Heptakis-[6-deoxy-6-(5-methyleneureido-5�-methyl-2,2�-bipyridyl)] cyclo-
maltoheptaose (11): Triphenylphosphane (1.3 g, 5.0 mmol, 70 equiv) was
added to heptakis-(6-deoxy-6-azido)-cyclomaltoheptaose (5) (0.095 g,
0.07 mmol) in distilled and argon degassed DMF (25 mL). A solution of
5-aminomethyl-5�-methyl-2,2�-bipyridine (0.13 g, 0.65 mmol, 9 equiv) in
distilled DMF (20 mL) was then added dropwise whilst a stream of dry CO2


was simultaneously bubbled through the solution. The mixture was stirred
for 15 h at RT under the stream of CO2. The solution was concentrated to
dryness to give an orange oil. Diethyl ether was then added to the residue,
and the resulting red-orange precipitate was filtered and washed with
diethyl ether to give a solid that was purified by crystallisation in hot
absolute ethanol to afford 11 (0.12 g, 0.04 mmol, 61%). Rf� 0.5 (NH3/


dioxan 1:10); 1H NMR (400 MHz, [D6]DMSO): �� 8.28 (d, 2H; bpy), 7.99
(d, 2H; bpy), 7.50 (m, 2H; bpy), 6.93 (br s, 1H; NH), 6.36 (br s, 1H; NH),
5.92 (m, 2H; CH2-bpy), 4.88 (s, 7H; H1-CD), 4.22 ± 3.58 (m, 56H, H2 to
H6-CD, OH-CD), 2.24 (s, 21H; CH3-bpy); 13C NMR (100 MHz,
[D6]DMSO): �� 159.8 (CONH), 154.8 (C2), 153.4 (C2�), 150.0 (C6), 148.5
(C6�), 137.9 (C4), 136.2 (C4�), 133.8 (C5), 120.6 (C3), 120.4 (C3�), 103.2 (C1),
84.8 (C4), 73.2 (C2), 71.1 (C3), 68.2 (C5), 18.6 (CH3); IR (KBr): �� � 3352 ±
2923 cm�1, (NH, OH), 1643 cm�1 (NHC�O); UV/Vis (MeOH): �max (	)�
288 nm (88560 mol�1dm3cm�1); FAB-MS (thioglycerol): m/z : 2705
[M�H]� , 2522 [M� bipyridyl]� ; elemental analysis calcd (%) for
C133H154N28O35 ¥ 10H2O (2884.9): C 55.37, H 6.08, N 13.59; found: C 55.31,
H 5.69, N 12.81.


Octakis-[6-deoxy-6-(5-methyleneureido-5�-methyl-2,2�-bipyridyl)]-cyclo-
maltooctaose (12): A solution of 5-aminomethyl-5�-methyl-2,2�-bipyridine
(0.20g, 1.0 mmol, 9 equiv) in distilled DMF (55 mL) was added dropwise to
a mixture of triphenylphosphane (2.05 g, 8.0 mmol, 70 equiv) and octakis-
(6-deoxy-6-azido)-cyclomaltooctaose (6) (0.17 g, 1.0 mmol) in DMF
(25 mL). A stream of dry CO2 was simultaneously bubbled through the
solution. The mixture was stirred for 16 h at RT under CO2, then
concentrated to dryness and diethyl ether was added to the residue. The
precipitate was then filtered and thoroughly washed with diethyl ether. The
solid was purified by column chromatography (NH3/dioxan 33:67) to give
12 (0.12 g, 0.04 mmol, 35%). 1H NMR (400 MHz, [D6]DMSO): �� 8.38 (d,
unresolved, 2H; bipy), 8.08 (d, unresolved, 2H; bipy), 7.63 (m, 2H; bpy),
5.97 (m, 2H; CH2-bpy), 4.89 (br s, 8H; H1-CD), 4.20 ± 3.35 (m, 64H; H2 to
H6-CD, OH-CD), 2.29 (s, 24H; CH3-bpy); 13C NMR (100 MHz,
[D6]DMSO): �� 159.0 (CONH), 154.8 (C2), 153.5 (C2�), 150.2 (C6), 148.8
(C6�), 138.1 (C4), 136.5 (C4�), 133.9 (C5), 130.5 (C3, C3�), 120.6 (CH2), 102.9
(C1), 84.0 (C4), 73.3 (C2, C3), 65,8 (C5), 57.0 (C6 ), 18.6 (CH3); IR (KBr): �� �
3351 (NH, OH), 1647 (CONH), 1557 cm�1 (C�C aromatics); UV/Vis
(MeOH): �max (	)� 286 (97100 mol�1dm3cm�1); elemental analysis calcd
(%) for C151H174N32O40 ¥ 8H2O (3221.3): C 56.30, H 5.95, N 13.91; found: C
55.95, H 6.10, N 13.52.


Hexakis-[2,3-di-O-methyl-6-deoxy-6-(5-methyleneureido-5�-methyl-2,2�-
bipyridyl)]-cyclomaltohexaose (13): 5-Aminomethyl-5�-methyl-2,2�-bipyri-
dine (0.16 g, 0.80 mmol, 7 equiv) was added in small portions to a mixture
of triphenylphosphane (2.11 g, 8.04 mmol, 70 equiv) and hexakis-(2,3-di-O-
methyl-6-dexy-6-azido)-cyclomaltohexaose (7) (0.15 g, 0.11mmol) in DMF
(60 mL); a stream of dry CO2 was bubbled through the solution simulta-
neously. The mixture was stirred at RT under CO2 for 16 h. The solution
was concentrated to dryness, and diethyl ether was added to the residue.
The resulting precipitate was filtered and washed thoroughly with diethyl
ether. The solid was purified by column chromatography (NH3/dioxan
11:89) to give 13 (0.10 g, 0.04 mmol, 35%). 1H NMR (400 MHz,
[D6]DMSO): �� 8.79 (s, 1H; bpy), 8.53 (s, 1H; bpy), 8.32 (d, 1H; bpy),
8.29 (d, 1H; bpy), 8.11 (d, 1H; bpy), 7.76 (d, 1H; bpy), 5.10 (br s, 6H; H1-
CD), 4.12 ± 3.00 (m, 72H; H2 to H6-CD, CH3O-CD), 2.36 (s, 18H; CH3-
bpy); 13C NMR (100 MHz, [D6]DMSO): �� 159.6 (CONH), 154.8 (C2),
153.5 (C2�), 150.2 (C6), 148,9 (C6�), 138.2 (C4), 136.6 (C4�), 134.1 (C5), 132.4
(C3), 129.7 (C3�), 120.6 (CH2), 100.1 (C1), 83.6 ± 81.5 (C4, C3), 72.2 ± 71.7 (C2),
61.9 (C5), 58.0 (C6 ), 18.6 (CH3); IR (KBr): �� � 3391 (NH), 1654 (CONH),
1560 cm�1 (C�C aromatics); UV/Vis (MeOH) �max (	)� 289
(55080 mol�1dm3cm�1); elemental analysis calcd (%) for C126H156N24O30 ¥
10H2O (2666.9): C 56.75, H 6.65, N 12.61; found: C 56.95, H 6.52, N 12.15.


Heptakis-[2,3-di-O-methyl-6-deoxy-6-(5-methyleneureido-5�-methyl-2,2�-
bipyridyl)]-cyclomaltoheptaose (14): A solution of 5-aminomethyl-5�-
methyl-2,2�-bipyridine (0.16 g, 0.8 mmol, 8 equiv) in distilled CH2Cl2
(55 mL) was added dropwise to a mixture of triphenylphosphane (1.84 g,
7.0 mmol, 70 equiv) and heptakis-(2,3-di-O-methyl-6-dexy-6-azido)-cyclo-
maltoheptaose (8) (0.15 g, 0.1 mmol) in dry distilled CH2Cl2 (25 mL). A
stream of dry CO2 was bubbled through the solution simultaneously. The
mixture was stirred at RT under CO2 for 15 h. The solution was then
concentrated to dryness and diethyl ether was added to the residue. The
resulting precipitate was filtered and washed thoroughly with diethyl ether.
The solid was purified by column chromatography (NH3/dioxan 25:75) to
give 14 (0.15 g, 0.05 mmol, 52%). 1H NMR (400 MHz, [D6]DMSO): ��
8.50 (d, unresolved, 2H; bpy), 8.25 (d, unresolved, 2H; bpy), 7.70 (m, 2H;
bpy), 5.11 (s, 7H; H1-CD), 4.30 ± 3.07 (m, 42H; H2 to H6-CD), 3.57 (s,
21H; CH3O-CD), 2.32 (br s, 21H; CH3-bpy); 13C NMR (100 MHz,
[D6]DMSO): �� 159.3 (CONH), 154.8 (C2), 153.6 (C2�), 150.3 (C6), 149.0
(C6�), 138.4 (C4), 136.7 (C4�), 134.1 (C5), 132.3 (C3), 129.6 (C3�), 120.6 (CH2),
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99.7 ± 98.6 (C1), 82.2 (C4), 71.5 (C2, C3), 61.7 ± 60.6 (C5), 59.1 ± 58.7 (C6 ), 18.6
(CH3); 13C CPMAS NMR (75 MHz, rs� 8 KHz): �� 160, 154 (C2� , C2��),
150(C6� , C6��), 138 (C4� , C4��, C5� , C5��), 121 (C3� ,C3��), 100 (C1), 84 (C4), 70 (C2,
C3, C5), 60 (CH2), 42 (OCH3), 19 (CH3); IR (KBr): �� � 3366 ± 2929 (NH,
OH), 1654 (CONH), 1554 cm�1 (C�C aromatics); UV/Vis (MeOH) �max


(	)� 286 (110830 mol�1 dm3cm�1); elemental analysis calcd (%) for
C147H182N28O34 ¥ 10H2O (3081.3): C 57.30, H 6.61, N 12.73; found: C 57.02,
H 6.31, N 12.30.


Octakis-[2,3-di-O-methyl-6-deoxy-6-(5-methyleneureido-5�-methyl-2,2�-bi-
pyridyl)]-cyclomaltooctaose (15): 5-Aminomethyl-5�-methyl-2,2�-bipyri-
dine (0.13 g, 0.65 mmol, 9 equiv) was added in small portions to a mixture
of triphenylphosphane (1.33 g, 5.07 mmol, 70 equiv) and octakis-(2,3-di-O-
methyl-6-dexy-6-azido)-cyclomaltooctaose (9) (0.12 g, 0.72 mmol) in DMF
(60 mL). A stream of dry CO2 was simultaneously bubbled through the
solution. The mixture was then stirred at RT under CO2 for 16 h. The
workup procedure was the same as above and the crude precipitate was
purified by column chromatography (NH3/dioxan 15:85) to give 15 (0.10 g,
0.03 mmol, 43%). 1H NMR (400 MHz, [D6]DMSO): �� 8.40 (br s, 2H;
bpy), 8.22 (br s, 2H; bpy), 7.63 (m, 2H; bpy), 5.11 (s, 8H; H1-CD), 4.40 ±
3.08 (m, 96H; H2 to H6-CD, CH3O-CD), 2.30 (br s, 24H; CH3-bpy);
13C NMR (100 MHz, [D6]DMSO): �� 159.5 (CONH), 154.8 (C2), 153.6
(C2�), 150.1 (C6), 148.8 (C6�), 138.2 (C4), 136.6 (C4�), 134.1 (C5), 132.4 (C3),
129.6 (C3�), 120.6 (CH2), 98.8 (C1), 82.1 (C4), 70.8 ± 69.3 (C2, C3), 61.1 (C5),
59.1 (C6), 18.6 (CH3); IR (KBr): �� � 3367 (NH, OH), 1656 (CONH),
1555 cm�1 (C�C aromatics); UV/Vis (MeOH): �max (	)� 289
(79460 mol�1dm3cm�1); elemental analysis calcd (%) for C167H206N32O40 ¥
12H2O (3517.8): C 57.02, H 6.59, N 12.74; found: C 56.93, H 6.31, N 12.30.


Heptakis-(6-deoxy-6-propyl)-cyclomaltoheptaose (16): Propylamine
(3.0 mmol, 0.2 g, 8 equiv) was added dropwise to a mixture of triphenyl-
phosphane (26.6 mmol, 7.0 g, 70 equiv) and heptakis-(6-deoxy-6-azido)-
cyclomaltoheptaose (5) (0.5 g, 0.4 mmol) in DMF (45 mL). The solution
was flushed with CO2 and stirred at RT for 17 h. The product was then
precipitated with diethyl ether, filtered off and washed with diethyl ether.
The crude product was then dissolved in boiling methanol, cooled to RT
and re-precipitated with diethyl ether to give 16 (0.245 g, 37%). 1H NMR
(400 MHz, [D6]DMSO): �� 6.50 (t, unresolved, 1H; NH), 6.10 (t,
unresolved, 1H; NH), 4.84 (s; H1-CD), 3.62 ± 2.93 (m, 56H; H2 to H6-
CD, OH-CD), 1.34 (m, 14H; CH2 propyl), 0.83 (m, 21H; CH3 propyl);
13C NMR (100 MHz, [D6]DMSO): �� 159.2 (CONH), 103.1 (C1), 84.8 (C4),
73.3 (C3), 71.9 (C2), 59.0 (C5), 41.9 (C6), 23.9 (CH2), 12.1 (CH3); IR (KBr):
�� � 3367 (NH, OH), 2961 ± 2875 (C�H propyl), 1637 cm�1 (CONH); UV/
Vis (MeOH): �max (	)� 260 nm (603 mol�1dm3cm�1); MALDI (FTICR)
MS (para-nitroaniline): m/z (%): 1746 [M�Na]� (58), 1660 [M�Na� 86]� ;
elemental analysis calcd (%) for C70H126N14O35 ¥ 7H2O (1849.9): C 45.45, H
7.63, N 10.60; found: C 45.77, H 7.15, N 10.20.


{Heptakis-[2,3-di-O-methyl-6-deoxy-6-(5-methyleneureido-5�-methyl-2,2�-
bipyridyl)]-cyclomaltoheptaose} europium(���) chloride (17): A solution
EuCl3 (0.024 g, 0.06 mmol, 1.1 equiv) in MeOH (5 mL) was added to a
solution of heptakis-(2,3-di-O-methyl-6-deoxy-6-(5-methyleneureido-5�-
methyl-2,2�-bipyridyl)]-cyclomaltoheptaose (14) (0.15 g, 0.05 mmol) in
MeOH (10 mL).The mixture was stirred at RT for 24 h. The solution was
then concentrated under reduced pressure. The product was precipitated
with diethyl ether, filtered off and washed several times with diethyl ether.
Pure 17 (0.116g, 71%) was obtained as a pink powder. 1H NMR (400 MHz,
CD3OD, �4 �C): �� 8.77 (s, 1H; H6-bpy), 8.56 (s, 1H; H6�-bpy), 8.38 (s,
1H; H3-bpy), 8.30 (s, 1H; H3�-bpy), 8.07 (s, 1H; H4-bpy), 7.85 (s, 1H; H4�-
bpy), 5.16 (br s, 7H; H1-CD), 4.27 (br s, 7H), 3.33 (br s, 42H; CH3O-CD),
2.46 (br s, 21H; CH3-bpy); 13C CPMAS (75 MHz, rs� 8 KHz): �� 160
(CONH), 154 (C2� , C2��), 150(C6� , C6��), 138 (C4� , C4��, C5� , C5��), 121 (C3� , C3��),
100 (C1), 84 (C4), 70 (C2, C3, C5), 60 (OCH3), 42 (CH2), 19 (CH3); IR (KBr):
�� � 3401 (NH), 1654 (CONH), 1560 cm�1 (C�C aromatics); UV/Vis
(MeOH): �max (	)� 284 nm (90904 mol�1dm3cm�1); plasma torch analysis
calcd for a solution of 17 (c� 3.4� 10�4 molL�1): equiv (Eu3�): 53 mgL�1;
found: 72 mgL�1.


[Heptakis-(6-deoxy-6-propyl)-cyclomaltoheptaose] europium(���) chloride
(18): A solution of EuCl3 (0.02 g, 0.06 mmol, 1.1 equiv) in MeOH (15 mL)
was added to a solution of heptakis-(6-deoxy-6-propyl)-cyclomaltohep-


taose (16) (0.095 g, 0.055 mmol) in MeOH (10 mL). The mixture was
stirred at RT for 24 h. The solution was then evaporated to dryness, and the
final product was precipitated with diethyl ether, filtered off and washed
with diethyl ether to give 18 (0.10 g, 90%) as a powder. IR (KBr): �� � 3338
(NH, OH), 1628 cm�1 (CONH); UV/Vis (MeOH): �max (	)� 260 nm
(760 mol�1 dm3cm�1); MALDI (FTICR) MS (para-nitroaniline) m/z (%):
1946 (35) [M�Eu�(Cl)2]� , 1911 (45) [M�Eu�Cl]2�, 1876 (40) [M�Eu]3�,
1790 (68) [M�Eu� 86]3�.
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Thermal-, Pressure-, and Light-Induced Spin Transition in Novel
Cyanide-Bridged FeII�AgI Bimetallic Compounds with Three-Dimensional
Interpenetrating Double Structures {FeIILx[Ag(CN)2]2} ¥G


Virginie Niel,[a] M. Carmen Munƒoz,[b] Ana B. Gaspar,[a] Ana Galet,[a] Georg Levchenko,[c]
and Jose¬ Antonio Real*[a]


Abstract: Low-spin, high-spin and spin-
transition behaviours have been ob-
served for the doubly interpenetrating
three-dimensional bimetallic com-
pounds {FeII(pz)[Ag(CN)2]2}.pz (pz�
pyrazine), {FeII(4,4�-bipy)2[Ag(CN)2]2}
(4,4�-bipy� 4,4�-bipyridine), and {FeII-
(bpe)2[Ag(CN)2]2} (bpe� bispyridyl-
ethylene), respectively. The single crys-
tals of the bpe derivative undergo a spin


transition with a large hysteresis loop at
about 95 K. After several warming and
cooling cycles, the single crystals be-
come a microcrystalline powder with
50% spin transition. Influence of pres-


sure- as well as light-induced excited
spin-state trapping (LIESST) on the
thermal 50% spin transition of the
microcrystalline sample has also been
investigated. Thermal spin-transition
behaviour has also been induced at
pressures higher than 1 bar for the 4,4�-
bipy derivative. Both the 4,4�-bipy and
bpe derivatives show strong pressure
dependence of the spin state at 300 K.


Keywords: cooperative phenomena
¥ cyanides ¥ interpenetrating 3D
structures ¥ iron ¥ spin crossover


Introduction


The search for novel bistable molecular compounds is of
critical importance for developing new functional materials
like sensors and memory devices. In this regard, iron(��) spin-
crossover compounds represent one of the best examples of
molecular bistability.[1] For these compounds the energy gap
between the fundamental low-spin (LS) state and the excited
high-spin (HS) state is close to the thermal energy, hence, a
spin-state conversion can be driven by a variation of temper-
ature or pressure and by light irradiation.[2] The LS�HS
conversion is concomitant with a variation of the iron-to-
ligand bond length, which is around 0.2 ä greater for the HS
state.[3] This change of molecular size is transmitted cooper-
atively from one site to another in the crystal through
intermolecular interactions, that hydrogen bonding, �-stack-


ing and by suitable bridging ligands. For strong intersite
coupling, thermal hysteresis and, consequently, bistability can
be observed for these systems.
In the course of the studies involving the design and


synthesis of new Hofmann-like clathrate compounds, Kitaza-
wa et al. synthesised and characterised the 2D spin-crossover
compound {Fe(py)2[Ni(CN)4]} (py� pyridine).[4] This com-
pound undergoes a cooperative spin transition between 210
and 170 K with a hysteresis loop about 6 K wide. In a recent
paper we reported the synthesis and characterisation of the
[M(CN)4]2� (M�Pd, Pt) derivatives of the {Fe(py)2[M(CN)4]}
system.[5] Both derivatives display similar spin conversion with
critical temperatures in the range 208 ± 216 K. Furthermore,
this 2D spin-crossover system seemed to us a good oppor-
tunity to study the changes that may occur in cooperativity
when dimensionality changes from 2D to 3D, by slightly
modifying the axial ligand, for instance, by replacing py by
pyrazine (pz). The resulting 3D system of formula
{Fe(pz)[M(CN)4]} ¥ 2H2O (M�Ni, Pd, Pt) showed a remark-
able increase of the width of the hysteresis loop from 7 K to
33 K, as well as a shift of the critical temperatures towards
room temperature.[5]


Following the systematic investigation of the chemistry of
the Hofmann-like clathrates undertaken since 1970s by
Iwamoto and co-workers,[6] we decided to explore the
possibilities of other cyanide complexes like [MI(CN)2]�


(M�Cu, Ag, Au) in the field of the spin-crossover phenom-
enon. In this paper we report the synthesis, crystal structure
and magnetic and photomagnetic properties of new bimetallic
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doubly interpenetrated 3D complexes of formula {Fe(L)x-
[Ag(CN)2]2} ¥G, in which L� pz, x� 1, G� pz (1); L� 4,4�-
bipy, x� 2 (2) and L� bp, x� 2 (3). A variety of magnetic
behaviours has been observed: 1 is LS, 2 is HS, and 3
undergoes a very cooperative spin transition with a 95 K-wide
hysteresis loop. In addition, the effect of pressure on the
thermal variation of the magnetic susceptibility has been
investigated for 2 and 3.


Results


Crystal Structure of 1, 2 and 3 : Figure 1 shows a perspective
drawing of compounds 1 ± 3, together with the atom number-
ing scheme. Selected crystallographic data and bond lengths
and angles are listed in Tables 1 and 2, respectively. The
crystal structures of 1, 2 and 3 are closely related to that
previously reported by Iwamoto et al. for {Cd(4,4�-bipy)2
[Ag(CN)2]2}.[6c] They are made up of two interpenetrating
3D networks consisting of parallel stacks of 2D {Fe-
[Ag(CN)2]2} sheets running along the [001] (1) or [101] (2,
3) direction. The organic ligands pz, 4,4�-bipy and bpe thread


the meshes of the immediately adjacent {[Ag(CN)2]2}n net-
works and bridge iron ± iron (1) and iron ± silver (2, 3) atom
pairs of subsequent networks.
The silver atoms, in the [Ag(CN)2]� units of 1, display an


almost linear coordination [C(1)-Ag-C(2)� 177.5(2)�] with
bond lengths Ag�C� 2.05(3) ä. In contrast, they are three-
coordinate in 2 and 3 ; consequently, the C(1)-Ag-C(2)
moieties are bent [C(1)-Ag-C(2)� 159.24(1)� (2) and
157.4(3)� (3)]. The Ag�C(1), Ag�C(2), and Ag�N(4)1 bond
lengths are 2.107(4) ä (2) / 2.102(8) ä (3), 2.109(4) ä (2) /
2.079(9) ä (3) and 2.466(3) ä [i� x� 1, y, z� 1] (2) /
2.508(9) ä [i�� x� 1/2, y, � z� 1/2] (3), respectively.
The terminal N(1) and N(2) atoms of the [Ag(CN)2]�


groups fill the basal coordination positions lying in the x,y
plane (1) and in the plane parallel to [010] direction (2, 3) of
the [FeN6] pseudooctahedral site. In the case of 1, a binary C2


axis passing through the iron atom bisects the N(1)-Fe-N(2)


Figure 1. Perspective view of the representative fragments of 1 ± 3 including the non-hydrogen atom numbering. Hydrogen atoms are omitted for clarity.


Table 1. Crystallographic Data for 1, 2 and 3.


formula C12H8Ag2Fe1N8 C24H16Ag2Fe1N8 C28H20Ag2Fe1N8
Mw 535.85 688.04 740.11
space group Cmcm (63) P21/n (14) P21/n (14)
a [ä] 12.815(5) 8.656(2) 9.5175(15)
b [ä] 15.979(3) 11.625(3) 11.380(2)
c [ä] 6.7705(11) 12.769(4) 13.2043(15)
� [�] 103.61(2) 95.180(12)
V [ä3] 1386.4(7) 1248.7(6) 1424.4(4)
Z 4 2 2
T [K] 293(2) 293(2) 293(2)
� [ä] 0.71073 0.71073 0.71073
� [mm�1] 3.840 2.155 1.896
�calc [gcm�3] 2.567 1.830 1.726
R1 0.0928 0.0224 0.0484
wR2 0.2478 0.0596 0.1025


R1�� � �Fo �� �Fc � �/� �Fo � ; wR2� [�[w(F 2
o �F 2


c �2/�[w(F 2
o�2]]1/2. w�1/


[�2(F 2
o �� (mP)2�nP] in which P� (F 2


o �2F 2
c �/3 (m�0.1471 (1), 0.0467


(2) or 0.0489 (3); n�118.4614 (1), 2.6918 (2) or 0 (3)).


Table 2. Selected bond lengths [ä] and angles [�] for 1, 2 and 3.


(1) (2) (3)


Fe�N(1) 1.91(3) 2.129(3) 2.129(7)
Fe�N(2) 1.99(3) 2.188(3) 2.172(9)
Fe�N(3) 1.98(2) 2.248(3) 2.232(7)
Ag�C(1) 2.08(4) 2.109(4) 2.102(8)
Ag�C(2) 2.04(3) 2.107(4) 2.079(9)
Ag�N(4)[a] 2.466(3)
Ag�N(4)[b] 2.508(8)
N(1)�C(1) 1.16(4) 1.136(5) 1.134(10)
N(2)�C(2) 1.12(4) 1.141(5) 1.148(11)
N(1)-Fe-N(2) 90.6(11) 87.73(12) 87.0(3)
N(1)-Fe-N(2)[c] 179.8(11)
N(1)-Fe-N(2)[d] 92.27(12)
N(1)-Fe-N(2)e 93.0(3)
N(2)-Fe-N(3) 89.6(5) 89.80(12) 89.2(3)
N(1)-Fe-N(3) 90.4(6) 91.97(12) 90.9(3)
C(1)-Ag-C(2) 176.2(17) 154.24(14) 157.4(3)
N(4)[a]-Ag-C(1) 99.62(13)
N(4)[b]-Ag-C(1) 97.6(3)
N(4)[a]-Ag-C(2) 105.49(13)
N(4)[b]-Ag-C(2) 103.9(3)


The atoms marked with a letter are generated with the following symmetry
operations: a : 1� x, y, 1� z ; b : �x� 1/2, y�1/2, �z�1/2; c: 1� x, y, 1/2�
z ; d: �x, 2� y, 2� z ; e: 1� x, 1� y, 1� z.
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angle. The iron-to-nitrogen bond lengths in the basal plane are
Fe�N(1)� 1.91(3) ä and Fe�N(2)� 1.99(3) ä for 1. The
remaining axial positions are occupied by two nitrogen atoms
of two pz ligands [Fe�N(3)� 1.98(2) ä]. The small distortion
of the octahedral coordination together with the short bond
lengths indicate that the iron(��) ion is in the LS singlet ground
state; this is confirmed by magnetic susceptibility measure-
ments of 1. The iron atoms of 2 and 3 are at the inversion
centre of a strongly distorted coordination octahedron with
significantly larger [Fe�N6] bond lengths: Fe�N(1)� 2.129(3)/
2.129(7) ä, Fe�N(2)� 2.188(3)/2.172(9) ä and Fe�N(3)�
2.248(3)/2.232(7) ä for 2 and 3, respectively. These values
are typical for the iron(��) ion in the HS quintet ground state.
The two interpenetrating nets are displayed in Figure 2.


Each [Ag(CN)2]� group connects two iron atoms defining the
edges of a {Fe4 [Ag(CN)2]4} rhombus. The iron-to-iron
distance through the Fe-NC-Ag-CN-Fe edge is 10.242(3) ä
(1), 10.309(6) ä (2) or 10.212(9) ä (3), whereas the iron-to-
iron separations through the diagonals of the rhombus are
15.98(1) ä and 12.81(1) ä (1), 17.03(1) ä and 11.66(1) ä (2)
and 16.96(1) ä and 11.38(1) ä (3). The internal angles are
102.54(1)� and 77.46(1)� (1), 111.36(1)� and 68.64(1)� (2), and
112.25(1)� and 67.73(1)� (3). The edge-shared rhombuses
define the grid-layered structure mentioned above, with all
the iron and silver atoms in a coplanar sheet (x,y plane) for 1.
In contrast, the layers are corrugated in 2 and 3 as the C-Ag-C
units are bent out of the planes parallel to the direction [010]
defined by the iron atoms. The layers alternate in such a way
that the iron atom in an adjacent layer is above and below but
slightly displaced from the centre, in the case of 1, and strictly
at the centre of the {Fe4 [Ag(CN)2]4} rhombus in 2 and 3. As
mentioned above, one pz ligand and two 4,4�-bipy (2) or two
bpe (3) ligands thread the meshes of the immediately adjacent
layers and bind to the iron atom (1) or silver atom (2, 3) in a
subsequent 2D network defining the two independent inter-
penetrated 3D networks. In addition, a strongly disordered
enclathrated molecule of pz resides in 1.


Magnetic properties : Compound 1 is in the LS singlet ground
state as it is practically diamagnetic at room temperature.
However, 2 and 3 are paramagnetic with the �MT product
equal to 3.7 (2) and 3.6 cm3Kmol�1 (3) at 300 K, �M being the
molar magnetic susceptibility and T the temperature. These
values are in the range expected for an iron(��) atom in the HS
state. At 1 bar, the �MT value of 2 remains constant as the
temperature is lowered from 300 K to 125 K and then
decreases smoothly to a value of 2.3 cm3Kmol�1 on cooling
down to 5 K. This fact is most likely due to the occurrence of
zero-field splitting (ZFS) in the quintet ground; consequently,
no spin transition is observed for this compound in the whole
range of temperatures (see Figure 4, top).
Figure 3 displays the thermal dependence of �MT for single


crystals of 3. As the temperature is lowered from 300 to 150 K
�MT remains constant (3.6 cm3Kmol�1) then decreases
abruptly from 150 K down to 95 K. The plateau observed in
the region of temperature 90 ± 30 K corresponds to
1.1 cm3Kmol�1. These features reveal an incomplete HS�
LS spin conversion. The subsequent dropping of �MT at
temperatures below 30 K corresponds to the zero-field


Figure 2. View of the interpenetrating double framework structure of 1
(top), 2 (middle) and 3 (bottom). Fe: red, Ag (subnet-1): yellow, (subnet-2):
green, N: blue and C: brown.


splitting of the remainder of HS molecules trapped at low
temperatures, about 30% (see Figure 4, bottom). The warm-
ing and cooling modes cause the same magnetic behaviour in
the temperature region 5 ± 90 K; however, a hysteresis loop
of about 95 K occurs between 120 and 215 K. At 220 K,
compound 3 is again in the HS state. It should be emphasised
that during the first cooling and warming cycle, a small but
significant singularity is observed as the temperature is
increased from 90 to 180 K. Firstly, �MT decreases upon
warming the sample attaining a value of 0.83 cm3Kmol�1 at
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Figure 3. �MT versus T plots for 3. Top: The effect of warming and cooling
cycles on the hysteresis loop. Bottom: Detailed view of the singularity
around 120 K and the corresponding cooling and warming cycle in the
range 180 ± 80 K.


Figure 4. �MT versus T plots for 2 (top) and 3 (bottom) at different
pressures.


around 122 K, �MT then increases sharply until it reaches
1.17 cm3Kmol�1 at 126 K, and finally �MT decreases again
when the temperature is raised from 126 K to 150 K. Between
150 and 200 K, �MT has a constant value of around
1 cm3Kmol�1. The sample was cooled from 180 K to 80 K,
without leaving the LS phase, in order to check this
singularity. Interestingly, around 50% of the trapped HS
molecules undergo a secondary spin transition with a small
hysteresis 4 K wide. �MT decreases to a value of
0.5 cm3Kmol�1 at 80 K, which corresponds to 14% of still
trapped HS molecules (see Figure 3, bottom). This procedure
was repeated three more times with the same sample. Each
cooling and warming cycle was completed in 11 hours. The
main difference after successive cooling and warming cycles is
the increase of the trapped HS species at temperatures below
100 K and, hence, the increase of the corresponding �MT
values of the low temperature plateau from 1.1 to
1.7 cm3Kmol�1. Moreover, the singularity is much more
marked, whereas the plateau inside the hysteresis loop shifts
towards higher values of �MT (1.8, 2.4 and 3.3 cm3Kmol�1 for
the 2nd, 3rd and 4th cycles, respectively]. These facts indicate
that the HS phase increases at the expense of the LS phase
but, interestingly, the width of the hysteresis loop does not
change significantly after successive heating and warming
cycles. In addition, the single crystals crack and transform into
a microcrystalline powder, whose magnetic behaviour corre-
sponds to that of the precipitate version of 3 : 50% spin
transition without hysteresis. It should be emphasised that the
theoretical X-ray powder diffraction (XRPD) spectrum of the
single crystals of 3 is virtually the same as that of the
experimental XRPD of the corresponding microcrystalline
sample. Crystals coming from different syntheses of 3 have
essentially the same behaviour as described above.


Magnetic properties under hydrostatic pressure : The effect of
pressure on the thermal variation of �MTwas studied for single
crystals of 2 and microcrystalline powdered samples of 3. As
stated above, 2 is HS over the whole range of temperatures at
ambient pressure (see Figure 4); however, when the pressure
is increased to 4.6 kbar, a continuous and incomplete spin
transition is observed in the temperature range 225 ±
70 K. �MT decreases from 3.7 cm3Kmol�1 at 300 K to
2.2 cm3Kmol�1 at 70 K, and involves around 40% of spin
conversion. The increase of pressure from 4.6 kbar to 4.8 kbar
induces a remarkable shift of the spin transition to higher
temperatures, which takes place between 230 K and 90 K. The
low-temperature plateau (�MT� 1.4 cm3Kmol�1) suggests
that around 62% of molecules undergo spin conversion. At
5.4 kbar, a drastic change in magnetic behaviour is observed,
the low-spin state dominates at room temperature, �MT�
1.6 cm3Kmol�1; this value decreases to 0.3 cm3 Kmol�1 when
the sample is cooled to 5 K. Except for a small residual HS
fraction (8%), 2 becomes fully LS at 300 K and 7 kbar (�MT�
0.7 cm3Kmol�1). After the pressure was released, the �MT
against T curves of 2 at 1 bar superimpose quite well; this
indicates that no irreversible effects occur under pressure. All
the measurements were performed in the cooling and warm-
ing modes and no hysteresis was observed. The �MT against T
curves for 3 at different pressures are depicted in Figure 4
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(bottom). The �MT values at 300 K and pressures of 1 bar,
3.4 kbar and 5.3 kbar are 3.6, 1.7 and 1.3 cm3Kmol�1, respec-
tively. The �MT against T plot at 3.4 kbar for the cooling and
warming modes denotes the occurrence of a small hysteresis
loop, which is reminiscent of the magnetic properties of the
sample constituted of single crystals above described.
The plot of �MTat 300 K versus P for 2 (Figure 5) shows the


unusual discontinuous character of the pressure-induced spin
transition at room temperature. �MT is constant at
3.7 cm3Kmol�1 up to 4.8 kbar, then decreases dramatically
between 4.8 and 7 kbar to 0.7 cm3Kmol�1. This effect is even
more dramatic for compound 3.


Figure 5. �MT versus P plot at 300 K for 2.


Photomagnetic behaviour : LIESST and HS�LS relaxation
experiments : The LIESST experiment was carried out on a
microcrystalline (precipitated) sample (0.72 mg) of 3. The
results are displayed in Figure 6. The magnetic response was


Figure 6. �MT versus T plots for 3. The sample was cooled from 300 to 5 K
at 2 Kmin�1 (�), then irradiated (600 nm) for 120 min at 10 K (�) and
finally warmed from 2 Kup to 150 K (0.5 Kmin�1) after the light irradiation
was turned off (�).


measured first in the cooling mode (cooling rate 2 Kmin�1)
from 300 K down to 10 K with an applied magnetic field of
1.5 T (�). At 10 K, the sample was irradiated with orange light
(600 nm) for 120 min, the time required to attain the
saturation value of �MT� 2.6 cm3Kmol�1 (�). The light was
then switched off, and the temperature was first decreased to
2 K and then increased to 150 K at a rate of 0.5 Kmin�1. �MT
increased progressively up to about 3.3 cm3Kmol�1 at 53 K.
Taking into account the occurrence of ZFS in the low


temperature region, an almost quantitative LIESST effect
has been achieved for 3. At temperatures greater than 53 K,
�MT drops rapidly to reach the minimum value,
1.70 cm3Kmol�1, at 78 K; this indicates the occurrence of
HS�LS relaxation. At temperatures greater than 85 K, �MT
increases again following the conversion observed on the
cooling mode. The characteristic temperature corresponding
to the maximum variation of �MT in the HS�LS relaxation
after LIESST, TCLIESST,[7] is about 71 K.
The dynamics of the HS�LS relaxation was investigated


over the temperature range 55 ± 67 K. For higher temper-
atures, relaxation was too fast relative to the SQUID (super-
conducting quantum interference device) time window. The
decay of the HS molar fraction of the centres that undergo
spin conversion, nHS, versus time at various temperatures is
displayed in Figure 7. A single-exponential law was used to fit
the data according to the expression:


nHS� exp [-k(T) t]


in which k(T) corresponds to the relaxation rate at tem-
perature T. The parameter k(T) was determined by a
least-squares fit minimising R��[(nHS)obsd� (nHS)calcd]2/
�[(nHS)obsd]2. The best fits are shown in Table 3, and the
resulting least-squares curves are shown as solid lines in
Figure 7.


Figure 7. Selected time dependence at various temperatures of the HS
molar fraction of the active centres, nHS, generated by the LIESST effect.
Solid line represents the best fit to the experimental HS�LS relaxation
curves.


Conclusion


Cooperativity is responsible for the dramatic changes ob-
served in the magnetic and optical properties of spin-cross-
over compounds. It strongly depends on the effectiveness of


Table 3. Best fit of k(T) for the HS�LS relaxation of 3 over the
temperature range 55 ± 67 K.


k(T) [s�1] R T [K]


2.5� 10�5 4� 10�4 55
4.6� 10�5 5� 10�4 57
1.1� 10�4 8� 10�4 60
4.5� 10�5 1� 10�3 65
6.1� 10�4 9� 10�4 66
8.1� 10�4 8� 10�4 67
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the intermolecular contacts in the crystal. Strong intermolec-
ular interactions result from the presence of an efficient
hydrogen-bonding network or � staking between the building
blocks used for the construction of the spin-crossover com-
pound. While the supramolecular synthesis from mononu-
clear units is a complex task, which is far from being
accomplished, the synthesis of polymeric spin crossover
compounds represents an interesting alternative for exploring
cooperativity. In this regard, a number of one-, two- and three-
dimensional compounds have been reported. For instance, the
compounds [Fe(4-R-trz)3](anion)2 ¥ xH2O (4-R-trz� 4-substi-
tuted 1,2,4-triazole)[8] and [Fe(btzp)3](ClO4)2 (btzp� 1,2-bis-
(tetrazole-1-yl)propane)[9] are the most representative 1D
spin crossover compounds studied up to now. The former
system defines a family of compounds displaying strong
cooperativity with large hysteresis loops, whereas a less
cooperative and continuous spin conversion is observed for
the BTZP derivative. The rigidity of the triazole iron-bridged
chain and the flexibility of the unsaturated linkages connect-
ing the two tetrazole moieties are at the heart of the different
cooperativity observed in these 1D compounds.
Sharp spin changes with thermal hysteresis have also been


reported for the 2D system [Fe(btr)2(NCX)2] ¥H2O (btr� 4,4�-
bis-1,2,4-triazole; X� S[10] and Se[11]) and for the compound
[Fe{N(entz)3}2](anion)2 (N(entz)� tris[(tetrazole-1-yl)etha-
ne]amine; anion�BF4�, and ClO4�).[12] Only two 3D coordi-
nation spin-crossover polymers based either on triazole or
tetrazole derivatives have been reported up to now. They are
[Fe(btr)3](ClO4)2[13] and [Fe(btzb)3](ClO4)2 (btzb� 1,4-bis-
(tetrazole-1-yl)butane).[14]


We have investigated the suitability of the bismonodentate
ligands pz, bpe and bpb (bpb� 1,4-bis(4-pyridyl)-butadyine)
for the synthesis of new 2D polymers of formula
[Fe(L)2(NCS)2]nS. No spin transition has been observed,
even at 10 kbar, for the 2D antiferromagnet
[Fe(pz)2(NCS)2].[15] In contrast, a thermal continuous and
incomplete spin conversion was observed for the bpe (nS�
1 MeOH)[16] and bpb (nS� 0.5 MeOH)[17] derivatives at 1 bar.
The structural motive is similar for the three compounds: the
equatorial positions of the [FeN6] core being occupied by
nitrogen atoms of the bis-monodentate ligands, while the
remaining two positions are filled by the thiocyanate anions.
From the structural point of view this series represents an
interesting correlation between the size of the ligand and the
degree of catenation in (4,4) 2D systems. The pz derivative
shows no interpenetration of the 2D nets, while bpe and bpb
derivatives show double and triply interlocked 2D nets,
respectively.
The 2D and 3D Hofmann-like spin crossover polymers of


formula {Fe(L)x[MII(CN)4]}nG with L� pyridine (x� 2, n�
0); pz (x� 1, nG� 2H2O) and MII�Ni, Pd, Pt represent a
qualitative and quantitative improvement in the search for
new polymeric spin-crossover materials.[5] In these com-
pounds, polymerisation takes place through the rigid
[MII(CN)4]2� moieties, which occupy the four equatorial
positions of the [FeN6] core and the two axial positions are
occupied by the nitrogen atom of the organic ligand. In the
case of the pz derivatives, polymerisation also takes place via
the bis-monodentate pz ligand giving the 3D network. In the


present paper we have extended this approach to the
[Ag(CN)2]� anion using pz, 4,4�-bipy and bpe as bridging
ligands. It should be pointed out that 1 presents an infinite 2D
network defined by edge-shared {Fe4[Ag(CN)2]4} rhombuses,
and that these sheets are interconnected by the pz ligand in
such a way that interpenetration of two 3D identical subnets
takes place. By contrast, no interpenetration is observed for
the {Fe(pz)[MII(CN)4]} ¥ 2H2O compounds as the voids de-
fined by the tetradentate ligand [MII(CN)4]2� are four times
smaller than those corresponding to the [MI(CN)2]� anions.
Interestingly, the bond length Fe�N(pz)� 2.267(4) ä ob-
served for {Fe(pz)[Pt(CN)4]} ¥ 2H2O is significantly larger
than that of 1 [Fe�N(3)� 1.98(2) ä]. This fact reflects the
different ground state of these compounds as they are HS and
LS at room temperature, respectively. From these results an
average variation of the metal-to-ligand bond length of
around 0.29 ä could be anticipated for these polymeric
compounds upon spin conversion. This large structural
modification could account for the strong cooperative behav-
iour observed for all the cyanide compounds studied up to
now.
Interpenetration takes place in a different way for 2 and 3.


The axial positions of each iron atom are occupied by two
organic bridging ligands but, at variance with 1, these ligands
link two Ag atoms belonging to alternate {Fe4[Ag(CN)2]4}n
sheets so that each {Fe4[Ag(CN)2]4} window of contiguous
sheets is threaded twice by the organic bridges. Compound 3
shows one of the largest thermal hystereses (ca. 95 K wide)
observed for a spin-crossover compound. However, the single
crystals crack with concomitant loss of hysteresis after
repeated cycles of cooling and heating. This loss of ™memory∫
is uncommon because the HS fraction increases without
essential narrowing of the hysteresis loop. After five or more
cooling and warming cycles, the single crystals are completely
destroyed, and the magnetic behaviour becomes similar to
that of the precipitated microcrystalline samples of 3, showing
a 50% spin transition. This indicates that irreversible changes
occur in the solid state and strongly suggests that only one
subnet undergoes thermal spin conversion at 1 bar. Never-
theless, such changes do not involve crystallographic phase
transition. There are some well documented iron(��) spin-
crossover compounds for which incomplete spin conversion at
low temperature has been observed. Usually, small differ-
ences are observed in the Fe�N bond lengths for the two
different iron atoms in these compounds, see for instance
ref. [17] and references therein.
Pressure usually causes a tendency towards the closer


packing of molecules. This increases the intermolecular
interactions and makes the metal-to-ligand bond lengths
shorter. So, the general effect of pressure on transition metal
complexes in the solid state is to increase the ligand field and
reduce the interelectronic repulsion.[18, 19] When the ligand
field of the iron(��) is close to the crossing point, these changes
can result in a HS�LS conversion at relatively low pres-
sures.[20, 21] In this regard, the crystal structures of 2 and 3 are
very similar, the average Fe�N bond length is only 0.011(9) ä
greater for 2 ; however, despite this small difference, 2 is HS
while 3 (single-crystal form) undergoes thermal spin transi-
tion at 1 bar, which shows a large thermal hysteresis. By
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contrast, the thermal spin conversion induced under pressure
for 2 takes place without thermal hysteresis, being similar to
that observed for 3 in the microcrystalline form. It is
important to point out that more than 85% of the spin
transition takes place within the range of 2 kbar at room
temperature. Though no hysteresis is observed, the extreme
sensitivity of 2 and 3 to pressure at 300 K suggests the
occurrence of strong cooperativity in the 3D network.
The discovery of the LIESST effect[22] in the solid state


created the expectation that the spin crossover compounds
could be used as optical switches. Unfortunately, the long-
lived meta-stable HS state only is achieved at temperatures
lower than 50 K for most compounds. However, it has been
suggested that the creation of a long-lived meta-stable HS
state after the LIESST effect could be achieved by increasing
cooperativity, as this magnifies the activation-energy barrier
between the LS and HS potential wells.[23] The photomagnetic
studies of 3 are the first example of LIESST effect observed
for a 3D polymeric compound. In our polymeric approach, the
iron atoms were connected with rigid rods in order to transmit
the intramolecular changes efficiently upon spin conversion,
consequently, 3 experiences strong cooperativity. In spite of
this fact, the HS�LS thermal relaxations are single expo-
nentials instead of sigmoidal curves. Anyway, relaxation
curves indicate that a tunnelling mechanism dominates at
temperatures as high as 50 K. Consequently, the rate con-
stants kHL(T) are small, and the relaxation process is very
slow. However, the relaxation accelerates as the temperature
approaches TCLIESST� 71 K indicating that thermal activation
becomes the predominant mechanism. It is important to note
that the lowest �MT value attained in the relaxation experi-
ments, after long delays, is 1.6 cm3Kmol�1. This indicates that
the 50% plateau does not corresponds to a meta-stable
trapped HS state as observed previously for the compound
{Fe(abpt)2[N(CN)2]2}.[24]


Experimental Section


Materials : Pyrazine, 4,4�-bipyridine, bispyridyl-ethylene, K[Ag(CN)2] and
Fe(BF4)2 ¥ 6H2O were purchased from commercial sources and used as
received.


Preparation of 1, 2 and 3 : Samples of 1, 2 and 3 were obtained as crystalline
materials by the slow diffusion method in water/methanol and under an
argon atmosphere, with H-double-tube glass vessels. The starting materials
were an aqueous solution of K[Ag(CN)2] (3 mL, 0.54 mmol) on one hand
and a methanolic solution of Fe(BF4)2 ¥ 6H2O and L (1:1, 5 mL, 0.27 mmol)
on the other. After 2 ± 4 weeks, deep red single crystals of 1, 2 and 3 were
collected, washed in water/methanol (1:1) and dried in an argon stream.
Yields: 12% (1), 6% (2) and 5% (3). Elemental analysis calcd (%) for
C12H8N8Ag2Fe (535.85) (1): C 26.87, H 1.49, N 20.90; found: C 26.8, H 1.6, N
20.6; for C24H16N8Ag2Fe (344.02) (2): C 41.86, H 2.32, N 16.28; found: C
41.7, H 2.3, N 16.1; for C28H20N8Ag2Fe (740.11) (3): C 45.40, H 2.70, N 15.13;
found: C 45.2, H 2.7, N 14.9.


Magnetic and photomagnetic measurements : The variable-temperature
magnetic susceptibility measurements were carried out on small single
crystal (20 ± 30 mg) samples by using a Quantum Design MPMS2 SQUID
susceptometer equipped with a 5.5 T magnet and operating at 1 Tand 1.8 ±
300 K. The magnetic measurements under pressure were performed by
using a hydrostatic pressure cell, specially designed for our SQUID set up,
made of hardened beryllium bronze with silicon oil as the pressure
transmitting medium and operating over the pressure range 1 bar ± 12 kbar.
The cylindrically shaped sample holder was 1 mm in diameter and 5 ± 7 mm


in length. The pressure was measured by using the pressure dependence of
the superconducting transition temperature of a built-in pressure sensor
made of high-purity tin.[25] The susceptometer was calibrated with
(NH4)2Mn(SO4)2 ¥ 12H2O. Photomagnetic experiments were carried out
by using a Xe lamp with a 600 nm filter coupled through an optical fibre to
the SQUID susceptometer; the out power was 2 mWcm�2. Experimental
susceptibilities were corrected for diamagnetism of the constituent atoms
by the use of Pascal×s constants.


X-ray crystallography : Diffraction data on prismatic crystals of 1 ± 3 were
collected at 293 K with a Siemens P-4 diffractometer by using graphite-
monochromated MoK� radiation (�� 0.71073 ä) and the � ± 2� scan
technique. The cell parameters were determined from least-squares
refinement of 25 well-centred reflections in the range 12� �� 20�. The
crystal parameters and refinement data are summarised in Table 1. Three
standard reflections were monitored every hour, but no intensity variations
were observed. Lorentz polarisation and absorption corrections were
applied to the data. The structures were solved by direct methods using
SHELXS97 and refined the full-matrix least-squares method on F 2 using
SHELXL97.[26] All non-hydrogen atoms were refined anisotropically.


CCDC-174175 (1), 174176 (2), and 174177 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk.
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Synthesis and Molecular Tumbling Properties of Sialyl Lewis X and Derived
Neoglycolipids
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Dedicated to Professor Lutz F. Tietze on the occasion of his 60th birthday


Abstract: The sialyl Lewis X (sLeX)
epitope has become a prominent target
for biological studies because of its role
in inflammation through binding to
selectins. This epitope is located at the
terminal end in glycosphingolipids and a
lactose unit serves as spacer to the
ceramide moiety. This paper focuses on
the influence of the spacer structure and
spacer length in regard to the mobility of
the sLeX epitope. To this end sLeX


neoglycolipids 1 a ± c, with one, two, or


three lactose units as spacer between the
sLeX tetrasaccharide epitope and the
membrane anchor, were synthesized.
The synthetic strategy was also applied
to the synthesis of the corresponding
Lewis X (LeX) derivatives. The glycoli-
pids were inserted in model membranes,


and the tumbling frequencies of the sLeX


tetrasaccharide epitopes were then ana-
lysed by NMR spectroscopy. A nona-
ethylene glycol spacer decouples the
carbohydrate moiety from the mem-
brane mobility while (oligo-)lactoses
act as more rigid distance keepers be-
tween the Lewis epitope and the surface
of the membrane. Quantification of the
different degrees of decoupling was
possible by analysis of rotational corre-
lation times.


Keywords: glycolipids ¥ molecular
dynamics ¥ NMR spectroscopy ¥
sialyl Lewis X ¥ synthesis design


Introduction


Glycosphingolipids, found on the surface of living cells, are
functional elements in cell ± cell interactions.[1] The amplifi-
cation of relatively weak monovalent carbohydrate ± lectin
affinities to strong polyvalent contacts is a prerequisite of
many carbohydrate-based recognition processes.[2] High local
concentrations of the carbohydrate ligands on membrane
surfaces and an adequate presentation of the sugar epitopes
result in strong polyvalent receptor affinities.[3] The protein-
independent homophilic carbohydrate ± carbohydrate inter-
action is another cell-adhesion process that depends on the
pertinent organization of sugar head groups, as has been
found by recent studies with the Lewis X (LeX) antigen
family.[4] The LeX and sialyl Lewis X (sLeX) sphingolipids
occur as oligomeric glycoforms on cellular surfaces
(Scheme 1, Aa, Ab). Fucosylated N-acetyllactosamine trisac-
charide units and one lactose as a spacer increase the mobility


of the terminal sLeX tetrasaccharide epitope. In this manu-
script, the dependence of the epitope dynamics of sLeX Aa,[5]


of the membrane-anchored sLeX neoglycolipids Bc,[6] and
1 a ± c on spacer structure and spacer length is quantified,
because these neoglycolipids were found to be highly effective
mimics of the natural sLeX gangliosides in dynamic cell rolling
studies.[6, 7] The synthesis of compounds 1 a ± c, that have one,
two, or three lactose units as spacer, is also described in this
paper.


Results and Discussion


Synthesis of Compounds 1 a ± c : For the synthesis of com-
pounds 1 a ± c, we employed a modification of our previously
reported strategy for the formation of the sLeX structures.[6]


To this end a 3b-O-unprotected 2a-O-benzoyl-lactose build-
ing block was used to which, in three successive steps, the
glucosamine residue and then a fucosyl residue was attached.
Finally a Neu5Ac�(2-3)Gal-disaccharide building block[8] was
connected.
3b-O-Unprotected 2a-O-benzoyl-lactoside 4 (Scheme 2)


was readily obtained from known 2a-O-unprotected 3b-O-
allyl-lactoside 2.[9] 2a-O-Benzoylation (�3) and then removal
of the 3b-O-allyl group under palladium(��) chloride catalysis
in aqueous acetic acid[10] afforded acceptor 4 in high yield.
Glycosylation with known glucosamine donor 5[11] under
standard conditions, that is, with catalytic amounts of
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trimethylsilyl trifluoromethanesulfonate (TMSOTf) as acti-
vator, led to exclusive �(1-3)-linkage affording trisaccharide 6
in practically quantitative yield (1H NMR: J1c,2c� 8.3 Hz;
13C NMR: C-1c, �� 101.51). Selective removal of theO-acetyl
groups under Zemple¬n conditions at 0 �C (�7) and then
4c,6c-O-benzylidenation with benzaldehyde dimethylacetal
in the presence of p-toluenesulfonic acid (pTsOH) as
catalyst gave 3c-O-unprotected acceptor 8. Fucosylation of 8
with known donor 9[12] under standard conditions furnished
exclusively the desired �-linked tetrasaccharide, which
was immediately subjected to reductive opening of
the 4c,6c-O-benzylidene ring with sodium cyanoborohydride
in HCl and diethyl ether,[13] thus affording 4c-O-un-
protected tetrasaccharide 10 as acceptor. It is worth mention-
ing that the fucosylation of the corresponding N-acetyl-
protected glucosamine trisaccharide under the same condi-
tions gave only an �/�-mixture (4:1) and moderate yields. This
fact demonstrates the good acceptor properties of the
trichloroethoxycarbonyl (Troc) residue as amino protecting
group.
Glycosylation of 10 with the known Neu5Ac�(2-3)Gal


donor 11[6, 14] and TMSOTf as catalyst furnished hexasacchar-
ide 12 in very good yield (Scheme 3). The Troc group in 12 was
removed under reductive conditions, and the liberated amino
group was acetylated, thus furnishing acetylamino derivative
13. The new anomeric linkage could be readily assigned


in this compound (1H NMR: J1e,2e� 8.1 Hz, 13C NMR: C-1e,
�� 98.97). Hydrogenolytic O-debenzylation and then O-
acetylation gave O-acyl-protected 14. The anomeric O-acetyl
group could be selectively removed with an excess of
piperidinium acetate[15] in THF at 50 �C to give the 1-O-
unprotected derivative 15. Treatment with trichloroacetoni-
trile in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) as base afforded the desired trichloroacetimidate 16 as
hexasaccharide donor.
The synthesis of compounds 1 a ± c was completed with the


help of dialkylglycerols 17 a ± c (Scheme 4); 17 a was obtained
as previously described.[6] Its reaction with known donor 18[16]


led, after acid catalyzed removal of the isopropylidene group,
to disaccharide neoglycolipid 17 b.[17] Ensuing glycosylation
with donor 18 and then de-O-isopropylidenation led to
tetrasaccharide neoglycolipid 17 c.[17] Glycosylation of accep-
tors 17 a ± c with donor 16 furnished hexa-, octa- and
decasaccharides 19 a ± c ; only �-linkages were formed
(1H NMR, 19 a : J1a,2a� 7.9 Hz; 19 b : J1c,2c� 8.0 Hz, 19 c :
J1e,2e� 7.6 Hz). Removal of all O-acyl groups from 19 a ± c
under Zemple¬n conditions and then saponification of the
methyl ester of the Neu5Ac moiety furnished target mole-
cules 1 a ± c in very good yields. The structural assignments
were confirmed by the NMR data.
With building block 10, the branching to give the Lewis X


derivatives is possible at a late stage of the synthetic route.


Scheme 1. Natural sialyl Lewis X and derived neoglycolipids.
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Here with 17 a in hand, the LeX


analogue of 1 a was prepared.
To this end, tetrasaccharide 10
was glycosylated with known
galactosyl donor 20[18] under
borontrifluoride ether catalysis;
the product was treated with
zinc in acetic acid/acetic anhy-
dride under sonication, thus
furnishing N-acetylated penta-
saccharide 21 (Scheme 5). The
HMQC-spectrum exhibits a
large coupling constant for the
1e-H signal at �� 4.59 (J1e,2e�
7 Hz); this indicates its �-link-
age. Hydrogenolytic removal of
all O-benzyl groups and then
O-acetylation afforded the per-
O-acylated intermediate 22.
Regioselective 1-O-deacetyla-
tion with piperidinium acetate
(�23) and then treatment with
trichloroacetonitrile in the
presence of DBU as base fur-
nished trichloroacetimidate 24
as pentaosyl donor. Reaction
with 17 a as acceptor afforded
the desired �-linked (1H NMR:
J1a,2a� 7.9 Hz) LeX neoglycoli-
pid 25, which on de-O-acylation
under Zemple¬n conditions fur-
nished target molecule 26. The
structural assignments were
again confirmed by the NMR
data collected for compounds
25 and 26.


Molecular tumbling rates of
membrane-anchored sLeX gly-
colipids : Deuterated sodium
dodecylsulfate ([D25]SDS) mi-
celles form a simple membrane-
mimetic environment for the
NMR analysis of amphiphilic
biomolecules.[19] The tumbling
frequency of an SDS micelle is
characterized by an average
rotational correlation time (�c,
the average time taken for the
molecule to rotate through one
radian) of only 5 ns, much
shorter than phospholipid-
based cell membranes. Yet, this
correlation time is long enough
to separate the �c of the micelle
and the �c of the carbohydrate
head group of a glycolipid
which is inserted into the model
membrane. Changing the na-


Scheme 2. Synthesis of tetrasaccharide intermediate 10.


Scheme 3. Synthesis of hexasaccharide donor 16.
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ture of the spacer between the carbohydrate epitope and the
hydrophobic membrane anchor then quantifies the rigidity of
the spacer: the flexible spacer decouples the epitope tumbling
rate from the membrane mobility while the rigid spacer does
not.
Molecular tumbling rates influence the NMR relaxation


behaviour. There are several methods for connecting molec-
ular tumbling rates with spin-relaxation properties.[20] Yet, not
all of them can be applied to glycolipids that are not isotope
enriched and that show line-broadening due to their micelle-
anchoring. Dipolar cross relaxation was selected for two
reasons, firstly, because of its high sensitivity as a proton-
detected method and secondly because of its model-free data
analysis. For a fixed interproton distance, the NOE intensity
depends only on the reorientation frequency of the corre-
sponding interproton vector relative to the applied magnetic
field. Thus, each cross-signal intensity in a NOESY spectrum
describes the dynamics of a selected molecular moiety. The
strong dependence of the NOE intensity on the molecular
tumbling rate in the region of sign inversion of the NOE
quantifies the correlation times of individual molecular
groups. By this, the nanosecond timescale is analyzed in a
measuring window between approximately 0.1 and 10 �0 ¥ �c
(�0� spectrometer frequency). For short mixing times (�mix�
70 ms), each cross-signal intensity in a 2D NOESY spectrum
depends on a single interproton distance, and the correspond-
ing cross-relaxation rate �ij is calculated from the ratio


between the cross-signal (Ic) and diagonal-signal (Id) inten-
sities according to the formula:[21]


� �ij ��
1


2�mix


ln
�
1� x


1� x


�
x� Ic


Id


Cross-relaxation rates between proton pairs of fixed
interatom distances were then analyzed with the formula:


�ij�
�4h2


10 r6ij


�
�0


�4��2
�


6�c
1 � �2��c�2


� �c


��


which contains �c as the only variable term. The rigid chair
conformations of pyran rings constrain several short inter-
proton distances, which therefore exhibit negligible time
averaging. Well-separated 1H NMR resonance signals were
observed for the sLeX tetrasaccharide moieties of 1 a ± c, Aa
and Bc. We selected three intraglycosidic NOE contacts of
galactose (Gal), fucose (Fuc), and sialic acid (Sia) and one
interglycosidic contact to N-acetylglucosamine (GlcNAc)
Fuc-H1 ±GlcNAc-H3 for the analysis. The data are listed in
Table 1.
A gradation of correlation times was detected within the


sLeX tetrasaccharide units of 1 a ± c, Aa and Bc. The highest
mobility (shortest �c) was detected for sialic acid which always
tumbles at least twice as fast as the LeX trisaccharide unit. The
�c×s of Fuc are shorter than the �c of Gal and describe internal
dynamics within the LeX trisaccharide units. This stepwise
decrease of correlation times within the columns of Table 1


Scheme 4. Synthesis of target molecule 1 a ± c.
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describes the internal dynamics of each sLeX tetrasaccharide
unit, while the rows in indicate the influence of the spacer
unit.


Neoglycolipid 1 a and the
natural sLeX ganglioside Aa
have the same hexasaccharide
moiety, the structural differen-
ces are restricted to the hydro-
phobic membrane anchors.
Their similar correlation times
prove that the tumbling behav-
iour of the sugar head group in
the micellar environment is
hardly influenced by the mem-
brane anchor. Probably, the
aglyconic methylene group acts
as a flexible joint between the
spacer and the hydrophobic
lipid anchor. Two or three lac-
tose units double or triple the
distance between the mem-
brane surface and the sLeX


moiety, respectively. Yet the
average �c×s of the sLeX tetra-
saccharide moieties decrease
only gradually by approximate-
ly 30% between 1 a and 1 c.
Although the molecular weight
increases from 1 a to 1 c, the
average correlation time of the
terminal LeX tetrasaccharide
decreases in the same direction.
Thus, the oligolactose spacer
partly decouples the tumbling
of the terminal epitope from
the micelle dynamics. The
nonaethylene glycol spacer in
Bc[6] doubles the tumbling fre-
quency of the sLeX head
group–it divides the correla-
tion times by a factor of two–
and thus increases the overall
mobility of the terminal tetra-
saccharide. Thus, the different


mobilities of the sLeX tetrasaccharide units of 1 c and Bc are
due to the effective decoupling of the carbohydrate tumbling
from the micelle tumbling by the nonaethylene spacer. A
quantitative description of the degree of decoupling by an
oligoethylene spacer is given here for the first time. The
tumbling rates are the basis for the interpretation of receptor
binding data of 1 a ± 1 c and Bc described in refs. [6, 7]. The
data were measured with isolated glycolipids, which were
inserted into model membranes. For the design of multivalent
ligands,[22] it has to be taken into account that the membrane
anchor also causes differences in the supramolecular arrange-
ment (microdomains) of the glycolipids in the membrane.[7]


Conclusion


In conclusion, an efficient route for the synthesis of LeX and
sLeX trichloroacetimidate donors 16 and 24 has been devel-


Scheme 5. Synthesis of LeX neoglycolipid 26.


Table 1. The cross-relaxation rates �ij were determined from NOESY
spectra and then transformed into tumbling rates �c with the formula given
in the text. The structures of naturally occurring sLeX glycosphingolipid Aa
and its analogues 1 a ± c and Bc are given in Scheme 1.


Aa 1a 1 b 1c Bc


�ij [s�1]
Gal-H1 ±Gal-H3 � 0.84 � 0.71 � 0.69 � 0.61 � 0.36
Fuc-H1 ±Fuc-H2 � 0.56 � 0.50 � 0.34 � 0.34 n.d.
Fuc-H1 ±GlcNAc-H3 � 0.61 � 0.63 � 0.53 � 0.61 � 0.33
Sia-H3ax ±H3eq � 2.30 � 2.30 � 1.66 � 1.86 � 1.10
�c [10�9 s]
Gal-H1 ±Gal-H3 3.6 3.0 3.0 2.6 1.6
Fuc-H1 ±Fuc-H2 1.8 1.8 1.3 1.3 n.d.
Fuc-H1 ±GlcNAc-H3 2.1 2.2 1.8 2.1 1.2
Sia-H3ax ±H3eq 1.45 1.45 1.1 1.2 0.8
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oped. Glycosylation of dialkylglycerols 17 a ± c furnished the
target molecules 1 a ± c with one to three lactose units as
spacer after deprotection. We could separate the influence of
the spacer on the presentation of the carbohydrate epitope by
quantifying molecular tumbling rates of the sLeX tetrasac-
charide head groups. These results underline the dominating
influence of the spacer in the presentation of carbohydrate
epitopes and thus on molecular recognition phenomena.


Experimental Section


General techniques : Solvents were purified according to standard proce-
dures. Flash chromatography was performed on Baker silica gel 60 (0.040 ±
0.063 mm) at a pressure of 0.4 bar. Thin layer chromatography was
performed on Merck silica gel plastic plates, 60F254 or Merck silica gel glass
plates, HPTLC 60F254 ; compounds were visualized by treatment with a
solution of (NH4)6Mo7O24 ¥ 4H2O (20 g) and Ce(SO4)2 (0.4 g) in 10%
sulfuric acid (400 mL) and heating at 150 �C. Optical rotations were
measured on a Perkin-Elmer polarimeter 241 in a 1 dm cell at 22 �C. NMR
measurements were recorded at 22 �C on a Bruker AC250 Cryospec or a
Bruker DRX600. TMS or the resonance of the deuterated solvent was used
as internal standard; solvents: CDCl3, �� 7.26; D2O, �� 4.63. Target
molecules (max. 6 mg) were measured in a 320 mmol solution of
[D25]sodiumdodecyl sulfate ([D25]SDS) in 0.5 mL D2O. At this concen-
tration, each micelle bears approximately one or two glycolipids. NOESY
spectra were acquired with different mixing times, of which only the
shortest �mix (70 ms) were used for the data analysis. MALDI-mass spectra
were recorded on a Kratos Kompact MALDII instrument using a 2,5-
dihydroxybenzoic acid matrix.


Benzyl O-(3-O-allyl-2,4,6-tri-O-benzyl-�-�-galactopyranosyl)-(1� 4)-2-
O-benzoyl-3,6-di-O-benzyl-�-�-glucopyranoside (3): A solution of com-
pound 2[9] (13.3 g, 14.4 mmol) and benzoyl chloride (2.5 mL, 22 mmol) in
dry pyridine (50 mL) was heated at 45 �C for 18 h. After addition of some
ethanol the mixture was concentrated in vacuo. After addition of dichloro-
methane (300 mL), the solution was washed with 1� hydrochloric acid and
saturated NaHCO3 solution. The organic layer was dried over sodium
sulfate and concentrated in vacuo. Purification was accomplished by flash
chromatography (petroleum ether/ethyl acetate 5:1 to 4:1) to furnish 3
(13.5 g, 91%) as a colourless oil. Rf� 0.32 (petroleum ether/ethyl acetate
4:1); [�]D��5.7 (c� 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3): �� 3.33
(dd, J(2,3)� 9.7, J(3,4)� 3.0 Hz, 1H; 3b-H), 3.36 ± 3.53 [m, 4H; HMQC:
3.37 (6b-H), 3.39 (5b-H), 3.46 (5a-H), 3.51 (6�b-H)], 3.69 ± 3.73 [m, 2H;
HMQC: 3.71 (3a-H), 3.72 (2b-H)], 3.78 (dd, J(5,6)� 1.7, 2J� 10.9 Hz, 1H;
6a-H), 3.85 (dd, J(5,6�)� 4.5, 2J� 10.9 Hz, 1H; 6�a-H), 3.87 (d, J(3,4)�
3.1 Hz, 1H; 4b-H), 4.09 (dd, J(3,4)� J(4,5)� 9.2 Hz, 1H; 4a-H), 4.17 (m,
2H; OCH2-CH�CH2), 4.24 ± 4.96 [m, 14H; HMQC: 4.25, 4.35 (2d, 2J�
11.8 Hz, CH2Ph), 4.45 (1b-H), 4.55 (1a-H), 5 CH2Ph], 5.19 (dd, 2J� 1.3,
3J� 10.5 Hz, 1H; OCH2-CH�CHH), 5.32 ± 5.35 [m, 2H; HMQC: 5.33
(OCH2-CH�CHH), 5.33 (2a-H)], 5.93 (m, 1H; OCH2-CH�CH2), 6.98 ±
7.99 (m, 35H; 7C6H5); 13C NMR (151 MHz, CDCl3, excerpt): �� 68.18 (6a-
C, 6b-C), 73.04 (5b-C), 73.15 (2a-C), 73.44 (4b-C), 75.59 (5a-C), 76.79 (4a-
C), 79.94 (2b-C), 80.56 (3a-C), 82.24 (3b-C), 99.43 (1a-C), 102.84 (1b-C),
165.15 (COPh); elemental analysis calcd (%) for C64H66O12 (1027.21): C
74.83, H 6.48; found: C 74.91, H 6.52.


Benzyl O-(3-O-allyl-2,4,6-tri-O-benzyl-�-�-galactopyranosyl)-(1� 4)-2-
O-benzoyl-3,6-di-O-benzyl-�-�-glucopyranoside (4): Compound 3 (13.5 g,
13.1 mmol) was dissolved in acetic acid (130 mL) and water (13 mL), then
sodium acetate (3.2 g) and palladium chloride (2.7 g) were added. After
24 h, the solution was filtered over celite and washed with diethyl ether.
After evaporation in vacuo, the residue was dissolved in diethyl ether
(400 mL), and the solution was washed with saturated NaHCO3 solution.
The organic layer was dried over sodium sulfate and concentrated in vacuo.
Flash chromatography (petroleum ether/ethyl acetate 3:1 to 2:1, added in
toluene) furnished 4 (10.7 g, 83%) as a colourless foam. Rf� 0.42
(petroleum ether/ethyl acetate 2:1); [�]D��1.3 (c� 1.0 in CHCl3);
1H NMR (250 MHz, CDCl3): �� 3.47 ± 5.01 (m, 23H; 21-H, 2b-H, 23-H,
24-H, 25-H, 46-H, 6CH2Ph), 5.43 (dd, J(1,2)� 8.0, J(2,3)� 9.3 Hz, 1H; 2a-


H), 7.05 ± 8.08 (m, 35H; 7 C6H5); elemental analysis calcd (%) for
C61H62O12 ¥ 1³4H2O (991.65): C 73.88, H 6.35; found: C 73.73, H 6.32.


Benzyl O-(3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylami-
no)-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-benzyl-�-�-galactopyrano-
syl)-(1� 4)-2-O-benzoyl-3,6-di-O-benzyl-�-�-glucopyranoside (6): A sol-
ution of 4 (4.10 g, 4.15 mmol) and 5[11] (2.81 g, 4.49 mmol) in dry dichloro-
methane (25 mL) with molecular sieves (AW-300) was treated at room
temperature with trimethylsilyl trifluoromethanesulfonate (46 �L,
259 �mol). After being stirred for 15 min, the mixture was neutralized
with triethylamine and concentrated in vacuo. The residue was purified by
flash chromatography (petroleum ether/ethyl acetate 2:1 to 3:2) to give 6
(5.78 g, 95%) as a colourless foam. Rf� 0.24 (petroleum ether/ethyl acetate
2:1); [�]D��13.8 (c� 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3): ��
2.00, 2.07, 2.09 (3s, 9H; 3COCH3), 3.42 ± 3.55 [m, 4H; HMQC: 3.43 (5a-H),
3.44 (6b-H), 3.51 (5b-H), 3.53 (6�b-H)], 3.67 (ddd, J(4,5)� 10.1, J(5,6)� 2.5,
J(5,6�)� 5.1 Hz, 1H; 5c-H), 3.70 ± 3.81 [m, 5H; HMQC: 3.72 (3b-H), 3.74
(3a-H), 3.77 (2b-H), 3.78 (6a-H), 3.78 (2c-H)], 3.89 (dd, J(5,6)� 4.0, 2J�
11.1 Hz, 1H; 6�a-H), 3.92 (d, J(3,4)� 3.1 Hz, 1H; 4b-H), 4.18 ± 4.21 [m, 2H;
HMQC: 4.19 (4a-H), 4.19 (6c-H)], 4.27 (d, 2J� 11.7 Hz, 1H; CHHPh), 4.32
(dd, J(5,6�)� 5.1, 2J� 12.3 Hz, 1H; 6�c-H), 4.36 (brd, 1H; NH), 4.39 (d,
2J� 11.7 Hz, 1H; CHHPh), 4.50 ± 4.65 [m, 9H; HMQC: 4.51 (1b-H), 3.55
(1a-H), CH2CCl3, 5CHHPh], 4.75 (d, 2J� 12.1 Hz, 1H; CHHPh), 4.78 (d,
J(1,2)� 8.3 Hz, 1H; 1c-H), 4.81 (dd, J(2,3)� J(3,4)� 10.0 Hz, 1H; 3c-H),
4.87 ± 4.99 (m, 4H; 4CHHPh), 5.05 (dd, J(3,4)� J(4,5)� 9.7 Hz, 1H; 4c-H),
5.36 (dd, J(1,2)� J(2,3)� 8.7 Hz, 1H; 2a-H), 7.01 ± 8.01 (m, 35H; 7C6H5);
13C NMR (151 MHz, CDCl3, excerpt): �� 56.18 (2c-C), 62.17 (6c-C), 68.04
(6a-C), 68.19 (6b-C), 68.75 (4c-C), 71.74 (5c-C), 72.04 (3c-C), 73.09 (2a-C),
73.36 (5b-C), 75.53 (5a-C), 76.00 (4b-C), 76.24 (4a-C), 80.21 (3b-C), 80.41
(3a-C), 80.94 (2b-C), 99.36 (1a-C), 101.51 (1c-C), 102.56 (1b-C); elemental
analysis calcd (%) for C76H80Cl3NO21 ¥ 1³2H2O (1458.83): C 62.57, H 5.60, N
0.93; found: C 62.40, H 5.43, N 0.67.


Benzyl O-(2-deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-�-�-glucopy-
ranosyl)-(1� 3)-(2,4,6-tri-O-benzyl-�-�-galactopyranosyl)-(1� 4)-2-O-
benzoyl-3,6-di-O-benzyl-�-�-glucopyranoside (7): Compound 6 (8.81 g,
6.04 mmol) was dissolved in dry methanol (100 mL), and sodium meth-
oxide (100 mg, 1.85 mmol) was added at 0 �C. After the mixture had been
stirred for 1.5 h at 0 �C, TLC showed that there was no more starting
material. The solution was neutralized with Amberlite IR120 (H�), filtered
and evaporated. Flash chromatography (toluene/acetone/methanol
66:33:1) yielded 7 (7.00 g, 86%) as a colourless foam. Rf� 0.21 (toluene/
acetone/methanol 66:33:1); [�]D��9.3 (c� 1.0 in CHCl3); 1H NMR
(250 MHz, CDCl3): �� 3.14 ± 4.97 (m, 35H; 31-H, 2b-H, 2c-H, 33-H, 34-H,
35-H, 66-H, NH, CH2CCl3, 6CH2Ph), 5.31 (dd, J(1,2)� 8.1, J(2,3)� 9.3 Hz,
1H; 2a-H), 6.93 ± 7.98 (m, 35H; 7C6H5); elemental analysis calcd (%) for
C70H74Cl3NO18 ¥H2O (1341.73): C 62.66, H 5.71, N 1.04; found: C 62.52, H
5.75, N 0.77.


Benzyl O-(4,6-di-O-benzylidene-2-deoxy-2-(2,2,2-trichloroethoxycarbonyl-
amino)-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-benzyl-�-�-galactopyran-
osyl)-(1� 4)-2-O-benzoyl-3,6-di-O-benzyl-�-�-glucopyranoside (8): Com-
pound 7 (3.74 g, 2.79 mmol) was dissolved in dry acetonitrile (30 mL) with
molecular sieves (AW-300), then benzaldehyde dimethylacetal (510 �L,
3.39 mmol) and p-toluenesulfonic acid (108 mg, 560 �mol) was added at
room temperature. After 3 h, the solution was neutralized with triethyl-
amine, filtrated and concentrated in vacuo. The residue was purified by
flash chromatography (petroleum ether/ethyl acetate 3:1 to 2:1) to give 8
(3.70 g, 94%) as a colourless foam. Rf� 0.24 (petroleum ether/ethyl acetate
2:1); [�]D��25.4 (c� 1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): ��
3.37 ± 5.01 (m, 35H; 31-H, 2b-H, 2c-H, 33-H, 34-H, 35-H, 66-H, NH,
CH2CCl3, 6CH2Ph), 5.31 (dd, J(1,2)� 8.1, J(2,3)� 9.3 Hz, 1H; 2a-H), 5.55
(s, 1H; CHPh), 7.04 ± 7.98 (m, 40H; 8C6H5); elemental analysis calcd (%)
for C77H78Cl3NO18 (1411.82): C 65.51, H 5.57, N 0.99; found: C 62.53, H 5.69,
N 0.81.


Benzyl O-(3,4-di-O-acetyl-2-O-benzyl-�-�-fucopyranosyl)-(1� 3)-(6-O-
benzyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-�-�-glucopyrano-
syl)-(1� 3)-(2,4,6-tri-O-benzyl-�-�-galactopyranosyl)-(1� 4)-2-O-benzo-
yl-3,6-di-O-benzyl-�-�-glucopyranoside (10): A solution of acceptor 8
(3.63 g, 2.57 mmol) and donor 9[12] (1.86 g, 3.86 mmol) in dry dichloro-
methane (40 mL) with molecular sieves (AW-300) was treated at 0 �C with
trimethylsilyl trifluoromethanesulfonate (19 �L, 106 �mol). After 30 min,
the mixture was neutralized with triethylamine and concentrated in vacuo.
The residue was purified by flash chromatography (petroleum ether/ethyl







FULL PAPER R. R. Schmidt et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2460 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 112460


acetate 2:1 to 3:2 to 1:1) to give the tetrasaccharide as a colourless foam.
This compound was dissolved in dry tetrahydrofuran (70 mL) with
molecular sieves (AW-300), and sodium cyanoborohydride (1.6 g, 80 mmol)
was added. The mixture was treated dropwise under cooling with a
saturated solution of hydrochloride in diethyl ether until the solution
remained acidic. After 30 min, sodium hydrogen carbonate was added, the
mixture was filtrated and diluted with a saturated NaHCO3 solution. After
extraction with dichloromethane (3	 100 mL), the combined organic
layers were dried over sodium sulfate and concentrated in vacuo. Flash
chromatography (toluene/acetone 9:1 to 8:1 to 7:1) yielded 10 (3.33 g,
75%) as a colourless foam. Rf� 0.31 (toluene/acetone 7:1); [�]D��34.0
(c� 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3): �� 1.08 (d, J(5,6)�
6.5 Hz, 3H; 6d-CH3), 1.92, 2.09 (2s, 6H; COCH3), 3.22 (br s, 1H; 3c-H),
3.32 (m, 1H; 5a-H), 3.39 (dd, J(5,6)� 4.6, 2J� 8.4 Hz, 1H; 6b-H), 3.42 ±
3.80 [m, 12H; HMQC: 3.43 (5c-H), 3.46 (5b-H), 3.49 (6�b-H), 3.52 (4c-H),
3.56 (2c-H), 3.65 (3a-H), 3.68 (6a-H), 3.68 (3b-H), 3.70 (2b-H), 3.72 (6c-H),
3.79 (6�a-H), 3.79 (2d-H)], 3.82 (dd, J(5,6)� 2.9, 2J� 10.6 Hz, 1H; 6�c-H),
3.91 (s, 1H; 4b-H), 4.10 (dd, J(3,4)� J(4,5)� 9.2 Hz, 1H; 4a-H), 4.22 (d,
2J� 11.8 Hz, 1H; CHHPh), 4.33 ± 4.89 [m, 23H; HMQC: 4.34 (5d-H), 4.41
(1b-H), 4.47 (1a-H), 4.50 (NH), 4.75 (1c-H), 4.89 (1d-H), 15 CHHPh,
CH2CCl3], 5.22 ± 5.25 [m, 2H; HMQC: 5.23 (3d-H), 5.24 (4d-H)], 5.30 (dd,
J(1,2)� J(2,3)� 8.7 Hz, 1H; 2a-H), 6.93 ± 8.01 (m, 45H; 9C6H5); 13C NMR
(151 MHz, CDCl3, excerpt): �� 15.88 (6d-C), 56.30 (2c-C), 65.75 (5d-C),
67.90 (6a-C), 68.35 (6b-C), 69.84 (6c-C, 3d-C), 70.41 (4c-C), 71.28 (4d-C),
73.24 (2a-C), 73.41 (2d-C), 73.64 (5b-C), 74.77 (5c-C), 75.42 (5a-C), 76.23
(4a-C, 4b-C), 80.16 (3b-C), 80.40 (3a-C), 80.90 (2b-C), 83.59 (3c-C), 97.79
(1d-C), 99.32 (1a-C), 101.60 (1c-C), 102.49 (1b-C); elemental analysis calcd
(%) for C94H100Cl3NO24 (1734.18): C 65.10, H 5.88, N 0.81; found: C 64.87, H
5.91, N 0.73.


Hexasaccharide (12): A solution of acceptor 10 (1.73 g, 1.00 mmol) and
donor 11[6] (1.52 g, 1.56 mmol) in dry dichloromethane (15 mL) with
molecular sieves AW-300 was treated at 0 �C with trimethylsilyl trifluoro-
methanesulfonate (18 �L, 100 �mol). After being stirred for 2 h, the
mixture was neutralized with triethylamine, filtrated and concentrated in
vacuo. The residue was purified by flash chromatography (toluene/acetone
3:1) to give 12 (1.95 g, 77%) as colourless foam. Remaining acceptor 10 can
be recovered. Rf� 0.33 (toluene/acetone 2:1); [�]D��30.2 (c� 1.0 in
CHCl3); 1H NMR (600 Hz, CDCl3): �� 1.20 (d, J(5,6)� 6.5 Hz, 3H; 6d-
CH3), 1.73 (dd, J(3ax ,4)� 2J� 12.4 Hz, 1H; 3f-Hax), 1.85, 1.86, 1.95, 2.00,
2.07, 2.07, 2.08, 2.08, 2.22 (9 s, 27H; 9COCH3), 2.56 (dd, 2J� 12.6, J(3eq,4)�
4.7 Hz, 1H; 3f-Heq), 3.30 ± 5.30 (m, 63H; 51-H, 52-H, 53-H, 64-H, 65-H,
96-H, 29-H, CO2CH3, 2NH, CH2CCl3, 9CH2Ph), 5.38 (dd, J(6,7)� 2.8,
J(7,8)� 9.4 Hz, 1H; 7f-H), 5.56 (m, 1H; 8f-H), 6.94 ± 7.98 (m, 50H;
10C6H5); elemental analysis calcd (%) for C131H147Cl3N2O43 (2543.95): C
61.85, H 5.82, N 1.10; found: C 61.83 H 5.73, N 0.71.


Acetylamino hexasaccharide (13): A solution of 12 (1.95 g, 767 �mol) in
tetrahydrofuran/acetic anhydride/acetic acid (6:2:1, 24 mL) was treated
with activated zinc powder (1.5 g, activation with 2% CuSO4 in water for
5 min, then subsequent washing with water, methanol and dry diethyl
ether). The mixture was stirred for 4 h at room temperature with sonication
(5	 30 min) and then filtered and washed with diethyl ether (400 mL).
After careful addition of a saturated sodium bisulfate solution, the mixture
was stirred vigorously for 2 h. The organic layer was separated, dried over
sodium sulfate, and evaporated under reduced pressure. Purification by
flash chromatography (toluene/acetone 5:2 to 2:1) gave 13 (1.81 g, 93%) as
a colourless foam. Rf� 0.52 (toluene/acetone 1:1); [�]D��35.2 (c� 1.0 in
CHCl3); 1H NMR (600 MHz, CDCl3, main conformer): �� 1.10 (d,
J(5,6)� 6.5 Hz, 3H; 6d-CH3), 1.50 (s, 3H; COCH3), 1.72 (dd, 2J�
J(3ax,4)� 12.4 Hz, 1H; 3f-Hax), 1.85, 1.86, 1.87, 2.00, 2.04, 2.07, 2.07, 2.09,
2.21 (9s, 27H; 9COCH3), 2.57 (dd, 2J� 12.6, J(3eq,4)� 4.7 Hz, 1H; 3f-Heq),
3.32 ± 3.44 [m, 4H; HMQC: 3.32 (6b-H), 3.33 (5a-H), 3.36 (6�b-H), 3.38 (5b-
H)], 3.57 ± 3.76 [m, 55H; HMQC: 3.57 (6e-H), 3.57 (6�e-H), 3.61 (6f-H),
3.63 (3b-H), 3.64 (3a-H), 3.66 (6a-H), 3.69 (2b-H), 3.69 (5c-H), 3.72 (5e-H),
3.73 (6�a-H), 3.73 (2c-H), 3.81 (2d-H), 3.82 (6c-H), 3.82 (6�c-H), 3.84
(COOCH3), 3.89 (9f-H), 3.96 (4b-H), 4.06 (4a-H), 4.05 (5f-H), 4.19 (3c-H),
4.19 (4c-H), 4.22 (9�f-H), 4.41 (1b-H), 4.48 (1a-H), 4.59 (3e-H), 4.65 (5d-H),
4.81 (1e-H, J(1,2)� 8.1 Hz), 4.90 (4f-H), 4.93 (2e-H), 4.99 (1c-H), 5.03
(NfH), 5.08 (4e-H), 5.18 (3d-H), 5.22 (1d-H), 5.23 (4d-H), 9CH2Ph], 5.28 (d,
J(1,2)� J(2,3)� 8.7 Hz, 1H; 2a-H), 5.33 (dd, J(6,7)� 2.8, J(7,8)� 9.5 Hz,
1H; 7f-H), 5.54 (d, J(2,NH)� 8.3 Hz, 1H; NcH), 5.61 (m, 1H; 8f-H), 6.93 ±
7.98 (m, 50H; 10C6H5); 13C NMR (151 MHz, CDCl3, excerpt): �� 15.86


(6d-C), 37.57 (3f-C), 49.08 (5f-C), 53.16 (OCH3), 57.37 (2c-C), 62.40 (9f-C),
64.33 (5d-C), 67.14 (7f-C), 67.22 (8f-C), 67.38 (6e-C), 67.81 (4e-C), 68.08 (6a-
C), 68.53 (6b-C), 69.02 (6c-C), 69.41 (4f-C), 70.22 (3d-C), 70.52 (2e-C),
71.65 (3e-C), 71.89 (6f-C), 71.94 (4d-C), 72.09 (5e-C), 72.9 (2d-C, 3c-C),
73.11 (2a-C), 73.34 (5b-C), 74.88 (5c-C), 75.5 (4c-C, 5a-C), 76.2 (4a-C, 4b-
C), 79.59 (2b-C), 80.52 (3a-C), 82.36 (3b-C), 96.49 (1d-C), 96.99 (2f-C),
98.97 (1e-C), 99.39 (1a-C), 101.40 (1c-C), 102.54 (1b-C), 167.72 (1f-C);
elemental analysis calcd (%) for C130H148N2O42 (2410.59): C 64.77, H 6.19, N
1.16; found: C 64.56 H 5.89, N 0.95.


O-acyl-protected hexasaccharide (14): Compound 13 (575 mg, 239 �mol)
was dissolved in methanol (20 mL) and acetic acid (3 drops). Palladium on
charcoal (100 mg, 10% Pd) was added, and the solution was stirred
vigorously under a hydrogen atmosphere overnight. The catalyst was
filtered off and washed with methanol. After evaporation in vacuo the
residue was dissolved in pyridine (15 mL), and acetic anhydride (15 mL)
was added. After 16 h, the solvent was evaporated, and the residue was
coevaporated with toluene (3	 ) and purified by flash chromatography
(toluene/acetone 1:1) to give 14 (422 mg, 93%) as a colourless foam. Rf�
0.30 (toluene/acetone 1:1); 1H NMR (250 MHz, CDCl3): �� 1.18 (d,
J(5,6)� 6.5 Hz, 3H; 6d-CH3), 1.64 ± 2.20 (m, 58H; 3f-Hax, 19 COCH3), 2.59
(dd, 2J� 12.6, J(3eq,4)� 4.6 Hz, 1H; 3f-Heq), 3.11 ± 6.43 (m, 45H; 51-H, 52-
H, 53-H, 64-H, 65-H, 96-H, 7f-H, 8f-H, 29f-H, CO2CH3, 2NH), 7.41 ± 7.99
(m, 5H; C6H5); elemental analysis calcd (%) for C85H112N2O51 (1977.80): C
51.62, H 5.71, N 1.42; found: C 51.31 H 5.75, N 1.07.


Unprotected hexasaccharide (15): Piperidinium acetate (580 mg) was
added to a solution of compound 14 (1.06 g, 535 �mol) in dry tetrahy-
drofuran (40 mL), and the mixture was stirred for 4 h at 50 �C. After
evaporation of the solvent, the residue was purified by flash chromatog-
raphy (toluene/acetone 1:1) to give 15 (954 mg, 92%) as a colourless foam.
Rf� 0.42 (toluene/acetone 2:3); 1H NMR (250 MHz, CDCl3): �� 1.18 (d,
J(5,6)� 6.5 Hz, 3H; 6d-CH3), 1.53 ± 2.20 (m, 55H; 3f-Hax, 18COCH3), 2.59
(dd, 1H; 3f-Heq), 3.15 ± 5.57 (m, 45H; 51-H, 42-H, 53-H, 64-H, 65-H, 96-
H, 7f-H, 8f-H, 29f-H, CO2CH3, 2NH, OH), 5.73 (dd, J(1,2)� J(2,3)�
9.7 Hz, 1H; 2a-H), 7.42 ± 8.03 (m, 5H; C6H5); elemental analysis calcd
(%) for C83H110N2O50 (1935.76): C 51.50, H 5.73, N 1.45; found: C 51.95 H
6.02, N 1.74.


Trichloroacetimidate (16): Trichloroacetonitrile (320 �L, 3.2 mmol) and
1,8-diazabicyclo[5.4.0]undec-7-ene (4 �L) were added to a solution of 15
(614 mg, 317 �mol) in dry dichloromethane (20 mL). After 3 h, the mixture
was concentrated in vacuo. Flash chromatography (toluene/acetone
1:1�1% triethylamine) furnished 16 (607 mg, 92%) in a �/� ratio of
�19:1 as a pale yellow foam. Rf� 0.53 (toluene/acetone 2:3); 1H NMR
(250 MHz, CDCl3): �� 1.18 (d, J(5,6)� 6.5 Hz, 3H; 6d-CH3), 1.64 ± 2.19
(m, 55H; 3f-Hax, 18COCH3), 2.58 (dd, 1H; 3f-Heq), 3.10 ± 5.78 (m, 45H;
41-H, 52-H, 53-H, 64-H, 65-H, 96-H, 7f-H, 8f-H, 29f-H, CO2CH3, 2NH),
6.62 (d, J(1,2)� 3.7 Hz, 1H; 1a-H), 7.38 ± 7.99 (m, 5H; C6H5), 8.56 (s, 1H;
�NH); elemental analysis calcd (%) for C85H110N3Cl3O50 ¥H2O (2098.17): C
48.66, H 5.38, N 2.00; found: C 48.97 H 5.90, N 2.02.


Hexasaccharide (19 a): A solution of donor 16 (96 mg, 46 �mol) and lipid
17a[6] (50 mg, 92 �mol) in dry dichloromethane (3 mL) with molecular
sieves (AW-300) was treated at 0 �C with trimethylsilyl trifluoromethane-
sulfonate (3.3 �L, 18 �mol). After being stirred for 3 h, the mixture was
neutralized with triethylamine, filtrated and concentrated in vacuo. The
residue was purified by flash chromatography (toluene/acetone 2:1 to 3:2)
to give 19a (87 mg, 76%) as a colourless foam. Rf� 0.56 (toluene/acetone
1:1, HPTLC); [�]D��22.1 (c� 1.0 in CHCl3); 1H NMR (600 MHz,
CDCl3): �� 0. 88 (t, 6H; 2CH3), 1.18 ± 1.31 (m, 55H; 26CH2, 6d-CH3),
1.36 ± 1.43 (q, 4H; 2OCH2CH2), 1.68 (dd, 2J� J(3ax ,4)� 12.4 Hz, 1H; 3f-
Hax), 1.85, 1.92, 1.94, 1.96, 2.00, 2.05, 2.07, 2.07, 2.08, 2.09, 2.09, 2.10, 2.11,
2.12, 2.13, 2.14, 2.15, 2.20 (18s, 54H; 18COCH3), 2.58 (dd, 2J� 12.5,
J(3eq,4)� 4.4 Hz, 1H; 3f-Heq), 3.08 ± 3.17 [m, 3H; HMQC: 3.11, 3.15
(OCH2), 3.17 (2c-H)], 3.24 (dd, 2J� 10.2, J(2�,3�)� 5.3 Hz, 1H; 3�-H), 3.32
(dd, 2J� 10.2, J(2�,3�)� 4.2 Hz, 1H; 3�-H), 3.38 ± 3.67 [m, 7H; HMQC: 3.40
(OCH2), 3.44 (2�-H), 3.46 (5c-H), 3.57 (1�-H), 3.63 (6f-H), 3.65 (5a-H)], 3.71
(dd, J(2,3)� 9.9, J(3,4)� 3.5 Hz, 1H; 3b-H), 3.75 (dd, J(4,5)� J(5,6)�
6.5 Hz, 1H; 5b-H), 3.80 ± 3.89 [m, 7H; HMQC: 3.81 (4a-H), 3.83 (1�-H),
3.84 (5e-H), 3.86 (COOCH3), 3.87 (4c-H)], 3.99 ± 4.06 [m, 4H; HMQC:
4.01 (6b-H, 6�b-H), 4.03 (6c-H), 4.03 (5f-H)], 4.08 (dd, 2J� 12.9, J(8,9)�
3.4 Hz, 1H; 9f-H), 4.16 (dd, 2J� 11.8, J(8,9)� 5.2 Hz, 1H; 6a-H), 4.21 ±
4.39 [m, 5H; HMQC: 4.22 (3c-H), 4.22 (6e-H), 4.25 (9�f-H), 4.36 (1b-H),
4.37 (6�e-H)], 4.47 (d, 2J� 10.6, 1H; 6�a-H), 4.52 (dd, J(2,3)� 10.1,
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J(3,4)� 3.3 Hz, 1H; 3e-H), 4.64 (d, J(1,2)� 7.9 Hz, 1H; 1a-H), 4.77 (d,
J(1,2)� 8.2 Hz, 1H; 1e-H), 4.80 (d, 2J� 11.0 Hz, 1H; 6�c-H), 4.86 ± 5.51 [m,
17H; HMQC: 4.88 (1c-H), 4.88 (4f-H), 4.89 (2e-H), 4.95 (2d-H), 4.95 (4e-
H), 4.97 (2b-H), 4.99 (5d-H), 5.12 (NfH), 5.15 (2a-H), 5.19 (3d-H), 5.31 (4d-
H), 5.32 (1d-H), 5.33 (4b-H), 5.35 (3a-H), 5.43 (7f-H), 5.47 (NcH), 5.50 (8f-
H)], 7.41 ± 8.00 (m, 5H; C6H5); 13C NMR (151 MHz, CDCl3, excerpt): ��
15.80 (6d-C), 37.61 (3f-C), 49.07 (5f-C), 53.15 (OCH3), 58.4 (2c-C), 60.92
(6c-C), 61.37 (6e-C), 61.52 (6b-C), 61.66 (9f-C), 62.17 (6a-C), 64.10 (5d-C),
66.58 (7f-C), 67.35 (4e-C), 67.57 (8f-C), 67.95 (3d-C), 68.80 (2d-C), 69.01
(4b-C, 1�-C), 69.41 (4f-C), 69.87 (2e-C), 70.04 (3�-C), 70.49 (OCH2), 70.93
(5e-C), 71.19 (5b-C), 71.23 (2b-C), 71.36 (3e-C), 71.51 (4d-C, OCH2), 71.86,
71.91 (2a-C, 6f-C), 72.29 (3a-C), 72.4 (3c-C), 72.87 (5a-C), 73.11 (5c-C),
74.23 (4c-C), 75.66 (4a-C), 75.96 (3b-C), 77.31 (2�-C), 95.26 (1d-C), 96.82
(2f-C), 99.39 (1c-C), 99.88 (1e-C), 100.69 (1b-C), 101.11 (1a-C), 165.11
(COPh), 167.84 (1f-C); elemental analysis calcd (%) for C118H180N2O52 ¥
2H2O (2494.73): C 56.81, H 7.43, N 1.12; found: C 56.57 H 7.32, N 0.91.


Octasaccharide (19 b): A solution of donor 16 (337 mg, 161 �mol) and lipid
17b[17] (445 mg, 321 �mol) in dry dichloromethane (5 mL) with molecular
sieves (AW-300) was treated at room temperature with trimethylsilyl
trifluoromethanesulfonate (12 �L, 64 �mol). After being stirred for 3 h, the
mixture was neutralized with triethylamine, filtrated and concentrated in
vacuo. The residue was purified by flash chromatography (toluene/acetone
8:5 to 1:1) to give 19b (254 mg, 47%) and unreacted 17b (301 mg) as
colourless foams. Rf� 0.45 (toluene/acetone 1:1, HPTLC); [�]D��2.0
(c� 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3): �� 0.88 (t, 6H; 2CH3),
1.16 (d, 3H; 6f-CH3), 1.25 ± 1.30 (br s, 52H; 26CH2), 1.55 (q, 4H;
2OCH2CH2), 1.65 ± 1.69 (m, 1H; 3h-Hax), 1.78 ± 2.19 (m, 54H; 18COCH3),
2.58 (dd, 1H; 3h-Heq), 3.03 ± 3.16 [m, 5H; HMQC: 3.05, 3.08 (OCH2CH2),
3.15 (5e-H)], 3.19 (dd, J(2�,3�)� 5.4, 2J� 10.3 Hz, 1H; 3�-H), 3.26 (dd,
J(2�,3�)� 4.2, 2J� 10.3 Hz, 1H; 3�-H), 3.31 ± 3.50 [m, 6H; HMQC: 3.32
(OCH2), 3.39 (2�-H), 3.43 (5e-H), 3.47 (1�-H), 3.48 (5b-H)], 3.59 ± 3.72 [m,
8H; HMQC: 3.59 (6b-H), 3.63 (5a-H), 3.62 (5c-H), 3.63 (6 h-H), 3.68 (3b-
H), 3.68 (3d-H), 3.70 (4c-H), 3.70 (5d-H)], 3.76 (dd, J(1�,2�)� 4.8, 2J�
10.5 Hz, 1H; 1�-H), 3.82 ± 4.44 [m, 22H; HMQC: 3.83 (5g-H), 3.85 (4e-
H), 3.85 (COOCH3), 3.93 (4b-H), 3.93 (6d-H), 3.97 (6�d-H), 4.01 (6e-H),
4.02 (5h-H), 4.04 (6c-H), 4.06 (4a-H), 4.07 (9h-H), 4.19 (6�b-H), 4.21 (3e-H),
4.21 (6g-H), 4.23 (9h-H), 4.30 (6a-H), 4.32 (1d-H), 4.37 (6�g-H), 4.39 (6�a-
H), 4.42 (6�c-H)], 4.49 (d, J(1,2)� 8.1 Hz, 1H; 1b-H), 4.51 (dd, J(2,3)� 10.1,
J(3,4)� 3.5 Hz, 1H; 3g-H), 4.64 (d, J(1,2)� 8.0 Hz, 2H; 1a-H, 1c-H), 4.75 ±
5.36 [m, 19H; HMQC: 4.75 (1g-H), 4.78 (6�e-H), 4.88 (1e-H), 4.88 (2g-H),
4.88 (4h-H), 4.92 (2d-H), 4.94 (2f-H), 4.95 (4g-H), 4.99 (5f-H), 5.05 (NhH),
5.07 (2c-H), 5.18 (3f-H), 5.19 (3c-H), 5.30 (4d-H), 5.30 (4f-H), 5.31 (1f-H),
5.33 (2b-H), 5.34 (2a-H), 5.35 (NeH)], 5.43 (dd, J(6,7)� 2.9, J(7,8)� 9.6 Hz,
1H; 7h-H), 5.50 (ddd, J(7,8)� 9.5, J(8,9)� J(8,9�)� 3.3 Hz, 1H; 8f-H), 5.62
(dd, J(2,3)� J(3,4)� 9.5 Hz, 1H; 3a-H), 7.08 ± 7.97 (m, 30H; 6C6H5);
13C NMR (151 MHz, CDCl3, excerpt): �� 16.22 (6f-C), 37.75 (3h-C), 49.45
(5h-C), 53.61 (OCH3), 58.80 (2e-C), 61.25 (6e-C), 61.64 (6g-C), 61.79 (6d-
C), 62.09 (6c-C), 62.09 (9h-C), 62.87 (6a-C), 63.16 (6b-C), 64.49 (5f-C),
66.91 (7h-C), 67.68 (4g-C), 67.89 (8h-C), 68.31 (4b-C), 69.20 (1�-C), 69.22
(2f-C), 69.33 (4f-C), 69.80 (4h-C), 70.45 (3�-C), 70.12 (2g-C), 70.68 (2b-C),
71.30 (5g-C), 71.43 (2d-C), 71.59 (5d-C), 71.68 (2c-C), 71.70 (3g-C), 71.86
(4d-C), 72.18 (2a-C), 72.25 (6h-C), 72.39 (3c-C), 72.67 (3e-C), 72.74 (5b-C),
72.97 (3a-C), 73.29 (5a-C), 73.29 (5c-C), 73.48 (5e-C), 74.54 (4e-C), 75.89
(4c-C), 75.78 (4a-C), 76.27 (3d-C), 77.56 (2�-C), 81.31 (3b-C), 95.61 (1f-C),
99.76 (1e-C), 100.21 (1g-C), 100.94 (1b-C), 101.04 (1d-C), 101.44 (1a-C, 1c-
C); elemental analysis calcd (%) for C165H220N2O67 ¥H2O (3321.55): C 59.67,
H 6.74, N 0.84; found: C 59.51 H 6.71, N 0.80.


Decasaccharide 19c : A solution of donor 16 (282 mg, 134 �mol) and lipid
17c[17] (609 mg, 271 �mol) in dry dichloromethane (6 mL) with molecular
sieves (AW-300) was treated at room temperature with trimethylsilyl
trifluoromethanesulfonate (10 �L, 54 �mol). After being stirred for 31³2 h,
the mixture was neutralized with triethylamine, filtrated and concentrated
in vacuo. The residue was purified by flash chromatography (toluene/
acetone 3:1 to 3:2) to give 19c (194 mg, 34%) and unreacted 17 c (380 mg)
as colourless foams. Rf� 0.46 (toluene/acetone 1:1, HPTLC); [�]D��14.2
(c� 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3): �� 0.88 (t, 6H; 2CH3),
1.17 (d, 3H; 6h-CH3), 1.25 ± 1.33 (m, 52H; 26CH2), 1.53 ± 1.69 (m, 5H;
2OCH2CH2, 3k-Hax), 1.77 ± 2.19 (m, 54H; 18COCH3), 2.58 (dd, 1H; 3k-
Heq), 3.02 ± 4.52 [m, 54H; HMQC: 3.04, 3.08 (OCH2), 3.15 (2g-H), 3.17 (3�-
H), 3.25 (3�-H), 3.31 (OCH2), 3.32 (5b-H), 3.37 (2�-H), 3.43 (5g-H), 3.46 (1�-
H), 3.47 (6b-H), 3.52 (5d-H), 3.55 (3b-H), 3.58 (6d-H), 3.60 (5a-H), 3.60 (5c-


H), 3.60 (5e-H), 3.63 (6k-H), 3.68 (3f-H), 3.69 (3d-H), 3.70 (4e-H), 3.71 (5f-
H), 3.73 (1�-H), 3.78 (4b-H), 3.83 (5i-H), 3.85 (4g-H), 3.85 (COOCH3), 3.92
(6�b-H), 3.92 (4c-H), 3.95 (4d-H), 3.96 (6f-H), 3.96 (6�f-H), 4.01 (6g-H), 4.03
(4a-H), 4.03 (5k-H), 4.05 (9k-H), 4.16 (6�d-H), 4.20 (3g-H), 4.23 (9k-H),
4.20 ± 4.27 (6a-H, 6c-H, 6e-H, 6i-H), 4.31 (1f-H), 4.34 ± 4.45 (6�a-H, 6�c-H,
6�e-H, 6�i-H), 4.41 (1b-H), 4.48 (1d-H), 4.51 (3i-H)], 4.61 (d, J(1,2)� 7.7 Hz,
2H; 1a-H, 1c-H), 4.64 (d, J(1,2)� 7.6 Hz, 1H; 1e-H), 4.68 ± 5.51 [m, 24H;
HMQC: 4.76 (1i-H), 4.78 (6�g-H), 4.87 (2i-H), 4.88 (1g-H), 4.88 (4k-H), 4.92
(2f-H), 4.94 (2h-H), 4.95 (4i-H), 5.00 (5h-H), 5.04 (NkH), 5.07 (2e-H), 5.19
(3h-H), 5.20 (3e-H), 5.24 (2c-H), 5.30 (2b-H), 5.30 (2d-H), 5.30 (4f-H), 5.30
(4h-H), 5.31 (2a-H), 5.31 (1h-H), 5.37 (NgH), 5.43 (7k-H), 5.48 (3c-H), 5.50
(8k-H)], 5.59 (dd, J(2,3)� J(3,4)� 9.4 Hz, 1H; 3a-H), 7.02 ± 8.08 (m, 55H;
11C6H5); 13C NMR (151 MHz, CDCl3, excerpt): �� 15.8 (6h-C), 37.4 (3k-
C), 49.1 (5k-C), 53.1 (OCH3), 58.4 (2g-C), 60.8 (6g-C), 61.4 (6f-C), 61.6 (9k-
C), 62.7 (6b-C), 62.9 (6d-C), 64.1 (5h-C), 66.5 (7k-C), 67.3 (4i-C), 67.6 (8k-
C), 67.8 (4b-C), 67.9 (3h-C), 67.9 (4d-C), 68.8 (1�-C), 68.8 (2h-C), 68.9 (4f-C),
69.3 (2i-C), 69.8 (4k-C), 70.1 (3�-C), 70.3 (2b-C), 70.3 (2d-C), 70.4 (OCH2),
70.9 (5i-C), 71.1 (2f-C), 71.2 (5f-C), 71.3 (2e-C), 71.3 (3i-C), 71.4 (2c-C), 71.4
(OCH2), 71.5 (4h-C), 71.6 (2a-C), 71.9 (3e-C), 71.9 (6k-C), 72.1 (3c-C), 72.2
(5b-C), 72.3 (3g-H), 72.4 (5d-C), 72.5 (3a-C), 73.0 (5a-C), 73.0 (5c-C), 73.0
(5e-C), 73.1 (5g-C), 74.2 (4g-C), 75.2 (4c-C), 75.3 (4a-C), 75.9 (4e-C), 75.9
(3f-C), 77.2 (2�-C), 80.9 (3b-C), 80.9 (3d-C), 95.2 (1h-C), 99.3 (1g-C), 99.8
(1i-C), 100.4 (1b-C), 100.4 (1d-C), 100.7 (1f-C), 101.0 (1e-C), 101.1 (1a-C),
101.1 (1c-C); elemental analysis calcd (%) for C212H260N2O82 ¥ 3H2O
(4202.40): C 60.59, H 6.38, N 0.67; found: C 60.52 H 6.29, N 0.74.


Neoglycolipid 1 a : Compound 19a (249 mg, 97.7 �mol) was dissolved in dry
methanol (50 mL), and sodium methoxide (126 mg, 3.3 mmol) was added.
After being stirred for 3 d at room temperature, the solution was
neutralized with Amberlite IR120 (H�), filtered and evaporated. The
residue was dissolved in dioxane/water (1:1, 30 mL), and an aqueous
solution of potassium hydroxide (0.2�, 1 mL) was added. After overnight
stirring, carbon dioxide was added, and the solution was evaporated in
vacuo. Flash chromatography (CHCl3/methanol/water/triethylamine
70:30:5:1) yielded 1a (153 mg, 83%) as a colourless powder after
lyophilization from water. Rf� 0.23 (CHCl3/methanol/0.2% aqueous CaCl2
65:35:8, HPTLC); 1H NMR (600 MHz, [D25]SDS/D2O): �� 0.79 (m, 6H;
2CH3), 1.16 (d, J(5,6)� 6.4 Hz, 3H; 6d-CH3), 1.21 ± 1.31 (m, 61H; 26CH2,
N(CH2CH3)3), 1.57 (br s, 4H; 2OCH2CH2), 1.79 (t, 1H; 3f-Hax), 2.02, 2.03
(2s, 6H; 2COCH3), 2.75 (dd, 1H; 3f-Heq), 3.20 (q, 6H; N(CH2Me)3), 3.34
(dd, J(1,2)� J(2,3)� 8.4 Hz, 1H; 2a-H), 3.48 ± 4.14 (m, 42H; 3a-H, 4a-H,
5a-H, 26a-H, 2b-H, 3b-H, 4b-H, 5b-H, 26b-H, 2c-H, 3c-H, 4c-H, 5c-H, 26c-
H, 2d-H, 3d-H, 4d-H, 2e-H, 3e-H, 4e-H, 5e-H, 26e-H, 4f-H, 5f-H, 6f-H, 7f-
H, 8f-H, 29f-H, 5H glycerol, 2O(CH2)(CH2)14), 4.43 (d, J(1,2)� 7.8 Hz,
1H; 1a-H), 4.45 (d, J(1,2)� 7.8 Hz, 1H; 1b-H), 4.51 (d, J(1,2)� 7.8 Hz, 1H;
1e-H), 4.71 (1c-H (in HDO-signal)), 4.82 (q, J(5,6)� 6.9 Hz, 1H; 5d-H),
5.12 (d, J(1,2)� 3.9 Hz, 1H; 1d-H); FAB-MS (positive Mode, NBA/
glycerol/MeOH 1:1:1 � NaI): 1690 [M��NEt3�Na], 1712 [M��
HNEt3�2Na]; C84H157N3O35 (1769.16).8888


Neoglycolipid 1 b : Compound 19 b (72 mg, 21.6 mmol) was treated as
described above to furnish 1 b (39 mg, 86%) as a colourless powder after
flash chromatography (CHCl3/methanol/water/triethylamine 70:30:4:1�
65:35:8:1). Rf� 0.18 (CHCl3/methanol/0.2% aqueous CaCl2 65:35:8,
HPTLC); 1H NMR (600 MHz, [D25]SDS/D2O): �� 0.82 (m, 6H; 2CH3),
1.17 (d, J(5,6)� 6.4 Hz, 3H; 6d-CH3), 1.22 ± 1.32 (m, 61H; 26CH2,
N(CH2CH3)3), 1.58 (br s, 4H; 2OCH2CH2), 1.80 (t, 1H; 3h-Ha), 2.03 (s,
6H; 2COCH3), 2.76 (d, 1H; 3h-He), 3.18 (q, 6H; N(CH2Me)3), 3.34 ± 4.21
(m, 56H; 2a-H, 3a-H, 4a-H, 5a-H, 26a-H, 2b-H, 3b-H, 4b-H, 5b-H, 26b-H,
2c-H, 3c-H, 4c-H, 5c-H, 26c-H, 2d-H, 3d-H, 4d-H, 5d-H, 26d-H, 2e-H, 3e-
H, 4e-H, 5e-H, 26e-H, 2f-H, 3f-H, 4f-H, 2g-H, 3g-H, 4g-H, 5g-H, 26g-H,
3h-H, 4h-H, 5h-H, 6h-H, 7h-H, 8h-H, 29h-H, 5H glycerol,
2O(CH2)(CH2)14), 4.44 (d, 2H; 1a-H, 1d-H), 4.54 (m, 2H; 1b-H, 1f-H),
4.73 (br s, 2H; 1c-H, 1e-H (in HDO-signal)), 4.82 (q, 1H; 5f-H), 5.13 (br s,
1H; 1f-H); FAB-MS (positive mode, NBA/glycerol/MeOH 1:1:1 � NaI):
1993 [M��NEt3�H], 2014 [M��NEt3�Na]; C96H177N3O45 (2093.45).


Neoglycolipid 1c : Compound 19c (151 mg, 35.9 mmol) was treated as
described above to furnish 1 c (80 mg, 92%) as a colourless powder after
flash chromatography (CHCl3/methanol/water/triethylamine 70:30:4:1�
65:35:8:1). Rf� 0.13 (CHCl3/methanol/0.2% aqueous CaCl2 65:35:8,
HPTLC); 1H NMR (600 MHz, [D25]SDS/D2O, excerpt): �� 0.75 (m, 6H;
2CH3), 1.12 (d, J(5,6)� 6.4 Hz, 3H; 6d-CH3), 1.17 ± 1.27 (m, 61H; 26CH2,
N(CH2CH3)3), 1.53 (br s, 4H; 2OCH2CH2), 1.75 (t, 1H; 3j-Ha), 1.97, 1.98 (2
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s, 6H; 2COCH3), 2.72 (dd, 1H; 3j-He), 3.16 (q, 6H; N(CH2Me)3), 3.25 ±
4.15 (m, 68H; 2a-H, 3a-H, 4a-H, 5a-H, 26a-H, 2b-H, 3b-H, 4b-H, 5b-H,
26b-H, 2c-H, 3c-H, 4c-H, 5c-H, 26c-H, 2d-H, 3d-H, 4d-H, 5d-H, 26d-H, 2e-
H, 3e-H, 4e-H, 5e-H, 26e-H, 2f-H, 3f-H, 4f-H, 5f-H, 26f-H, 2g-H, 3g-H,
4g-H, 5g-H, 26g-H, 2h-H, 3h-H, 4h-H, 2i-H, 3i-H, 4i-H, 5i-H, 2 6i-H, 3j-H,
4j-H, 5j-H, 6j-H, 7j-H, 8j-H, 29j-H, 5H glycerol, 2O(CH2)(CH2)14), 4.39 (d,
2H; 1a-H, 1f-H), 4.45 ± 4.49 (m, 1H; 1b-H, 1d-H, 1i-H), 4.68 (br s, 3H; 1c-
H, 1e-H, 1g-H (in HDO-signal)), 4.77 (q, 1H; 5h-H), 5.12 (d, 1H; 1h-H);
MALDI-MS (negative mode, 4-nitroaniline, MeOH): 2314 [M��HNEt3],
2412 [M��H]; C108H197N3O55 (2417.73).


Benzyl O-(2,3,4,6-Tetra-O-acetyl-�-�-galactopyranosyl)-(1� 4)-[(3,4-di-
O-acetyl-2-O-benzyl-�-�-fucopyranosyl)-(1� 3)]-(2-acetamido-6-O-ben-
zyl-2-deoxy-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-benzyl-�-�-galacto-
pyranosyl)-(1� 4)-2-O-benzoyl-3,6-di-O-benzyl-�-�-glucopyranoside
(21): A solution of acceptor 10 (1.89 g, 1.09 mmol) and donor 20[18] (1.07 g,
2.18 mmol) in dry dichloromethane (30 mL) with molecular sieves AW-300
was treated at room temperature with borontrifluoride diethyl etherate
(27 �L, 0.2 equiv). After being stirred for 1 h, the mixture was neutralized
with triethylamine, filtrated and concentrated in vacuo. The residue was
purified by flash chromatography (petroleum ether/ethyl acetate 2:1�
3:2� 1:1) to afford an impure derivative, which was dissolved in
tetrahydrofuran/acetic anhydride/acetic acid (6:2:1, 27 mL) and treated
with activated zinc powder (1.2 g). The mixture was stirred for 4 h at room
temperature with sonication (5	 30 min) and then filtered and washed with
diethyl ether (400 mL). After careful addition of a saturated sodium
bisulfate solution, the mixture was stirred vigorously for 1 h. The organic
layer was separated, dried over sodium sulfate, and evaporated under
reduced pressure. Purification by flash chromatography (petroleum ether/
ethyl acetate 1:1� 4:5) gave 21 (1.82 g, 86%) as a colourless foam. Rf�
0.30 (petroleum ether/ethyl acetate 1:1); [�]D��39.5 (c� 1.0 in CHCl3);
1H NMR (600 MHz, CDCl3, main conformer): �� 1.14 (d, J(5,6)� 6.4 Hz,
3H; 6d-CH3), 1.39, 1.90, 1.97, 1.98, 2.01, 2.08, 2.15 (7 s, 21H; 7COCH3),
3.30 ± 3.80 [m, 14H; HMQC: 3.30 (5a-H), 3.36 (6b-H), 3.42 (5b-H), 3.44
(6�b-H), 3.45 (2c-H), 3.47 (5c-H), 3.55 (3b-H), 3.56 (5e-H), 3.65 (3a-H), 3.66
(6a-H), 3.68 (6c-H), 3.70 (2b-H), 3.75 (6�a-H), 3.78 (6�c-H)], 3.84 (dd,
J(1,2)� 3.6, J(2,3)� 10.5 Hz, 1H; 2d-H), 3.99 (d, J(3,4)� 2.3 Hz, 1H; 4b-
H), 4.03 ± 5.11 [m, 29H; HMQC: 4.06 (4c-H), 4.07 (4a-H), 4.23 (6e-H), 4.28
(3c-H), 4.30 (6�e-H), 4.42 (1b-H), 4.48 (1a-H), 4.59 (1e-H), 4.78 (5d-H), 4.81
(3e-H), 5.01 (2e-H), 5.09 (1c-H), 5.10 (1d-H), 8CH2Ph], 5.18 (dd, J(2,3)�
10.6, J(3,4)� 3.2 Hz, 1H; 3d-H), 5.27 ± 5.31 [m, 3H; HMQC: 5.28 (4d-H),
5.29 (2a-H), 5.31 (4e-H)], 5.34 (d, J(2,N)� 7.7 Hz, 1H; NH), 6.95 ± 7.97 (m,
40H; 8C6H5); 13C NMR (151 MHz, CDCl3, excerpt): �� 15.83 (6d-C),
58.58 (2c-C), 60.77 (6e-C), 64.28 (5d-C), 66.86 (4e-C), 68.06, 68.15 (6a-C, 6c-
C), 68.38 (6b-C), 69.19 (2e-C), 70.27 (3d-C), 70.87 (3e-C, 5e-C), 71.98 (4d-
C), 73.23 (2a-C), 73.30 (5b-C), 73.36 (2d-C), 73.79 (4c-C), 74.77 (5c-C),
75.51 (5a-C), 76.27 (4b-C), 76.39 (4a-C), 79.53 (2b-C), 80.47 (3a-C), 82.34
(3b-C), 96.83 (1d-C), 99.42 (1a-C), 99.52 (1e-C), 100.93 (1c-C), 102.67 (1b-
C); elemental analysis calcd (%) for C107H119NO32 (1931.10): C 66.55 H 6.21
N 0.73; found: C 66.26 H 6.20 N 0.59.


Acetyl O-(2,4,6-Tri-O-acetyl-�-�-galactopyranosyl)-(1� 4)-[(2,3,4-tri-O-
acetyl-�-�-fucopyranosyl)-(1� 3)]-(2-acetamido-6-O-acetyl-2-deoxy-�-�-
glucopyranosyl)-(1� 3)-(2,4,6-tri-O-acetyl-�-�-galactopyranosyl)-(1� 4)-
3,6-di-O-acetyl-2-O-benzoyl-�/�-�-gluco-pyranoside (22): Compound 20
(1.82 g, 942 �mol) was treated as described above for compound 14 to
furnish 22 (1.20 g, 83%) as a colourless foam after flash chromatography
(toluene/acetone 5:2� 2:1�1% methanol). Rf� 0.55 (toluene/acetone
1:1); 1H NMR (250 MHz, CDCl3): �� 1.21 (d, J(5,6)� 6.4 Hz, 3H; 6d-
CH3), 1.94 ± 2.20 (m, 45H; 15COCH3), 3.11 (m, 1H; 2c-H), 3.38 ± 5.69 (m,
3H; 41-H, 42-H, 53-H, 54-H, 55-H, 86-H, CO2CH3, NH), 5.82 (d, J(1,2)�
8.0 Hz, 1³2H; 1a-H�), 6.42 (d, J(1,2)� 3.6 Hz, 1³2H; 1a-H�), 7.41 ± 7.99 (m,
5H; C6H5); elemental analysis calcd (%) for C67H87NO40 (1546.41): C 52.04,
H 5.67, N 0.91; found: C 52.25 H 5.94, N 1.16.


O-(2,4,6-Tri-O-acetyl-�-�-galactopyranosyl)-(1� 4)-[(2,3,4-tri-O-acetyl-
�-�-fucopyranosyl)-(1� 3)]-(2-acetamido-6-O-acetyl-2-deoxy-�-�-gluco-
pyranosyl)-(1� 3)-(2,4,6-tri-O-acetyl-�-�-galactopyranosyl)-(1� 4)-3,6-
di-O-acetyl-2-O-benzoyl-�/�-�-glucopyranose (23): A solution of com-
pound 22 (1.20 g, 780 �mol) in dry tetrahydrofuran (10 mL) was treated
with piperidinium acetate (1.1 g) and then stirred for 4 h at 50 �C. After
evaporation of the solvent, the residue was purified by flash chromatog-
raphy (toluene/acetone 9:7) to give 23 (1.15 g, 97%) as a colourless foam.
Rf� 0.38 (toluene/acetone 1:1); 1H NMR (400 MHz, CDCl3): �� 1.19 (d,


J(5,6)� 6.2 Hz, 3H; 6d-CH3), 1.94 ± 2.18 (m, 42H; 14COCH3), 3.24 ± 5.74
(m, 37H; 51-H, 52-H, 53-H, 54-H, 55-H, 86-H, CO2CH3, NH), 7.42 ± 8.02
(m, 5H; C6H5); elemental analysis calcd (%) for C65H85NO39 ¥H2O
(1522.39): C 51.28, H 5.76, N 0.92; found: C 51.25 H 5.80, N 0.85.


O-(2,4,6-Tri-O-acetyl-�-�-galactopyranosyl)-(1� 4)-[(2,3,4-tri-O-acetyl-
�-�-fucopyranosyl)-(1� 3)]-(2-acetamido-6-O-acetyl-2-deoxy-�-�-gluco-
pyranosyl)-(1� 3)-(2,4,6-tri-O-acetyl-�-�-galactopyranosyl)-(1� 4)-3,6-
di-O-acetyl-2-O-benzoyl-�/�-�-glucopyranosyl Trichloracetimidate (24):
Trichloroacetonitrile (760 �L, 7.6 mmol) and 1,8-diazabicyclo[5.4.0]undec-
7-ene (2 drops) were added to a solution of 23 (1.15 g, 756 �mol) in dry
dichloromethane (30 mL). After 2 h, the mixture was concentrated in
vacuo. Flash chromatography (toluene/acetone 3:2�1% triethylamine)
furnished 24 (1.22 g, 95%) in a �/� ratio of�19:1 as a colourless foam. Rf�
0.20 (toluene/acetone 2:1); 1H NMR (250 MHz, CDCl3): �� 1.20 (d,
J(5,6)� 6.6 Hz, 3H; 6d-CH3), 1.58 ± 2.19 (m, 42H; 14COCH3), 3.06 (m,
1H; 2c-H), 3.42 ± 5.77 (m, 35H; 41-H, 42-H, 53-H, 54-H, 55-H, 86-H,
CO2CH3, NH), 6.63 (d, J(1,2)� 3.7 Hz, 1H; 1a-H), 7.27 ± 7.98 (m, 5H;
C6H5), 8.56 (s, 1H; �NH); elemental analysis calcd (%) for
C67H85N2Cl3O39 ¥ 2H2O (1684.79): C 47.76, H 5.32, N 1.66; found: C 47.83
H 5.29, N 1.65.


(1,2-Di-O-hexadecyl-sn-3-glyceryl) O-(2,4,6-Tri-O-acetyl-�-�-galactopyra-
nosyl)-(1� 4)-[(2,3,4-tri-O-acetyl-�-�-fucopyranosyl)-(1� 3)]-(2-acet-
amido-6-O-acetyl-2-deoxy-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-acet-
yl-�-�-galactopyranosyl)-(1� 4)-3,6-di-O-acetyl-2-O-benzoyl-�-�-gluco-
pyranoside (25): A solution of donor 24 (154 mg, 91.4 �mol) and lipid 17a[6]


(101 mg, 187 �mol) in dry dichloromethane (8 mL) with molecular sieves
(AW-300) was treated at room temperature with BF3 ¥Et2O (4.8 �L,
36 �mol). After being stirred for 90 min, the mixture was neutralized with
triethylamine, filtrated and concentrated in vacuo. The residue was purified
by flash chromatography (toluene/acetone 3:1) to give 25 (125 mg, 66%) as
a colourless foam. Rf� 0.44 (toluene/acetone 2:1); [�]D��19.5 (c� 1.0 in
CHCl3); 1H NMR (600 MHz, CDCl3): �� 0.88 (t, 6H; 2CH3), 1.20 ± 1.31
(m, 55H; 26CH2, 6d-CH3), 1.36 ± 1.43 (m, 4H; 2OCH2CH2), 1.93, 1.94, 1.97,
1.98, 2.00, 2.01, 2.04, 2.08, 2.08, 2.10, 2.11, 2.14, 2.16, 2.19 (14s, 42H;
14COCH3), 3.05 ± 3.17 [m, 3H; HMQC: 3.04 (2c-H), 3.10, 3.14 (OCH2)],
3.23, 3.31 (2dd, J(2�,3�)� 5.4, 2J� 10.3 Hz, 2H; 23�-H), 3.38 ± 3.46 [m, 4H;
HMQC: 3.40 (OCH2), 3.42 (5c-H), 3.44 (2�-H)], 3.57 (dd, J(1�,2�)� 5.9, 2J�
10.5 Hz, 1H; 1�-H), 3.65 (m, 1H; 5a-H), 3.71 (dd, J(2,3)� 9.9, J(3,4)�
3.6 Hz, 1H; 3b-H), 3.76 ± 3.89 [m, 5H; HMQC: 3.77 (5b-H), 3.79 (4c-H),
3.82 (4a-H), 3.84 (1�-H), 3.87 (5e-H)], 3.93 (dd, J(5,6)� 1.9, 2J� 12.0 Hz,
1H; 6c-H), 4.02, 4.06 (2dd, 2H; 6b-H, 6�b-H), 4.16 (dd, J(5,6)� 5.2, 2J�
11.8 Hz, 1H; 6a-H), 4.28 ± 4.34 [m, 2H; HMQC: 4.29 (3c-H), 4.32 (6e-H)],
4.36 (d, J(1,2)� 7.9 Hz, 1H; 1b-H), 4.46 (d, 2J� 10.4 Hz, 1H; 6�a-H), 4.52
(dd, J(5,6)� 5.7, 2J� 11.4 Hz, 1H; 6�e-H), 4.61 (d, J(1,2)� 8.1 Hz, 1H; 1e-
H), 4.65 (d, J(1,2)� 7.9 Hz, 1H; 1a-H), 4.94 ± 4.97 [m, 5H; HMQC: 4.94
(5d-H), 4.95 (2b-H), 4.95 (1c-H), 4.95 (2d-H), 4.96 (6�c-H)], 5.01 (dd,
J(2,3)� 10.4, J(3,4)� 3.4 Hz, 1H; 3e-H), 5.09 (dd, 1H; 2e-H), 5.14 ± 5.19
[m, 2H; HMQC: 5.15 (2a-H), 5.18 (3d-H)], 5.30 (d, J(3,4)� 3.2 Hz, 1H; 4b-
H), 5.32 ± 5.37 [m, 4H; HMQC: 5.32 (1d-H), 5.34 (NH), 5.35 (3a-H), 5.36
(4d-H)], 5.41 (d, J(3,4)� 3.1 Hz, 1H; 4e-H), 7.41 ± 8.00 (m, 5H; C6H5);
13C NMR (151 MHz, CDCl3, excerpt): �� 16.14 (6d-C), 59.19 (2c-C), 60.11
(6c-C), 60.86 (6e-C), 61.87 (6b-C), 62.58 (6a-C), 64.45 (5d-C), 67.05 (4e-C),
68.35 (3d-C), 69.20 (2d-C), 69.41 (2e-C), 69.42 (1�-C), 69.52 (4b-C), 70.45
(3�-C), 70.87 (OCH2), 71.33 (3e-C), 71.42 (5e-C), 71.49 (2b-C), 71.54 (5b-C),
71.78 (4d-C), 71.91 (OCH2), 72.27 (2a-C), 72.34 (3c-C), 72.67 (3a-C), 73.24
(5a-C), 73.42 (5c-C), 74.75 (4c-C), 76.06 (4a-C), 76.34 (3b-C), 77.74 (2�-C),
95.65 (1d-C), 99.47 (1c-C), 100.93 (1e-C), 101.07 (1b-C), 101.54 (1a-C);
elemental analysis calcd (%) for C100H155NO41 ¥ 2H2O (2063.34): C 58.21, H
7.77, N 0.68; found: C 58.19 H 7.57, N 0.84.


(1,2-Di-O-hexadecyl-sn-3-glyceryl) O-(�-�-Galactopyranosyl)-(1� 4)-
[(�-�-fucopyranosyl)-(1� 3)]-(2-acetamido-2-deoxy-�-�-glucopyranosyl)-
(1� 3)-(�-�-galactopyranosyl)-(1� 4)-�-�-glucopyranoside (26): Com-
pound 25 (106 mg, 51.3 �mol) was dissolved in dry methanol/dichloro-
methane (2:1, 30 mL), and sodium methoxide (54 mg, 1 mmol) was added.
After being stirred overnight at room temperature, the solution was
neutralized with Amberlite IR120 (H�), filtered and evaporated at low
temperature to avoid premature foaming. Flash chromatography (CHCl3/
methanol/water 70:30:4) yielded 26 (64.0 mg, 89%) as a colourless powder
after lyophilization from water/dioxane. Rf� 0.29 (CHCl3/methanol/water
65:35:8, HPTLC); [�]D��29.7 (c� 1.0 in CHCl3/MeOH 3:1); 1H NMR
(600 MHz, [D25]SDS/D2O): �� 0.76 (br s, 6H; 2CH3), 1.12 (d, J(5,6)�
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6.4 Hz, 3H; 6d-CH3), 1.17 ± 1.27 (m, 52H; 26CH2), 1.53 (br s, 4H;
2OCH2CH2), 2.00 (s, 3H; COCH3), 3.30 (dd, J(1,2)� J(2,3)� 8.3 Hz, 1H;
2a-H), 3.44 ± 4.09 (m, 35H; 3a-H, 4a-H, 5a-H, 26a-H, 2b-H, 3b-H, 4b-H, 5b-
H, 26b-H, 2c-H, 3c-H, 4c-H, 5c-H, 26c-H, 2d-H, 3d-H, 4d-H, 2e-H, 3e-H,
4e-H, 5e-H, 26e-H, 5H glycerol, 2OCH2CH2), 4.37 ± 4.42 (m, 3H; 1a-H,
1b-H, 1e-H), 4.69 (d, J(1,2)� 8.3 Hz, 1H; 1c-H), 4.76 (q, J(5,6)� 6.6 Hz,
1H; 5d-H), 5.09 (d, J(1,2)� 3.3 Hz, 1H; 1d-H); MALDI-MS (positive
mode, DHB, CHCl3/methanol): 1398.7 [M��Na], 1415.2 [M��K];
C67H125NO27 (1376.72).
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Enantioselective Norrish ±Yang Cyclization Reactions of N-(�-Oxo-
�-phenylalkyl)-Substituted Imidazolidinones in Solution and in the Solid State


Thorsten Bach,*[a] Tobias Aechtner,[a] and Bernhard Neum¸ller[b]


In memory of J. Jens Wolff


Abstract: The four N-(�-oxo-�-phenyl-
alkyl)-substituted imidazolidinones 5 ± 8
were prepared from N-acetylimidazoli-
dinone (4). Upon irradiation, these sub-
strates underwent Norrish ±Yang cycli-
zation to the racemic products rac-9 ±
rac-12 (51 ± 75%). The reactions of the
N-2-oxoethylimidazolidinones 5 and 6
were conducted in tBuOH, and yielded
1:1 mixtures of exo/endo diastereoisom-
ers rac-9a/rac-9b and rac-10a/rac-10b,
accompanied by Norrish type II cleav-
age products. The reactions of the N-3-
oxopropylimidazolidinones 7 and 8 were
performed in toluene. The exo diaste-
reoisomers rac-11a and rac-12a were
the major diastereoisomers (d.r. �4:1).


In the presence of the chiral compounds
1 ± 3, the photocyclization of substrate 8
proceeded with significant enantiomeric
excess (5 ± 60% ee). The more sophisti-
cated complexing agents 3 and ent-3
provided better enantiofacial differen-
tiation (up to 60% ee) than the lactams 1
and 2 (up to 26% ee). Low temperatures
and an excess of the complexing agent
helped to increase the enantioselectivity.
The absolute configuration of the major
exo product 12a obtained from com-


pound 8 in the presence of complexing
agent 3 was unambiguously established
by single-crystal X-ray crystallography
of its chiral N-methoxyphenylacetyl de-
rivative 15a. In a similar fashion, the
absolute configurations of the endo
products 12b and ent-12b were estab-
lished. The N-2-oxoethylimidazolidi-
none 5, which crystallized in a chiral
space group, was irradiated in the solid
state. At low levels of conversion, the
product 9a/ent-9a was formed with high
enantiomeric excess (78% ee). The
enantioselectivity deteriorated at higher
levels of conversion.


Keywords: asymmetric synthesis ¥
cyclization ¥ hydrogen bonds ¥ pho-
tochemistry ¥ radical reactions


Introduction


Photoexcited carbonyl compounds can abstract hydrogen
atoms either inter- or intramolecularly. The subsequent
reactions initiated by this primary step have been intensively
studied in mechanistic photochemistry and are fairly well
understood.[1] In 1958, Yang and Yang reported on an
intriguing intramolecular carbon ± carbon bond-forming re-
action resulting from intramolecular hydrogen abstraction by
a photoexcited ketone.[2] The reaction was shown to be a
general process[3] and is depicted in Scheme 1 by the trans-
formation I� III. Different names for the reaction have been
coined over the years, including Yang photocyclization,
Type II cyclization, and Norrish ±Yang cyclization. Mecha-


H
O R


I II


HO R


III


R OH.
. *


*


Scheme 1. Intramolecular hydrogen abstraction in a photoexcited ketone I
to give the intermediate biradical II and subsequent cyclization to
product III.


nistically, a 1,n-biradical II–the two radical centers of which
are in many cases prostereogenic–is involved as an inter-
mediate. As a consequence, two stereogenic centers are
formed in the course of the reaction. These are marked by
asterisks (*) in formula III.
From a product-oriented point of view, the site of hydrogen


abstraction determines the size of the resulting ring. The facile
�-hydrogen abstraction, proceeding through a six-membered
transition state, affords four-membered rings (cyclobutanes,
oxetanes, azetidines, etc.). This process is frequently accom-
panied by the Norrish type II cleavage reaction.[1] If there is
no hydrogen atom available in the � position to the carbonyl
group, �- or �-hydrogen atom abstractions occur. The
subsequent cyclization results in five- or six-membered rings.
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A further division can be made on the basis of the loca-
tion of the carbonyl group and the hydrogen atom. It has been
shown that the restricted free rotation in endocyclic bonds
significantly influences the kinetics of hydrogen atom ab-
straction.[4]


The synthetic utility of the Norrish ±Yang cyclization has
been beautifully demonstrated in several examples.[5] In
recent years, the stereoselectivity of the reaction has attracted
considerable attention and has been closely studied. The
simple diastereoselectivity associated with the relative con-
figurations of the two newly formed stereogenic centers can
be interpreted in steric terms.[3, 6] The more bulky substituents
at the newly formed ring are in a trans relationship. Because of
hydrogen bonding, the effective size of the hydroxyl group is
dependent on the solvent, the group acting as a large
substituent in protic solvents such as tBuOH and as a small
substituent in aprotic, nonpolar solvents such as toluene (see
below).[6e, 7] The facial diastereoselectivity can be controlled
by stereogenic centers in the chain. Conformation restriction
in cyclic systems and 1,3-allylic strain have proven to be
efficient control elements.[3, 8] Intramolecular hydrogen bonds
have been invoked to account for the stereo- and chemo-
selectivity of Norrish ±Yang cyclizations.[8a,c] Stereoselective
Norrish ±Yang cyclizations of �-ketoesters have been per-
formed with retention of configuration at a stereogenic center
(™chiral memory effect∫).[9]


Enantioselective variants of the photocyclization have been
successfully conducted in the solid state.[10] If the precursor for
the cyclization crystallizes in a chiral space group, it is possible
to isolate homochiral crystals, irradiation of which can give
rise to enantiomerically enriched products.[11, 12] Alternatively,
crystallization in a chiral space group can be induced by a
chiral counterion (ionic chiral auxiliary).[13] This approach
reliably delivers enantiomorphically pure crystals and guar-
antees high enantioselectivities,[14] but it requires the presence
of an acidic or basic functional group in the reactant. Finally,
Norrish ±Yang cyclizations have also been performed in the
cavities of optically active host molecules.[15] Host ± guest
inclusion crystals can be prepared simply by mixing the host
crystals[16, 17] with the corresponding substrate. Zeolites into
which a chiral inductor and the substrate have been deposited
have been employed in a similar fashion.[18] Enantiotopic or
enantiofacial differentiation in all solid-state reactions de-
pends on restricted motion of the chain connecting the
reacting centers. The observed enantioselectivity is due to a
homochiral helical structure of the side chain, into which the
molecule is forced by the chiral environment.
In solution photochemistry, the situation is different.


Biradicals such as II (Scheme 1) are expected to rotate freely,
and facial differentiation is to be provided by the chiral
environment of a complexing agent. To the best of our
knowledge, no significant enantioselectivities (�10% ee)
have yet been recorded for the Norrish ±Yang cyclization in
solution.[17] Enantiomerically pure or enantiomerically en-
riched products have, however, been obtained from prochiral
substrates by attachment of a covalently bound auxiliary, a
subsequent photocyclization, and final removal of the auxil-
iary.[19]


In this paper, we report on the first example of an
enantioselective Norrish ±Yang cyclization in solution. The
method is based on the use of chiral complexing agents 1 ± 3
(Figure 1) capable of binding a prochiral substrate through
hydrogen bonds.


H
NO


H
N


O


R


R


N O


OO
R


ent-3


=


1 3


2


Figure 1. The structures of host compounds 1 ± 3, which are capable to
differentiate enantiotopic faces in photochemical reactions of hydrogen-
bound substrates.


Preliminary results had revealed that hosts 1 and 2 can
induce detectable enantioselectivities (up to 26% ee) in
Norrish ±Yang cyclizations.[20] The more sophisticated hosts
3 and ent-3 have recently been developed[21] and proved to be
superior to compounds 1 and 2 in enantioselective photo-
chemical cycloaddition reactions.[22] Their applicability to a
Norrish ±Yang cyclization has now been tested and the


Abstract in German: Die vier N-(�-oxo-�-phenylalkyl)sub-
stituierten Imidazolidinone 5 ± 8 wurden ausgehend von N-
Acetylimidazolidinon (4) hergestellt und reagierten bei Be-
strahlung unter Norrish ±Yang-Cyclisierung zu den racemi-
schen Produkten rac-9 ± rac-12 (51 ± 75%). Die Reaktion der
N-2-Oxoethylimidazolidinone 5 und 6 wurde in tBuOH
durchgef¸hrt und ergab ein 1:1-Gemisch der exo/endo-Dia-
stereoisomere rac-9a/rac-9b und rac-10a/rac-10b sowie Pro-
dukte der Norrish Typ II-Spaltung. Die Reaktion der N-3-
Oxopropylimidazolidinone 7 und 8 konnte in Toluol als
Lˆsungsmittel durchgef¸hrt werden. Die exo Diastereoisomere
rac-11a und rac-12a waren die Hauptdiastereoisomere (d.r.�
4:1). In Gegenwart der chiralen Verbindungen 1 ± 3 verlief die
Photocyclisierung des Substrats 8 mit deutlichem Enantiome-
ren¸berschu˚ (5 ± 60% ee). Die neu entwickelten Komplexie-
rungsreagentien 3 und ent-3 lieferten eine bessere Differenzie-
rung der enantiotopen Seiten (bis zu 60% ee) als die Lactame 1
und 2 (bis zu 26% ee). Eine niedrige Reaktionstemperatur
sowie ein ‹berschu˚ der Wirtverbindung beg¸nstigen eine
hohe Enantioselektivi‰t. Die Absolutkonfiguration des Haupt-
produkts 12a, das durch Umsetzung von Verbindung 8 in
Gegenwart des Wirtes 3 erhalten wurde, wurde durch Kristall-
strukturanalyse seines chiralen N-Methoxyphenylacetylderi-
vats 15a einwandfrei belegt. In ‰hnlicher Weise wurde die
Absolutkonfiguration der endo Produkte 12b und ent-12b
best‰tigt. Das N-2-Oxoethylimidazolidinon 5, das in einer
chiralen Raumgruppe kristallisiert, wurde als Feststoff be-
strahlt. Bei niedrigem Umsatz wurde das Produkt 9a/ent-9a
mit hohem Enantiomeren¸berschu˚ (78% ee) gebildet. Die
Enantioselektivit‰t verschlechterte sich bei steigendem Umsatz.
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enantioselectivity (up to 60% ee) and the simple diastereo-
selectivity of the reaction studied. The relative and the
absolute configurations of the products were unequivocally
established. These data support a mechanistic picture of the
enantiofacial differentiation, based on coordination of the
photoactive substrate to the host. In addition, we incidently
found that a potential Norrish ±Yang cyclization substrate
crystallized in a chiral space group. An enantioselective solid-
state photocyclization (up to 78% ee) was performed with this
compound. The results of this study are also reported.


Results and Discussion


Selection of suitable substrates : The chiral hosts depicted in
Figure 1 require a substrate with a lactam or amide unit for
effective hydrogen bonding. We considered the unsymmetri-
cally substituted imidazolidinones 6 and 8, depicted in
Scheme 2, to be well suited for this purpose. They have
appropriate binding sites and should undergo efficient �- (6)
or �-hydrogen (8) abstraction reactions. Indeed, related five-
membered lactams have previously been shown to yield
Norrish ±Yang cyclization products upon irradiation.[7b,c] The
synthesis of the desired products commenced with the readily
available monoacetylated imidazolidinone 4.[23] N-Alkylation


N NH


O


O


N N


O


R Ph


O


N N


O


R


PhO


5 (R = Ac)


6 (R = H)


a)


b)4
7 (R = Ac)


8 (R = H)


c)


c)


Scheme 2. Preparation of the Norrish ±Yang cyclization substrates 6 and
8 : a) NaH (1.1 equiv), BrCH2COPh (1.5 equiv), KI (cat.) in THF, 70 �C,
20 h, 40%; b) PhCOCH2CH2NMe2 ¥HCl (0.5 equiv), pTsOH (cat.) in o-
xylene, reflux, 6 h, 33%; c) NaOH (excess) in MeOH/H2O, 50 �C, 2 h.
6 : 83%; 8 : 79%.


with phenacyl bromide[24] delivered the N-acetyl protected
ketone 5, which was hydrolyzed to yield the unprotected
imidazolidinone 6. In an analogous fashion, the starting
material 4 was converted into ketone 7 by conjugate addition
to phenyl vinyl ketone.[25] This intermediate was saponified to
yield N-(3-oxo-3-phenylpropyl)imidazolidin-2-one (8). Al-
though the yields for the N-functionalization of compound 4
remained low in both cases, the brevity of the chosen synthesis
is an advantage. Multigram quantities of the desired sub-
strates were readily available by this route. Alternative
syntheses were consequently not pursued.
Single-crystal structure analysis revealed that compound 5


crystallizes in a chiral space group (P212121).[26] As Figure 2
shows, the carbonyl group of the phenyl ketone moiety points
towards one of the two enantiotopic hydrogen atoms at the
prostereogenic carbon atom. The orientation is due to a
rotation of the exocylic 2-phenyl-2-oxoethyl group around the
C�N bond, which is restricted in the crystal. The resulting
dihedral angle is 82�. On the basis of this finding, we


Figure 2. A molecule of compound 5 in the crystal.


investigated the solid-state photochemistry of compound 5
(see below).
The photocyclization of the ketones 5, 6, 7, and 8 was


initially studied in an achiral environment to assess the
products and to separate the racemic diastereoisomers. To this
end, solutions of the substrates in toluene, acetonitrile, or
tBuOH were irradiated at room temperature (quartz tubes,
light source: Rayonet RPR-3000 ä). The solubility of the
2-oxoethyl substrates 5 and 6 in toluene is extremely low. The
irradiation experiments were consequently conducted in
tBuOH as the solvent. The products were obtained as
mixtures of racemic diastereoisomers rac-9 and rac-10 (Fig-
ure 3), which could be separated by flash chromatography.
Their relative configurations were assigned by NMR experi-
ments and by single-crystal X-ray analysis (see below). The
Norrish ±Yang cyclization was in both cases accompanied by
Norrish type II cleavage reactions. Acetophenone and the
corresponding unsaturated imidazol-2-ones were isolated as
side products. The imidazolones could easily be separated and
quantified (25% yield). If the data for 6 and 8 (entries 2 and 6
in Table 1) are compared, the difference in yield can be
attributed to the formation of cleavage products in the case of
the former substrate. In acetonitrile as the solvent the reaction
of compound 6 proceeded sluggishly.
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Figure 3. Photocyclization products 9 ± 12 obtained from irradiation of the
N-(�-oxo-�-phenylalkyl)imidazolinones 5 ± 8 (cf. Table 1).


Table 1. Simple diastereoselectivity in the Norrish ±Yang cyclization of
various N-(�-oxo-�-phenylalkyl)substituted imidazolidinones (see Fig-
ure 3.


Ketone[a] Solvent c [�] Yield[b] [%] Product exo :endo


1 5 tBuOH 2.5� 10�2 66 rac-9 47:53
2 6 tBuOH 2.5� 10�2 51 rac-10 53:47
3 7 toluene 5� 10�3 55 rac-11 73:27
4 8 toluene 5� 10�3 73 rac-12 88:12
5 8 MeCN 2.5� 10�2 61 rac-12 62:38
6 8 tBuOH 2.5� 10�2 75 rac-12 39:61


[a] The reactions were carried out by irradiation for 3 h in a merry-go-
round apparatus (irradiation source: Rayonet RPR-3000 ä). [b] Yield of
isolated product.
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A further advantage of substrate 8 as compared to substrate
6 is its superior solubility in apolar solvents such as toluene.
As irradiation experiments in the presence of chiral hosts are
best conducted in apolar solvents, imidazolidinone 8 was
selected as the substrate for the enantioselective photocycli-
zation reactions. The simple diastereoselectivity of its photo-
cyclization to product rac-12 changed upon changing the
solvent (entries 4, 5, and 6). In toluene, the thermodynami-
cally more stable exo compound rac-12a, in which the phenyl
group and the imidazolidinone ring are trans-oriented, is
clearly the major product (d.r. 88:12). In tBuOH, the
diastereoselectivity is in favor of the endo product rac-12b,
although the preference is less pronounced. In acetonitrile
there is a small preference for the exo product (entry 5). As
already mentioned in the Introduction, one explanation for
the solvent-dependence of the selectivity is based on the
relative size of the phenyl group and the hydroxy group.[6, 7]


The size of the hydroxy group is increased by hydrogen
bonding in tBuOH, and slightly overrides the steric bulk of the
otherwise larger phenyl group. The conversion of theN-acetyl
derivative 7 of compound 8 was conducted in toluene as the
solvent (entry 3). The yield and the simple diastereoselectivity
are comparable to the results recorded for the deacetylated
compound. The exo compound rac-11a was required for the
structural elucidation of the exo compound 12a (see below).
The assignment of relative configurations for the products


9 ± 12 was based on 1H NMR NOESY measurements, details
of which are provided in the Experimental Section. In
addition, crystal structures of two products became available
in the course of our investigation. Figure 4 depicts the
structure of product rac-10b, which was the major diaste-
reoisomer obtained from photocyclization of ketone 6 in
tBuOH. The structure nicely shows the endo relationship of
the phenyl group to the imidazolidinone ring.[27]


Figure 4. A molecule of endo product rac-10b in the crystal.


Figure 5 provides a picture of the relative configuration of
compound rac-12a. This product was isolated as the major
diastereoisomer from the photocyclization of ketone 8 in
toluene as solvent. The phenyl group is located exo relative to
the imidazolidinone ring.[28]


Figure 5. A molecule of exo product rac-12a in the crystal.


Enantioselective Norrish ±Yang cyclization of imidazolidi-
none 8 in solution : From the preliminary experiments
described in the previous section it became clear that
imidazolidinone 8 was superior to its analogue 6 with regard
to potential use in enantioselective photocyclization reactions.
The product yields were higher and, more importantly, the
substrate was more soluble in toluene. All experiments in the
presence of chiral hosts 1 ± 3 were consequently conducted
with the former substrate. For clarity, Scheme 3 depicts the
products to be expected from the Norrish ±Yang cyclization
of 8.


Scheme 3. Enantioselective Norrish ±Yang cyclization reaction of sub-
strate 8 to the possible products 12a, ent-12a, 12b, and ent-12b (cf. Table 2).


The data recorded for the enantioselective photocyclization
in the presence of compounds 1 ± 3 are summarized in Table 2.
The simple diastereoselectivity was determined from the
crude product by integration of appropriate 1H NMR signals.
In all cases, the major products were the exo diastereoisomers
12a or ent-12a, the exo :endo ratios varying around 4:1. There
was no significant temperature influence on the simple
diastereoselectivity, as is evident from entries 1 ± 3. The
enantioselectivity was determined after separation of the
diastereoisomers. The enantiomeric excess (ee) of the major
exo diastereoisomer was determined by HPLC on a chiral
stationary column (Nucleodex �-OH). The ee increased at
lower temperature, the best value obtained with host 1 being
26% ee in favor of enantiomer 12a (entry 3). The diaster-
eoisomer 2 of host 1 behaved as if it was its enantiomer and
delivered the enantiomeric major product ent-12a in almost
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identical optical purity (entry 4). Compounds 3 and ent-3were
superior to compounds 1 and 2 with regard to enantiofacial
differentiation. Under otherwise identical conditions, com-
pound 3 induced an enantiomeric excess of 60% ee (entry 6).
The major enantiomer we obtained was compound 12a.
Within the error limit, its enantiomer ent-3 delivered the same
ee (entry 7), predominantly yielding the product ent-12a.
Because of decreased host ± substrate association, the ee
dropped significantly upon reducing the molar ratio of host
to substrate (entry 5).
The absolute configurations of the products were deter-


mined by X-ray crystallography. To this end, derivatives of the
products bearing substituents of known absolute configura-
tion were prepared. Selective N- or O-functionalization of the
exo compound rac-12a was difficult. The O-silylated com-
pound rac-13 was therefore prepared from the N-acetyl
compound rac-11a, which was in turn available by photo-
cyclization of 7 (see above). Triethylsilyl triflate (TESOTf)
was the silylating agent of choice with which to attach a base-
stable silyl group to the sterically congested tertiary alcohol
(Scheme 4).
Subsequent hydrolysis under basic conditions delivered the


silyl ether rac-13, which was subsequently N-acylated with
(R)-O-methylmandelic chloride,[29] with lithium hexamethyl-
disilazide (LHMDS) as the base.[30] The two diastereoisomers
14 and 14� were separated by flash chromatography. They
were independently converted into the free alcohols 15a and
15a� by silyl deprotection with tetrabutylammonium fluoride
(TBAF). Crystals of compound 15a were suitable for single-
crystal X-ray crystallography; the structure of this compound
is depicted in Figure 6. It proves the absolute configuration of
the two stereogenic centers within the diazabicyclo[3.3.0]oc-
tane (pyrrolo[1,2-c]imidazole) ring.[31]


The separate diastereoisomers 15a and 15a� were saponi-
fied to yield the enantiomerically pure products 12a and ent-
12a. Their correlation with the photocycloaddition products
(Scheme 3) through the HPLC data was facile. The major
enantiomer obtained from the Norrish ±Yang cyclization in
the presence of hosts 1 or 3 is consequently (5S,6R)-6-
hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one (12a).
The endo diastereoisomers 12b and ent-12b were isolated


in minor quantities from the photocyclization experiments.
Their ee value was not determined in every run. In the cases in
which it was done, the ee was significantly lower than the ee of


HN N


O


Ph OTES
H


R


RS
R


S
R


S


N N


Ph OTES
H


O


O


PhO


N N


O


TESO Ph


O


PhO


S


N N


Ph OH
H


O


O


PhO


N N


O


HO Ph


O


PhO


R R


R R


+


14 14'


d)


+


15a


d)


15a'


e)e)


12a ent-12a


rac-11a


rac-13


a), b) c)


Scheme 4. Structural elucidation of the exo cyclization products 12a and
ent-12a. a) TESOTf (3.0 equiv), 2,6-lutidine (3.2 equiv) in CH2Cl2, 0 �C�
RT, 14 h, b) K2CO3 (1.5 equiv) in MeOH, RT, 3 h, 55% (two steps);
c) LHMDS (1.2 equiv), (R)-O-methylmandelic chloride (2.4 equiv) in THF,
�78 �C�RT, 2 h (14 : 39%, 14�: 39%); d) TBAF (1.1 equiv) in THF, RT,
1.5 h (15a : 89%, 15a�: 86%); e) K2CO3 (1.5 equiv) in MeOH, RT, 2.5 h
(12a : 84%, ent-12a : 85%).


Figure 6. A molecule of compound 15a in the crystal.


the exo diastereoisomer. In addition, if 12a was the major exo
enantiomer, product 12b was always the major endo enan-
tiomer. Analogously, product ent-12a was accompanied pre-
dominantly by ent-12b and not by 12b. As an example, endo
product 12b was obtained upon photocyclization of com-
pound 8 in the presence of 2.5 equivalents of host 3 at �45 �C
(entry 6 in Table 2). Its ee was 30% as compared to 60% ee
for the exo compound 12a.
The assignment of the absolute configuration for the endo


diastereoisomers was again based on crystallographic evi-
dence. O-Silylation of compound rac-12b with trimethylsilyl
chloride (TMSCl) was facile, and produced the silyl ether rac-
16 (Scheme 5). In analogy to compound rac-13, the imidazo-
lidinone was acylated with the chiral (R)-O-methylmandelic
chloride and O-deprotected. The separation of the two
diastereoisomers 15b and 15b� by flash chromatography was


Table 2. Enantioselectivity in the Norrish ±Yang cyclization of imidazoli-
dinone 8 in the presence of chiral hosts 1 ± 3 (cf. Scheme 3).


Host[a] Equiv T [�C] Product[b] Yield[c] [%] ee[d] [%] exo :endo


1 1 2.5 30 12a 86 5 88:12
2 1 2.5 � 10 12a 77 16 77:23
3 1 2.5 � 45 12a 77 26 79:21
4 2 2.5 � 45 ent-12a 77 25 84:16
5 3 1.0 � 45 12a 72 37 85:15
6 3 2.5 � 45 12a 70 60 80:20
7 ent-3 2.5 � 45 ent-12a 72 59 82:18


[a] The reactions were carried out by irradiation for 12 ± 20 h with toluene
as the solvent (quartz glass; liquid-cooled irradiation source: Original
Hanau TQ-150). [b] Major stereoisomer. [c] Yield of isolated product.
[d] The enantiomeric excess of the major exo diastereoisomer was
determined by HPLC (see Experimental Section).
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Scheme 5. Structural elucidation of the endo cyclization products 12b and
ent-12b. a) TMSCl (1.3 equiv), imidazole (1.5 equiv) in DMF, 0 �C, 3.5 h,
73%; b) LHMDS (1.2 equiv), (R)-O-methylmandelic chloride (2.4 equiv)
in THF, �78 �C�RT, 2 h; c) TBAF (1.1 equiv) in THF, RT, 2 h, 79% (two
steps, 15b/15b� 1:2). (d) K2CO3 (1.5 equiv) in MeOH, RT, 2.5 h (12b : 78%,
ent-12b : 84%).


not total, but fractions containing diastereomerically pure
material were obtained. The pure diastereoisomer 15b�
delivered crystals suitable for X-ray crystallography.[20] Sap-
onification of compound 15b� yielded the (5R,6R)-enantio-
mer ent-12b.
CD spectra of the enantiomerically pure diazabicyclo-


[3.3.0]octanes 12a, ent-12a, 12b, and ent-12b were recorded
(Figure 7). Compound 12a, with the (5S,6R) configuration,
showed a Cotton effect around 217 nm. The negative circular
dichroism �� (217 nm) was determined as �9.8. A small


Figure 7. CD spectra of compounds 12a, ent-12a, 12b, and ent-12b.


positive CD was observed at 203 nm (��� 1.4). The diaste-
reoisomeric compound 12b, with the (5S,6S) configuration,
exhibited an extensive Cotton effect with a positive CD (��
(203 nm)� 7.4) between 200 and 230 nm and a shoulder at
216 nm (��� 3.3). From comparison of the two diaste-
reoisomers, it appears that the direction of the CD depends
on the absolute configuration at the stereogenic center in the
6-position, located adjacent to the phenyl chromophore.


Differentiation of the enantiotopic faces : The structural data
described above support the idea of enantiofacial differ-


entiation by the host com-
pounds through hydrogen
bonds. If, as has previously been
shown for related cases,[32] the
host (e.g. 3) binds the substrate
8 in a 1:1 fashion, the inter-
mediate biradical 17 is formed
in a chiral environment, as
depicted in Figure 8. Combina-
tion of the two radical centers
from the Re face–resulting in
the (5S) configuration in the
product–is facile, whilst it is hampered from the Si face.
Indeed, both major enantiomers, the exo product 12a and the
endo product 12b, exhibit the (5S) configuration.[33]


The increased enantioselectivity at lower temperature
arises from the stronger association between host and
substrate. This equilibrium is further shifted towards the
complex by the presence of an excess of the host. Unfortu-
nately, association data in toluene could not be obtained, due
to the limited solubility of substrate 8. Still, it is evident that
the sophisticated hosts 3 and ent-3 facilitate association
because of their almost planar hetarene unit, in comparison
with the menthyl group in 1 and 2. In addition, the
tetrahydronaphthalene unit provides excessive steric bulk to
effect suitable shielding. From the almost perfect enantiofa-
cial differentiation observed in photocycloadditions in the
presence of compound 3,[22] we favor the notion that the
incomplete facial differentiation in the photocyclization is due
to incomplete association.
On comparing the enantiofacial differentiation for the two


diastereoisomers 12b and 12a, no explanation for the
decreased enantioselectivity is readily apparent, either from
experimental data or from previous work. Sensible specula-
tion on this issue has to include the nature of the transition
state and the trajectory at which the two radical centers
approach each other. A later transition state (i.e. , a greater
distance between the carbon centers) or an approach of the
radical centers from the upper part of the bound imidazoli-
dinone could both account for the decreased selectivity in the
endo case.


Solid-state irradiation : Compound 5, which crystallized in a
chiral space group (see above), was irradiated in the solid
state. A suitable homochiral crystal was selected by visual
inspection of crystals in a polarization microscope. The crystal
was powdered, and equal fractions of the powder were put in
quartz tubes. Upon continued irradiation at �� 300 nm
(Rayonet RPR-3000 ä), the progress of the reaction was
monitored by dilution of a single fraction in isopropanol and
subsequent HPLC analysis (Scheme 6, Table 3).


Scheme 6. Enantioselective Norrish ±Yang cyclization reaction of sub-
strate 5 in the solid state.
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At the beginning of the reaction, the enantiomeric excess
was high (78% ee) at low conversion (entry 1). The selectivity
decreased after prolonged irradiation. The last value record-
ed–after 24 h (entry 6)–was 28% ee. The phenomenon of a
decrease in selectivity has precedent in enantioselective solid-
state photochemical reactions and was attributed to increas-
ing disorder in the crystal.[12d]


CD spectra of the photocyclization product revealed that
the major product most probably had the R configuration at
carbon atom C-6.[34] The assignment is based on the positive
Cotton effect between 250 and 200 nm. The exo diaster-
eoisomer was clearly preferred, irrespective of the irradiation
time. Consequently, the major product is presumably ent-9a,
with the (5R,6R) configuration. In turn, this means that we
had by chance picked as irradiation precursor a crystal in
which abstraction of the pro-S hydrogen atom at C-5 is
facilitated, the structure of which is depicted in Figure 2.
Attempts to obtain uniformly configured crystals by seeding
were not successful.


Conclusion


Enantioselective Norrish ±Yang cyclization of imidazolidi-
none-based substrates in solution is possible through employ-
ment of the chiral complexing agents 1 ± 3. These agents can
bind to the substrates through two hydrogen bonds and
provide a chiral environment in which the reaction occurs.
Whereas the yield and simple diastereoselectivity remained
unchanged in the presence of the complexing agent, signifi-
cant enantioselectivity was observed (up to 60% ee). A
further increase in the enantiomeric excess was impossible,
presumably due to insufficient binding of the imidazolone
substrate as compared to, for example, lactams. The exper-
imental parameters were limited by the solubility of the
substrate (temperature) and by practical considerations (ex-
cess of complexing agents). The enantioselective Norrish ±
Yang cyclization of compound 8 in solution can be compared
to the analogous reaction of compound 5 in the solid state. In
the latter case, the initial ee was high (78% ee), but it
decreased in the course of the reaction. As a result, the
enantiomeric excess after 24 h was only 28%.
Several extensions of the methodology described are


conceivable and are currently being studied. Lactam sub-
strates with an exclusive stereogenic center that is converted


into a prostereogenic center by hydrogen abstraction can be
converted into enantiomerically enriched products. Chiral
spiro compounds would be accessible by these means. Radical
reactions of lactams or imidazolidinones, which can be
induced at low temperature and which may occur both
intramolecularly or intermolecularly, are interesting test
reactions. Other host compounds allowing an improved
association would merit investigation. Three hydrogen bonds
instead of two would be ideal to ensure sufficient bonding of
the substrate to the chiral complexing agent. Work along these
lines is currently being pursued in our laboratory and will be
reported in due course.


Experimental Section


General : All reactions involving water-sensitive chemicals were carried out
in flame-dried glassware with magnetic stirring under Ar. Common
solvents [pentane (P), diethyl ether, tert-butyl methyl ether (TBME),
tetrahydrofuran (THF), dichloromethane, ethyl acetate (EtOAc), meth-
anol] and acetic anhydride (Ac2O) were distilled prior to use. Anhydrous
CH2Cl2 was distilled from CaH2, anhydrous Et2O and THF from K/Na
immediately prior to use. All other reagents and solvents were used as
received. Irradiation experiments were performed in tBuOH (Acros p. a.)
or toluene (Merck Uvasol) under Ar. TLC: Merck glass plates (0.25 mm
silica gel 60, F254), eluent given in brackets. Detection by UV or by
coloration with ceric ammonium molybdate (CAM). Optical rotation:
Perkin ±Elmer 241 MC. HPLC: Dionex Pump P580A LPG, UV Detector
UVD 340S. Columns: Daicel ChiralCel OD (250� 4.60 mm, hexane/iso-
propanol 80:20, flow� 0.50 mLmin�1), Macherey ±Nagel Nucleodex �-OH
(200� 4.00 mm, H2O/MeCN 95:5� 87:13 over 80 min, flow�
0.42 mLmin�1). Solvents: Merck LiChrosolv, detection wavelength given
in brackets. Melting points (uncorrected): Reichert hot bench. NMR:
Bruker ARX 200, AC 250, AC 300, and AX 500 spectrometers. 1H and
13C NMR spectra were recorded in CDCl3 at ambient temperature unless
stated otherwise. Chemical shifts are reported relative to tetramethylsilane
as internal standard or to distinguished solvent signals. Apparent multiplets
occurring as a result of accidental equality of coupling constants of
magnetically nonequivalent protons are marked as virtual (virt.). If there is
a missing signal due to superimposition, the spectrum is marked with an
asterisk (*). NOESY contacts are reported as weak (�), medium (��), or
strong (���). IR: Bruker IFS 200 or Perkin Elmer 1600 FT-IR. MS:
Varian CH7 (EI) or Finnigan MAT 8200 (EI). HRMS: Finnigan
MAT 8200 (EI). GC-MS: Agilent 6890 (GC system), Agilent 5973 (mass
selective detector, EI), Column: HP 5MS (30 m). Elemental analysis:
CHN: Elementar vario EL, CH: Mikroanalytical laboratory Beller. UV/
Vis: Jasco V-550, ambient temperature. CD: Jasco J-715 CD Spectropo-
larimeter, 20 �C. Flash chromatography:[35] Merck silica gel 60 (230 ±
400 mesh, �50 g for each 1 g of material to be separated), eluent given in
brackets.


General procedure for the photochemical reactions of N-substituted
imidazolidinones in the absence of a chiral host (GP A): Photochemical
reactions were conducted in a merry-go-round apparatus (irradiation
source: Rayonet RPR-3000 ä, quartz tubes) at approximately 35 �C. The
substrates were dissolved in the given solvents and degassed for 30 min with
a continuous stream of argon. The mixture was subsequently irradiated
until the reaction was complete according to TLC (ca. 3 h). After
evaporation of the solvent the residue was purified by flash chromatog-
raphy.


General procedure for the photochemical reactions of N-substituted
imidazolidinones with a chiral host (GP B): The reactions were conducted
in a liquid-cooled merry-go-round apparatus (irradiation source: Original
Hanau TQ 150, duran filter) at �45 �C. A solution of the substrate 8 (c�
5.0� 10�3 molL�1) and the chiral host 1, 2, 3, or ent-3 (c� 5.0� 10�3 or
12.5� 10�3 molL�1) in toluene was degassed for 30 min with a continuous
stream of argon. The mixture was subsequently irradiated until the reaction
was complete according to TLC (12 ± 20 h). After evaporation of the
solvent, the diastereomeric ratio was determined from the crude product by


Table 3. Enantioselectivities recorded for the Norrish ±Yang cyclization of
substrate 5 in the solid-state (cf. Scheme 6).


t [a] [h] Conv.[b] [%] exo :endo ee[c] [%]


1 0.5 1 94:6 78
2 1.0 2 90:10 62
3 2.0 5 90:10 54
4 4.0 20 89:11 41
5 14.0 29 87:13 32
6 24.0 36 87:13 28


[a] The reactions were carried out by irradiation in a quartz tube
(irradiation source: Rayonet RPR-3000 ä). [b] Conversion of substrate 5
into cyclization products 9. Acetophenone was also formed as a side
product. [c] The enantiomeric excess of the major exo diastereoisomer 9a
was determined by HPLC (see Experimental Section).
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integration of appropriate 1H NMR signals. The residue was purified by
flash chromatography. The collected fractions of the separated diaster-
eoisomers were evaporated, and the enantiomeric excess was determined
by chiral HPLC (exo : Nucleodex �-OH; endo : ChiralCel OD).


General procedure for the photochemical reaction ofN-acetyl-N�-(2-oxo-2-
phenylethyl)-imidazolidin-2-one (5) in the single-crystal state (GP C): A
single homochiral crystal of compound 5was powdered, and equal fractions
(246 �g, 1.00 �mol) of the powder were put in quartz tubes. The samples
were irradiated for different periods of time (Table 3) in a merry-go-round
apparatus (irradiation source: Rayonet RPR-3000 ä) at approximately
35 �C. After the irradiation, the pale yellow solid was dissolved in
isopropanol (246 �L) and the conversion, the diastereomeric ratio, and
the enantiomeric excess was determined by chiral HPLC (ChiralCel OD).


N-Acetylimidazolidin-2-one (4):[23] Imidazolidin-2-one (20.0 g, 210 mmol,
C3H6N2O ¥ 0.5H2O) was heated under reflux in Ac2O (200 mL) for 30 min.
The product partly precipitated during cooling. After filtration, the solid
was washed with cold ethanol (20 mL). The solutions were combined, and
the Ac2O was removed by azeotropic distillation (EtOH) in vacuum. The
resulting solid was purified by recrystallization (EtOH). Both fractions
(23.7 g, 185 mmol, 88%) were obtained as white solids. Rf� 0.22 (EtOAc);
m.p. 177 ± 178 �C; 1H NMR (200 MHz): �� 6.19 (br s, 1H; NH), 3.96 (t,
3J� 8.0 Hz, 2H; CH2), 3.51 (t, 3J� 8.0 Hz, 2H; CH2), 2.50 (s, 3H; CH3);
13C NMR (50.3 MHz): �� 170.8 (CH3CO), 157.0 (NCON), 42.1 (CH2NAc),
36.4 (CH2NH), 23.3 (CH3CO).


N-Acetyl-N�-(2-oxo-2-phenylethyl)-imidazolidin-2-one (5):[24] Under ar-
gon, N-acetylimidazolidin-2-one (4, 640 mg, 5.00 mmol) was added to a
stirred suspension of sodium hydride (132 mg, 5.50 mmol) in anhydrous
THF (10 mL). After the mixture had been kept for 1 h at room temper-
ature, potassium iodide (166 mg, 1.00 mmol) was added. The suspension
was treated dropwise with a solution of phenacyl bromide (1.50 g,
7.50 mmol) in anhydrous THF (10 mL) and stirred for 20 h at 70 �C (oil
bath temperature). After cooling, the suspension was filtered, and the
residue was extracted with CH2Cl2 (20 mL). The combined organic layers
were washed with water (15 mL) and brine (15 mL), dried over Na2SO4,
filtered, and concentrated in vacuo. After chromatographic purification
(TBME�EtOAc), compound 5 (491 mg, 40%) was obtained as a white
solid. Rf� 0.20 (TBME); tR� 42.60 min (ChiralCel OD, 220 nm); m.p.
105 �C; 1H NMR (200 MHz): �� 8.02 ± 7.90 (m, 2H; arom. H), 7.68 ± 7.42
(m, 3H; arom. H), 4.73 (s, 2H; CH2CO), 3.93 (t, 3J� 8.0 Hz, 2H; CH2NR),
3.57 (t, 3J� 8.0 Hz, 2H; CH2NAc), 2.52 (s, 3H; CH3); 13C NMR
(75.5 MHz): �� 193.2 (PhCO), 170.6 (CH3CO), 155.3 (NCON), 134.5
(Car), 133.9 (CarH), 128.8 (CarH), 127.8 (CarH), 49.7 (CH2CO), 41.6
(CH2NAc), 39.6 (CH2NR), 23.2 (CH3CO); IR (KBr): �	 � 3041 (w; CarH),
2916 (m; CalH), 1721 (vs; C�O), 1693 (vs; C�O), 1682 (vs; C�O), 1272 (s),
762 (s), 690 cm�1 (s); MS (EI, 70 eV):m/z (%): 246 (3) [M]� , 141 (55) [M�
PhCO]� , 127 (49) [M�PhCOCH2]� , 120 (60) [PhCOCH3]� , 105 (84)
[PhCO]� , 99 (100) [M�PhCOCH3�HCN]� , 77 (44) [C6H5]� , 43 (74)
[CH3CO]� ; elemental analysis calcd (%) for C13H14N2O3 (246.26): C 63.40,
H 5.73, N 11.38; found C 63.35, H 5.57, N 11.25.


N-(2-Oxo-2-phenylethyl)-imidazolidin-2-one (6): N-Acetyl-N�-(2-oxo-2-
phenylethyl)-imidazolidin-2-one (5, 4.12 g, 16.7 mmol) was suspended in
methanol (100 mL), treated with aqueous NaOH (4�, 100 mL), and stirred
for 2 h at 50 �C. The solvent was partly (ca. 100 mL) removed in vacuo and
the residue was extracted with CH2Cl2 (3� 50 mL). The combined organic
layers were washed with water (50 mL) and brine (50 mL), dried over
Na2SO4, filtered, and concentrated in vacuo. After chromatographic
purification (EtOAc�EtOAc/MeOH 90:10), compound 6 (2.84 g, 83%)
was obtained as a white solid. Rf� 0.10 (EtOAc); m.p. 156 �C; 1H NMR
(500 MHz): �� 8.02 ± 7.97 (m, 2H; arom. H), 7.61 ± 7.57 (m, 1H; arom. H),
7.50 ± 7.43 (m, 2H; arom. H), 4.95 (br s, 1H; NH), 4.64 (s, 2H; CH2CO),
3.62 ± 3.58 (m, 2H; CH2NR), 3.54 ± 3.49 (m, 2H; CH2NH); 13C NMR
(50.3 MHz): �� 194.8 (PhCO), 162.8 (NCON), 135.0 (Car), 133.6 (CarH),
128.7 (CarH), 128.0 (CarH), 50.0 (CH2CO), 45.6 (CH2NR), 38.2 (CH2NH);
IR (KBr): �	 � 3227 (s, N�H), 3094 (m; CarH), 2837 (w; CalH), 1703 (vs;
C�O), 1690 (vs; C�O), 1285 (s), 1225 (s), 760 (s), 688 cm�1 (s); MS (EI,
70 eV): m/z (%): 204 (23) [M]� , 120 (21) [PhCOCH3]� , 105 (51) [PhCO]� ,
99 (100) [M�PhCO]� , 85 (69) [M�PhCOCH2]� , 77 (58) [C6H5]� , 56 (79);
elemental analysis calcd (%) for C13H14N2O3 (204.23): C 64.69, H 5.92, N
13.72; found C 65.02, H 5.91, N 13.71.


N-Acetyl-N�-(3-oxo-3-phenylpropyl)-imidazolidin-2-one (7):[25] 3-Dimeth-
ylamino-1-phenylpropan-1-one hydrochloride (15.9 g, 74.2 mmol) and
N-acetylimidazolidin-2-one (4, 19.0 g, 148 mmol) were suspended in o-
xylene (100 mL) and heated for 6 h under reflux. Upon cooling, the
solution was treated with water (200 mL) and the two layers were
separated. The aqueous layer was extracted with CH2Cl2 (3� 100 mL)
and the combined organic layers were washed with brine (50 mL), dried
over Na2SO4, and filtered, and the solvent was removed in vacuo. After
chromatographic purification (P/EtOAc 20:80�EtOAc/MeOH 95:5) and
recrystallisation (Et2O/EtOAc), compound 7 (6.34 g, 33%) was obtained as
a white solid. Rf� 0.36 (EtOAc); m.p. 78 �C; 1H NMR (300 MHz): ��
8.00 ± 7.92 (m, 2H; arom. H), 7.62 ± 7.53 (m, 1H; arom. H), 7.52 ± 7.42 (m,
2H; arom. H), 3.80 (t, 3J� 8.1 Hz, 2H; CH2NR), 3.71 (t, 3J� 6.3 Hz, 2H;
NCH2CH2CO), 3.54 (t, 3J� 8.1 Hz, 2H; CH2NAc), 3.32 (t, 3J� 6.3 Hz, 2H;
NCH2CH2CO), 2.49 (s, 3H; CH3); 13C NMR (50.3 MHz): �� 197.9 (PhCO),
170.4 (CH3CO), 154.8 (NCON), 136.2 (Car), 133.4 (CarH), 128.6 (CarH),
127.9 (CarH), 41.9 (CH2NAc), 39.5 (CH2NR), 39.0 (NCH2CH2CO), 36.5
(NCH2CH2CO), 23.1 (CH3); IR (KBr): �	 � 3065 (w; CarH), 2976 (w; CalH),
1722 (vs; C�O), 1671 (vs; C�O), 1265 (s), 750 (m), 691 cm�1 (m); MS (EI,
70 eV):m/z (%): 260 (27) [M]� , 155 (100) [M�PhCO]� , 105 (47) [PhCO]� ;
elemental analysis calcd (%) for C14H16N2O3 (260.29): C 64.60, H 6.20, N
10.76; found C 64.37, H 5.87, N 10.50.


N-(3-Oxo-3-phenylpropyl)-imidazolidin-2-one (8): N-Acetyl-N�-(3-oxo-3-
phenylpropyl)-imidazolidin-2-one (7, 1.08 g, 4.16 mmol) was dissolved in
methanol (25 mL), treated with aqueous NaOH (1�, 25 mL), and stirred
for 1.5 h at room temperature. Methanol was removed in vacuo, and the
solution was extracted with CH2Cl2 (3� 60 mL). The combined organic
layers were washed with water (30 mL) and brine (30 mL). After drying
over Na2SO4 and filtration, the solvent was removed in vacuo. After
chromatographic purification (EtOAc�EtOAc/MeOH 90:10), compound
8 (719 mg, 79%) was obtained as a white solid. Rf� 0.46 (EtOAc/MeOH
80:20); m.p. 122 �C; 1H NMR (300 MHz): �� 7.90 ± 7.81 (m, 2H; arom. H),
7.50 ± 7.32 (m, 3H; arom. H), 5.47 (br s, 1H; NH), 3.54 (t, 3J� 6.4 Hz, 2H;
NCH2CH2CO), 3.43 (t, 3J� 8.1 Hz, 2H; CH2NR), 3.30 (t, 3J� 8.1 Hz, 2H;
CH2NH), 3.18 (t, 3J� 6.4 Hz, 2H; NCH2CH2CO); 13C NMR (75.5 MHz):
�� 196.6 (PhCO), 163.0 (NCON), 136.5 (Car), 133.2 (CarH), 128.5 (CarH),
127.9 (CarH), 46.1 (HNCH2CH2NR), 38.9 (NCH2CH2CO), 38.3
(HNCH2CH2NR), 37.2 (NCH2CH2CO); IR (KBr): �	 � 3278 (br s, NH),
2899 (w; CalH), 1682 (vs; C�O), 1653 (vs; C�O), 1501 (s), 1281 (s), 747 (s),
690 cm�1 (m); MS (EI, 70 eV): m/z (%): 218 (20) [M]� , 113 (100) [M�
PhCO]� , 105 (71) [PhCO]� , 99 (76) [C4H7N2O]� , 87 (49), 77 (40) [C6H5]� ;
elemental analysis calcd (%) for C12H14N2O2 (218.25): C 66.04, H 6.47, N
12.84; found C 65.65, H 6.34, N 12.52.


3-Acetyl-6-hydroxy-6-phenyl-1,3-diazabicyclo[3.2.0]heptan-2-one (rac-9a/
9b): According to GPA, N-acetyl-N�-(2-oxo-2-phenylethyl)-imidazolidin-
2-one (5, 246 mg, 1.00 mmol) was irradiated in tBuOH (40 mL). After
chromatographic purification (P/TBME 60:40� 20:80), compounds rac-
9a/9b (162 mg, 66%) were obtained as white solids.


exo-3-Acetyl-6-hydroxy-6-phenyl-1,3-diazabicyclo[3.2.0]heptan-2-one
(rac-9a): Yield 77.0 mg (31%); Rf� 0.46 (TBME); tR� 24.10, 33.40 min
(ChiralCel OD, 220 nm); m.p. 190 �C; 1H NMR (500 MHz, CD3OD): ��
7.42 ± 7.32 (m, 4H; arom. H), 7.28 ± 7.24 (m, 1H; arom. H), 4.68 (ddd, 3J(H-
4�)� 8.7 Hz, 3J(H-4�)� 3.0 Hz, 4J(H-7�)� 0.9 Hz, 1H; H-5), 4.47 (d, 2J�
10.6 Hz, 1H; H-7�), 4.16 (dd, 2J� 11.8 Hz, 3J(H-5)� 3.0 Hz, 1H; H-4�),
3.89 (dd, 2J� 10.6 Hz, 4J(H-5)� 0.9 Hz, 1H; H-7�), 3.85 (dd, 2J� 11.8 Hz,
3J(H-5)� 8.7 Hz, 1H; H-4�), 2.41 (s, 3H; CH3CO); 13C NMR (75.5 MHz,
CD3OD): �� 173.1 (CH3CO), 166.0 (NCON), 143.2 (Car), 129.9 (CarH),
129.3 (CarH), 126.7 (CarH), 82.0 (C-6), 68.2 (C-7), 66.7 (C-5), 43.5 (C-4), 23.5
(CH3CO); NOESYexperiment: arom. H�H-5(��), arom. H�H-7�(��); IR
(KBr): �	 � 3387 (s; OH), 3027 (w; CarH), 2950 (m; CalH), 1707 (vs; C�O),
1692 (vs; C�O), 1370 (s), 1304 (m), 1242 (m), 767 (m), 704 cm�1 (m); MS
(EI, 70 eV): m/z (%): 246 (�1) [M]� , 141 (16), 127 (27) [C5H7N2O2]� , 120
(100) [PhCOCH3]� , 105 (37) [PhCO]� , 85 (40) [C3H5N2O]� , 78 (29), 43 (67)
[CH3CO]� ; elemental analysis calcd (%) for C13H14N2O3 (246.26): C 63.40,
H 5.73; found C 63.19, H 5.77.


endo-3-Acetyl-6-hydroxy-6-phenyl-1,3-diazabicyclo[3.2.0]heptan-2-one
(rac-9b): Yield 85.0 mg (35%); Rf� 0.34 (TBME); tR� 14.90, 17.30 min
(ChiralCel OD, 220 nm); m.p. 124 ± 127 �C; 1H NMR (500 MHz, CD3OD):
�� 7.41 ± 7.36 (m, 4H; arom. H), 7.33 ± 7.28 (m, 1H; arom. H), 4.60 (d, 2J�
10.8 Hz, 1H; H-7�), 4.58 (dd, 3J(H-4�)� 9.1 Hz, 3J(H-4�)� 3.2 Hz, 1H;
H-5), 4.24 (d, 2J� 10.8 Hz, 1H; H-7�), 3.65 (dd, 2J� 12.4 Hz,
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3J(H-5)� 9.1 Hz, 1H; H-4�), 3.02 (dd, 2J� 12.4 Hz, 3J(H-5)� 3.2 Hz, 1H;
H-4�), 2.24 (s, 3H; CH3CO); 13C NMR (75.5 MHz, CD3OD): �� 172.4
(CH3CO), 164.4 (NCON), 139.2 (Car), 130.1 (CarH), 129.9 (CarH), 127.3
(CarH), 82.4 (C-6), 69.7 (C-5), 65.9 (C-7), 45.5 (C-4), 23.3 (CH3CO);
NOESYexperiment: arom. H�H-7�(��); IR (KBr): �	 � 3385 (s; OH), 3058
(w; CarH), 2965 (m; CalH), 1728 (vs; C�O), 1659 (vs; C�O), 1354 (vs), 759
(m), 700 cm�1 (s); MS (EI, 70 eV): m/z (%): 246 (�1) [M]� , 141 (8), 127
(24) [C5H7N2O2]� , 120 (100) [PhCOCH3]� , 105 (46) [PhCO]� , 85 (66)
[C3H5N2O]� , 78 (43), 43 (55) [CH3CO]� ; elemental analysis calcd (%) for
C13H14N2O3 (246.26): C 63.40, H 5.73; found C 63.16, H 5.73.


6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.2.0]heptan-2-one (rac-10a/10b):
According to GPA, N-(2-oxo-2-phenylethyl)-imidazolidin-2-one (6,
204 mg, 1.00 mmol) was irradiated in tBuOH (40 mL). After chromato-
graphic purification (EtOAc/MeOH 98:2), compounds rac-10a/10b
(105 mg, 51%) were obtained as white solids.


exo-6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.2.0]heptan-2-one (rac-10a):
Yield 55.0 mg (27%); Rf� 0.52 (EE/MeOH 80:20); m.p. 238 ± 240 �C;
1H NMR (200 MHz, [D6]DMSO): �� 7.49 ± 7.21 (m, 5H; arom. H), 7.10
(br s, 1H; NH), 4.55 (dd, 3J(H-4�)� 9.0 Hz, 3J(H-4�)� 2.8 Hz, 1H; H-5),
4.12 (d, 2J� 10.0 Hz, 1H; H-7�), 3.76 ± 3.62 (m, 2H; H-4�, H-7�), 3.58 ± 3.28
(br s, 1H; OH), 3.34 (virt. t, 2J� 3J(H-5)� 9.0 Hz, 1H; H-4�); 13C NMR
(75.5 MHz, CD3OD): �� 169.6 (NCON), 143.9 (Car), 128.4 (CarH), 127.4
(CarH), 125.3 (CarH), 78.4 (C-6), 68.5 (C-5), 65.5 (C-7), 38.9 (C-4); NOESY
experiment: arom. H�H-5(��), arom. H�H-7�(��); IR (KBr): �	 � 3270 (s),
3205 (brm), 3027 (w; CarH), 2956 (m; CalH), 1671 (vs; C�O), 703 (s),
690 cm�1 (m); MS (EI, 70 eV): m/z (%): 204 (�1) [M]� , 120 (56)
[PhCOCH3]� , 105 (51) [PhCO]� , 99 (30), 85 (100) [C3H5N2O]� , 77 (37)
[C6H5]� ; elemental analysis calcd (%) for C13H14N2O3 (204.23): C 64.69, H
5.92, N 13.72; found C 64.40, H 6.14, N 13.65.


endo-6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.2.0]heptan-2-one (rac-10b):
Yield 50.0 mg (24%); Rf� 0.58 (EtOAc/MeOH 80:20); m.p. 175 �C;
1H NMR (200 MHz, CD3OD): �� 7.47 ± 7.15 (m, 5H; arom. H), 4.58 (dd,
3J(H-4�)� 9.0 Hz, 3J(H-4�)� 2.6 Hz, 1H; H-5), 4.45 (d, 2J� 10.9 Hz, 1H;
H-7�), 4.06 (d, 2J� 10.9 Hz, 1H; H-7�), 3.30 (dd, 2J� 10.3 Hz, 3J(H-5)�
9.0 Hz, 1H; H-4�), 2.67 (dd, 2J� 10.3 Hz, 3J(H-5)� 2.6 Hz, 1H; H-4�);
13C NMR (75.5 MHz, CD3OD): �� 171.8 (NCON), 140.4 (Car), 129.8
(CarH), 129.5 (CarH), 127.6 (CarH), 82.1 (C-6), 74.1 (C-5), 65.5 (C-7), 42.9
(C-4); NOESY experiment: arom. H�H-7�(��); IR (KBr): �	 � 3260 (s),
3133 (brm), 3021 (w; CarH), 2968 (m; CalH), 1673 (vs; C�O), 758 (m),
696 cm�1 (s); MS (EI, 70 eV): m/z (%): 204 (�1) [M]� , 120 (56)
[PhCOCH3]� , 105 (62) [PhCO]� , 99 (15), 85 (100) [C3H5N2O]� , 77 (29)
[C6H5]� ; elemental analysis calcd (%) for C13H14N2O3 (204.23): C 64.69, H
5.92, N 13.72; found C 64.54, H 5.81, N 13.55.


3-Acetyl-6-hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one (rac-11a/
11b): According to GPA, N-acetyl-N�-(3-oxo-3-phenylpropyl)-imidazoli-
din-2-one (7, 52.0 mg, 0.20 mmol) was irradiated in toluene (40 mL). After
chromatographic purification (Et2O), compounds rac-11a/11b (29.0 mg,
55%) were obtained as white solids.


exo-3-Acetyl-6-hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one (rac-
11a): Yield 21.0 mg (40%); Rf� 0.50 (EtOAc); m.p. 128 �C; 1H NMR
(250 MHz): �� 7.47 ± 7.27 (m, 5H; arom. H), 4.01 ± 3.63 (m, 4H), 3.51 ± 3.37
(m, 1H), 2.90 (br s, 1H; OH), 2.41 (s, 3H; CH3CO), 2.61 ± 2.26 (m, 2H);
13C NMR (62.9 MHz): �� 170.8 (CH3CO), 158.5 (NCON), 140.2 (Car),
128.8 (CarH), 128.1 (CarH), 125.2 (CarH), 79.6 (Cal), 63.6 (CH), 43.6 (CH2),
40.7 (CH2), 40.4 (CH2), 23.3 (CH3CO); IR (KBr): �	 � 3346 (s; O�H), 1749
(vs; C�O), 1637 (vs; C�O), 1376 (vs), 757 (m), 698 cm�1 (m); GC-MS (EI,
70 eV, tR� 23.35 min):m/z (%): 260 (12) [M]� , 155 (100) [M�PhCO]� , 105
(31) [PhCO]� , 98 (49) [C4H6N2O]� , 85 (22) [C3H5N2O]� ; elemental analysis
calcd (%) for C14H16N2O3 (260.29): C 64.60, H 6.20; found C 64.51, H 5.96.


endo-3-Acetyl-6-hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one
(rac-11b): Yield 8.00 mg (15%); Rf� 0.40 (EtOAc); m.p. 119 �C; 1H NMR
(250 MHz): �� 7.42 ± 7.23 (m, 5H; arom. H), 4.11 ± 3.93 (m, 2H), 3.73 ± 3.44
(m, 2H), 3.22 (dd, 2J� 12.2 Hz, 3J� 4.3 Hz, 1H), 2.79 (br s, 1H; OH), 2.63 ±
2.49 (m, 1H), 2.38 ± 2.26 (m, 1H), 2.20 (s, 3H; CH3CO); 13C NMR
(62.9 MHz): �� 170.1 (CH3CO), 156.9 (NCON), 140.9 (Car), 128.7 (CarH),
128.5 (CarH), 125.4 (CarH), 81.5 (Cal), 63.6 (CH), 44.5 (CH2), 42.6 (CH2),
40.6 (CH2), 22.9 (CH3CO); IR (KBr): �	 � 3383 (s; O�H), 1685 (vs, b; C�O),
1375 (s), 756 (s), 703 cm�1 (s); GC-MS (EI, 70 eV, tR� 21.78 min):m/z (%):
260 (14) [M]� , 155 (100) [M�PhCO]� , 105 (25) [PhCO]� , 98 (45)


[C4H6N2O]� , 85 (18) [C3H5N2O]� ; HRMS (EI, 70 eV): calcd for
C14H16N2O3: 260.1161; found 260.1161.


6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one (rac-12a/12b):
According to GP A, N-(3-oxo-3-phenylpropyl)-imidazolidin-2-one (8,
110 mg, 0.50 mmol) was irradiated in tBuOH (20 mL). After chromato-
graphic purification (EtOAc/MeOH 98:2), compounds rac-12a/12b
(82 mg, 75%) were obtained as white solids.


exo-6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one (rac-12a):
Yield 32.0 mg (29%); Rf� 0.50 (EtOAc/MeOH 80:20); tR� 76.32,
80.70 min (Nucleodex �-OH, 215 nm); m.p. 195 ± 198 �C; 1H NMR
(500 MHz, CD3OD): �� 7.51 ± 7.45 (m, 1H; arom. H), 7.36 ± 7.31 (m, 2H;
arom. H), 7.28 ± 7.22 (m, 1H; arom. H), 4.11 (dd, 3J(H-4�)� 9.5 Hz, 3J(H-
4�)� 3.6 Hz, 1H; H-5), 3.65 (virt. dt, 2J� 3J(H-7�)� 10.3 Hz, 3J(H-7�)�
7.7 Hz, 1H; H-8�), 3.52 (dd, 2J� 9.5 Hz, 3J(H-5)� 3.6 Hz, 1H; H-4�), 3.39
(virt. t, 2J� 3J(H-5)� 9.5 Hz, 1H; H-4�), 3.32 (ddd, 2J� 10.3 Hz, 3J(H-
7�)� 9.9 Hz, 3J(H-7�)� 1.4 Hz, 1H; H-8�), 2.45 (virt. dt, 2J� 13.6 Hz, 3J(H-
8�)� 3J(H-8�)� 9.9 Hz, 1H; H-7�), 2.24 (ddd, 2J� 13.6 Hz, 3J(H-8�)�
7.7 Hz, 3J(H-8�)� 1.4 Hz, 1H; H-7�); 13C NMR (50.3 MHz, CD3OD): ��
168.9 (NCON), 143.6 (Car), 129.7 (CarH), 128.6 (CarH), 126.9 (CarH), 80.9
(C-6), 70.2 (C-5), 45.2 (C-8), 42.3 (C-7), 39.3 (C-4); NOESY experiment:
arom. H�H-5(��), arom. H�H-4�(�), arom. H�H-7�(�); IR (KBr): �	 �
3310 (s), 3057 (w; CarH), 2894 (m; CalH), 2460 (s), 1668 (vs; C�O), 1490 (s),
1434 (s), 757 (m), 704 cm�1 (s); MS (EI, 70 eV):m/z (%): 218 (21) [M]� , 113
(67), 98 (100) [C4H6N2O]� , 85 (71) [C3H5N2O]� , 55 (96), 28 (63); elemental
analysis calcd (%) for C12H14N2O2 (218.25): C 66.04, H 6.47, N 12.84; found
C 65.95, H 6.68, N 12.50.


endo-6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one (rac-12b):
Yield 50.0 mg (46%); Rf� 0.52 (EtOAc/MeOH 80:20); tR� 20.33,
25.17 min (ChiralCel OD, 220 nm), m.p. 170 �C; 1H NMR (500 MHz,
CD3OD): �� 7.33 ± 7.39 (m, 4H; arom. H), 7.25 ± 7.30 (m, 1H; arom. H),
3.99 (dd, 3J(H-4�)� 9.4 Hz, 3J(H-4�)� 4.0 Hz, 1H; H-5), 3.84 (virt. sept,
2J� 12.0 Hz, 3J(H-7�)� 7.9 Hz, 3J(H-7�)� 4.3 Hz, 1H; H-8�), 3.37 (virt. dt,
2J� 12.0 Hz, 3J(H-7�)� 3J(H-7�)� 7.9 Hz, 1H; H-8�), 3.31 (dd, 2J�
10.1 Hz, 3J(H-5)� 9.4 Hz, 1H; H-4�), 2.70 (dd, 2J� 10.1 Hz, 3J(H-5)�
4.0 Hz, 1H; H-4�), 2.37 (virt. dt, 2J� 13.1 Hz, 3J(H-8�)� 3J(H-8�)� 7.9 Hz,
1H; H-7�), 2.17 (virt. sept, 2J� 13.1 Hz, 3J(H-8�)� 7.9 Hz, 3J(H-8�)�
4.3 Hz, 1H; H-7�); 13C NMR (75.5 MHz, CD3OD): �� 167.4 (NCON),
144.4 (Car), 129.6 (CarH), 128.8 (CarH), 127.4 (CarH), 83.7 (C-6), 70.8 (C-5),
46.3 (C-8), 42.1 (C-4), 41.8 (C-7); NOESYexperiment: arom. H�H-8�(��),
arom. H�H-4�(��), arom. H�H-7�(��); IR (KBr): �	 � 3323 (s), 3052 (w;
CarH), 2899 (m; CalH), 2474 (s), 1667 (vs; C�O), 1482 (s), 1446 (s), 761 (s),
701 cm�1 (s); MS (EI, 70 eV): m/z (%): 218 (22) [M]� , 113 (74), 98 (83)
[C4H6N2O]� , 85 (57) [C3H5N2O]� , 55 (100), 28 (79); elemental analysis
calcd (%) for C12H14N2O2 (218.25): C 66.04, H 6.47, N 12.84; found C 65.79,
H 6.50, N 12.70.


exo-6-Phenyl-6-[(triethylsilyl)oxy]-1,3-diazabicyclo[3.3.0]octan-2-one
(rac-13): A solution of exo-3-acetyl-6-hydroxy-6-phenyl-1,3-diazabicy-
clo[3.3.0]octan-2-one (rac-11a, 521 mg, 2.00 mmol) in anhydrous CH2Cl2
(5 mL) was treated with 2,6-lutidine (686 mg, 746 �L, 6.40 mmol) and
cooled to 0 �C. With a syringe pump, triethylsilyl triflate (1.59 g, 1.36 mL,
6.00 mmol) was added dropwise to the stirred solution over a period of 1 h.
After 4 h at 0 �C, the solution was allowed to warm to room temperature
over 14 h. Saturated NaHCO3 solution (20 mL) was added, and the layers
were separated. The aqueous layer was extracted with CH2Cl2 (3� 30 mL).
The combined organic layers were washed with brine (20 mL), dried over
Na2SO4, and filtered, and the solvent was removed in vacuo. The resulting
yellow oil was dissolved in methanol (5 mL), treated with K2CO3 (415 mg,
3.00 mmol), and stirred for 3 h at room temperature. Methanol was
removed in vacuo, and the residue was dissolved in CH2Cl2 (20 mL) and
washed with water (10 mL). The layers were separated and the aqueous
layer was extracted with CH2Cl2 (2� 20 mL). The combined organic layers
were washed with brine (10 mL), dried over Na2SO4, and filtered, and the
solvent was removed in vacuo. After chromatographic purification (P/
EtOAc 80:20�P/EtOAc 30:70), compound rac-13 (363 mg, 55%) was
obtained as a white solid. Rf� 0.08 (P/EtOAc 50:50); m.p. 117 �C; 1H NMR
(250 MHz): �� 7.40 ± 7.27 (m, 5H; arom. H), 4.94 (br s, 1H; NH), 3.88 ± 3.65
(m, 3H), 3.54 ± 3.32 (m, 2H), 2.61 (virt. dt, 2J� 13.6 Hz, 3J� 3J� 9.9 Hz,
1H), 2.38 (ddd, 2J� 13.6 Hz, 3J� 7.4 Hz, 3J� 1.3 Hz, 1H), 0.82 [t, 3J�
7.9 Hz, 9H; Si(CH2CH3)3], 0.56 ± 0.31 [m, 6H; Si(CH2CH3)3]; 13C NMR
(62.9 MHz): �� 165.3 (NCON), 141.5 (Car), 128.5 (CarH), 128.0 (CarH),
125.9 (CarH), 81.9 (Cal), 70.2 (CH), 45.2 (CH2), 42.3 (CH2), 39.3 (CH2), 6.9
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[Si(CH2CH3)3], 6.2 [Si(CH2CH3)3]; IR (KBr): �	 � 3244 (m; N�H), 2958 (m;
CalH), 2915 (m; CalH), 1697 (vs; C�O), 1034 (m), 726 (m), 701 cm�1 (m);
GC-MS (EI, 70 eV):m/z (%): 332 (3) [M]� , 303 (100) [M�C2H5]� , 274 (2),
245 (1), 98 (89) [C4H6N2O]� ; elemental analysis calcd (%) for C18H28N2O2Si
(332.51): C 65.02, H 8.49; found C 65.36, H 8.62.


exo-3-((R)-Methoxyphenylacetyl)-6-phenyl-6-[(triethylsilyl)oxy]-1,3-di-
azabicyclo[3.3.0]octan-2-one (14/14�):[30] A stirred solution of exo-6-phenyl-
6-[(triethylsilyl)oxy]-1,3-diazabicyclo[3.3.0]octan-2-one (rac-13, 120 mg,
0.36 mmol) in anhydrous THF (4 mL) was cooled to �78 �C and treated
with LHMDS (1� in THF, 430 �L, 0.43 mmol). After 15 min, (R)-O-
methylmandelic chloride[29] (160 mg, 0.86 mmol), dissolved in anhydrous
THF (1 mL) and cooled to �78 �C, was added rapidly, and the solution was
allowed to warm to room temperature over 2 h. CH2Cl2 (10 mL) was added,
and the resulting solution was washed with aqueous HCl (0.1�, 5 mL). The
aqueous solution was extracted with CH2Cl2 (2� 10 mL) and the combined
organic layers were washed with brine (10 mL), dried over Na2SO4, and
filtered. The solvent was removed in vacuo. After chromatographic
purification (P/Et2O 60:40), compounds 14/14� (135 mg, 78%) were
obtained as white solids.


exo-(5S,6R)-3-((R)-Methoxyphenylacetyl)-6-phenyl-6-[(triethylsilyl)oxy]-
1,3-diazabicyclo[3.3.0]octan-2-one (14): Yield 68.0 mg (39%); Rf� 0.44
(Et2O); m.p. 104 �C; 1H NMR (250 MHz): �� 7.70 ± 7.55 (m, 2H; arom. H),
7.40 ± 7.23 (m, 8H; arom. H), 6.10 (s, 1H; CHOCH3), 4.08 (dd, 2J� 11.7 Hz,
3J� 3.4 Hz, 1H), 3.88 (dd, 2J� 11.7 Hz, 3J� 9.2 Hz, 1H), 3.77 ± 3.60 (m,
2H), 3.41 (virt. t, 2J� 3J� 10.4 Hz, 1H), 3.31 (s, 3H; OCH3), 2.64 (virt. dt,
2J� 13.7 Hz, 3J� 3J� 9.9 Hz, 1H), 2.34 (brdd, 2J� 13.7 Hz, 3J� 6.7 Hz,
1H), 0.52 [t, 3J� 7.9 Hz, 9H; Si(CH2CH3)3], 0.11 [q, 3J� 7.9 Hz, 6H;
Si(CH2CH3)3]; 13C NMR (62.9 MHz): �� 170.5 (CO), 157.2 (NCON), 140.3
(Car), 136.2 (Car), 128.8 (CarH), 128.6 (CarH), 128.4 (CarH), 128.3 (CarH),
128.2 (CarH), 125.8 (CarH), 81.2 (Cal), 80.4 (CHOCH3), 65.7 (CH), 56.9
(CH3O), 43.3 (CH2), 41.2 (CH2), 37.4 (CH2), 6.6 [Si(CH2CH3)3], 5.8
[Si(CH2CH3)3]; IR (KBr): �	 � 2953 (m; CalH), 1733 (vs; C�O), 1690 (vs;
C�O), 1383 (vs), 746 (m), 696 cm�1 (m); MS (EI, 70 eV):m/z (%): 480 (48)
[M]� , 451 (6) [M�C2H5]� , 331 (1) [M�C9H9O2]� , 121 (100) [C8H9O]� ;
HRMS (EI, 70 eV): calcd for C27H36N2O4Si: 480.2445; found 480.2440.


exo-(5R,6S)-3-((R)-Methoxyphenylacetyl)-6-phenyl-6-[(triethylsilyl)oxy]-
1,3-diazabicyclo[3.3.0]octan-2-one (14�): Yield 67.0 mg (39%); Rf� 0.68
(Et2O); m.p. 100 �C; 1H NMR (250 MHz): �� 7.56 ± 7.48 (m, 2H; arom. H),
7.37 ± 7.23 (m, 8H; arom. H), 6.22 (s, 1H; CHOCH3), 4.31 (dd, 2J� 10.8 Hz,
3J� 3.2 Hz, 1H), 3.84 ± 3.56 (m, 3H), 3.38 (s, 3H; OCH3), 3.45 ± 3.27 (m,
1H), 2.59 (virt. dt, 2J� 13.7 Hz, 3J� 3J� 9.8 Hz, 1H), 2.49 ± 2.36 (m, 1H),
0.80 [t, 3J� 7.9 Hz, 9H; Si(CH2CH3)3], 0.48 ± 0.33 [m, 6H; Si(CH2CH3)3];
13C NMR (62.9 MHz): �� 170.7 (CO), 157.3 (NCON), 140.1 (Car), 136.7
(Car), 128.7 (CarH), 128.5 (CarH), 128.5 (CarH), 128.4 (CarH), 128.4 (CarH),
126.0 (CarH), 81.4 (Cal), 80.6 (CHOCH3), 65.4 (CH), 57.2 (CH3O), 43.1
(CH2), 41.4 (CH2), 37.6 (CH2), 6.8 [Si(CH2CH3)3], 6.1 [Si(CH2CH3)3]; IR
(KBr): �	 � 2954 (m; CalH), 1718 (vs; C�O), 1684 (vs; C�O), 1385 (vs),
735 cm�1 (s); MS (EI, 70 eV):m/z (%): 480 (57) [M]� , 451 (9) [M�C2H5]� ,
331 (5) [M�C9H9O2]� , 121 (100) [C8H9O]� ; HRMS (EI, 70 eV): calcd for
C27H36N2O4Si: 480.2445; found 480.2442.


exo-(5S,6R)-6-Hydroxy-3-((R)-methoxyphenylacetyl)-6-phenyl-1,3-diaza-
bicyclo[3.3.0]octan-2-one (15a): A solution of exo-(5S,6R)-3-((R)-methoxy-
phenylacetyl)-6-phenyl-6-[(triethylsilyl)oxy]-1,3-diazabicyclo[3.3.0]octan-
2-one (14, 58 mg, 0.12 mmol) in anhydrous THF (1 mL) was treated with
TBAF solution (1� in THF, 130 �L, 0.13 mmol) and stirred for 1.5 h at
room temperature. Silica gel (250 mg) was added and the solvent was
removed in vacuo. After chromatographic purification (Et2O), compound
15a (39.0 mg, 89%) was obtained as a white solid. Rf� 0.31 (Et2O); m.p.
157 �C; 1H NMR (250 MHz): �� 7.58 ± 7.48 (m, 2H; arom. H), 7.41 ± 7.24
(m, 8H; arom. H), 6.06 (s, 1H; CHOCH3), 3.92 (dd, 3J� 8.4 Hz, 3J�
3.8 Hz, 1H), 3.88 ± 3.67 (m, 3H), 3.47 ± 3.34 (m, 1H), 3.31 (s, 3H; OCH3),
2.46 (virt. dt, 2J� 13.8 Hz, 3J� 3J� 9.6 Hz, 1H), 2.32 ± 2.15 (m, 2H), 1.69
(br s, OH); 13C NMR (62.9 MHz): �� 170.2 (CO), 157.7 (NCON), 140.0
(Car), 136.4 (Car), 128.8 (CarH), 128.3 (CarH), 128.2 (CarH), 128.1 (CarH),
125.1 (CarH), 80.2 (Cal), 79.4 (CHOCH3), 64.0 (CH), 57.1 (CH3O), 43.6
(CH2), 40.6 (CH2), 40.6 (CH2); IR (KBr): �	 � 3383 (s; O�H), 1718 (vs;
C�O), 1685 (vs; C�O), 1385 (vs), 750 (m), 698 cm�1 (m); MS (EI, 70 eV):
m/z (%): 366 (22) [M]� , 217 (9) [M�C9H9O2]� , 121 (100) [C8H9O]� , 105
(24) [PhCO]� , 77 (14) [C6H5]� ; HRMS (EI, 70 eV): calcd for C21H22N2O4:
366.1580; found 366.1578.


exo-(5R,6S)-6-Hydroxy-3-((R)-methoxyphenylacetyl)-6-phenyl-1,3-diaza-
bicyclo[3.3.0]octan-2-one (15a�): According to the procedure described for
the transformation 14� 15a, a solution of exo-(5R,6S)-3-((R)-methoxy-
phenylacetyl)-6-phenyl-6-[(triethylsilyl)oxy]-1,3-diazabicyclo[3.3.0]octan-
2-one (14�, 57 mg, 0.12 mmol) in anhydrous THF (1 mL) was treated with
TBAF solution (1� in THF, 130 �L, 0.13 mmol). After chromatographic
purification (Et2O), compound 15a� (38.0 mg, 86%) was obtained as a
white solid. Rf� 0.30 (Et2O); m.p. 85 �C; 1H NMR (250 MHz): �� 7.54 ±
7.45 (m, 2H; arom. H), 7.44 ± 7.27 (m, 8H; arom. H), 6.22 (s, 1H;
CHOCH3), 4.11 (dd, 2J� 11.9 Hz, 3J� 3.5 Hz, 1H), 3.93 ± 3.74 (m, 2H),
3.61 (dd, 2J� 11.9 Hz, 3J� 9.2 Hz, 1H), 3.35 (s, 3H; OCH3), 3.49 ± 3.28 (m,
1H), 2.62 ± 2.23 (m, 3H), 1.70 (br s; OH); 13C NMR (62.9 MHz)*: �� 170.9
(CO), 157.6 (NCON), 140.0 (Car), 136.4 (Car), 128.9 (CarH), 128.6 (CarH),
128.5 (CarH), 128.3 (CarH), 125.2 (CarH), 80.5 (Cal), 79.7 (CHOCH3), 63.8
(CH), 57.0 (CH3O), 43.5 (CH2), 40.7 (CH2); IR (KBr): �	 � 3446 (m; O�H),
1734 (vs; C�O), 1678 (vs; C�O), 1384 (vs), 699 cm�1 (m); MS (EI, 70 eV):
m/z (%): 366 (25) [M]� , 217 (9) [M�C9H9O2]� , 121 (100) [C8H9O]� , 105
(24) [PhCO]� , 77 (14) [C6H5]� ; HRMS (EI, 70 eV): calcd for C21H22N2O4:
366.1580; found 366.1579.


exo-(5S,6R)-6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one
(12a): exo-(5S,6R)-6-Hydroxy-3-((R)-methoxyphenylacetyl)-6-phenyl-1,3-
diazabicyclo[3.3.0]octan-2-one (15a, 22.0 mg, 0.06 mmol) was dissolved in
methanol (3 mL) and treated with K2CO3 (12.4 mg, 0.09 mmol). After 2.5 h
stirring at room temperature, silica gel (300 mg) was added and the solvent
was removed in vacuo. After chromatographic purification (EtOAc/MeOH
98:2), compound 12a (11.0 mg, 84%) was obtained as a white solid. [�]20D �
�50.2 (c� 0.6 in MeOH); tR� 80.70 min (Nucleodex �-OH, 215 nm).
exo-(5R,6S)-6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one (ent-
12a): According to the procedure described for the transformation
15a� 12a, exo-(5R,6S)-6-hydroxy-3-((R)-methoxyphenylacetyl)-6-phe-
nyl-1,3-diazabicyclo[3.3.0]octan-2-one (15a�, 25.0 mg, 0.07 mmol) was dis-
solved in methanol (3 mL) and treated with K2CO3 (14.5 mg, 0.11 mmol).
After chromatographic purification (EtOAc/MeOH 98:2), ent-12a
(13.0 mg, 85%) was obtained as a white solid. [�]20D ��48.7 (c� 0.7 in
MeOH); tR� 76.32 min (Nucleodex �-OH, 215 nm).
endo-6-Phenyl-6-[(trimethylsilyl)oxy]-1,3-diazabicyclo[3.3.0]octan-2-one
(rac-16): Imidazole (102 mg, 1.50 mmol) was added to a solution of endo-6-
hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one (rac-12b, 218 mg,
1.00 mmol) in DMF (5 mL). The solution was cooled to 0 �C, and
trimethylsilyl chloride (166 �L, 1.30 mmol) was slowly added. After 3.5 h
stirring at 0 �C, the reaction was stopped by the addition of water (50 mL).
The resulting solution was extracted with Et2O (3� 20 mL). The combined
organic layers were washed with water (10 mL) and brine (10 mL), dried
over Na2SO4, and filtered. The solvent was removed in vacuo. After
chromatographic purification (Et2O�Et2O/EtOAc 50:50), compound rac-
16 (211 mg, 73%) was obtained as a white solid. Rf� 0.30 (EtOAc); m.p.
153 �C; 1H NMR (250 MHz): �� 7.26 ± 6.96 (m, 5H; arom. H), 4.22 (br s,
1H; NH), 4.04 (dd, 3J� 9.0 Hz, 3J� 1.3 Hz, 1H), 3.95 ± 3.83 (m, 1H), 3.44 ±
3.22 (m, 2H), 2.70 (ddd, 2J� 9.8 Hz, 3J� 4.2 Hz, 3J� 1.3 Hz, 1H), 2.46 ±
2.15 (m, 2H), �0.08 [s, 9H; Si(CH3)3]; 13C NMR (62.9 MHz): �� 164.6
(NCON), 142.1 (Car), 128.2 (CarH), 127.7 (CarH), 126.2 (CarH), 84.7 (Cal),
70.7 (CH), 45.1 (CH2), 40.9 (CH2), 38.9 (CH2), 1.8 [Si(CH3)3]; IR (KBr):
�	 � 3225 (s; N�H), 2862 (m; CalH), 1724 (vs; C�O), 1137 (s), 835 cm�1 (s);
GC-MS (EI, 70 eV, tR� 21.58 min): m/z (%): 290 (19) [M]� , 275 (6) [M�
CH3]� , 205 (41), 98 (100) [C4H6N2O]� ; elemental analysis calcd (%) for
C15H22N2O2Si (290.43): C 62.03, H 7.64; found C 62.07, H 7.78.


endo-6-Hydroxy-3-((R)-methoxyphenylacetyl)-6-phenyl-1,3-diazabicyclo-
[3.3.0]octane (15b/15b�): According to the procedure described for the
transformation rac-13� 14/14�, endo-6-phenyl-6-[(trimethylsilyl)oxy]-1,3-
diazabicyclo[3.3.0]octan-2-one (rac-16, 261 mg, 0.90 mmol) in anhydrous
THF (10 mL) was treated with LHMDS (1� in THF, 1.10 mL, 1.10 mmol)
and (R)-O-methylmandelic chloride (399 mg, 2.16 mmol, dissolved in 2 mL
anhydrous THF). After workup, the crude product was obtained as a
colorless oil. The oil was dissolved in anhydrous THF (5 mL) and treated
with TBAF solution (1� in THF, 1.00 mL, 1.00 mmol). After the mixture
had been stirred for 2 h at room temperature, silica gel (1.00 g) was added
and the solvent was removed in vacuo. After chromatographic purification
(Et2O), compounds 15b/15b� (261 mg, 79%, d.r. 1:2) were obtained as
white solids. The separation was not fully complete. A fraction containing
both diastereoisomers was isolated (70.0 mg, 21%).
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endo-(5S,6S)-6-Hydroxy-3-((R)-methoxyphenylacetyl)-6-phenyl-1,3-diaza-
bicyclo[3.3.0]octan-2-one (15b): Yield 50.0 mg (15%); Rf� 0.12 (Et2O);
m.p. 46 �C (lyophilized from H2O); 1H NMR (250 MHz): �� 7.33 ± 7.21 (m,
5H; arom. H), 7.02 ± 6.83 (m, 5H; arom. H), 5.81 (s, 1H; CHOCH3), 4.00 ±
3.83 (m, 2H), 3.73 (dd, 3J� 12.4 Hz, 3J� 9.0 Hz, 1H), 3.58 ± 3.40 (m, 1H),
3.19 (s, 3H; OCH3), 3.07 (dd, 3J� 12.4 Hz, 3J� 3.4 Hz, 1H), 2.50 ± 2.36 (m,
1H), 2.31 ± 2.17 (m, 1H), 2.12 (s, 1H; OH); 13C NMR (62.9 MHz)*: ��
170.1 (CO), 156.0 (NCON), 140.5 (Car), 136.0 (Car), 128.7 (CarH), 128.4
(CarH), 128.3 (CarH), 128.2 (CarH), 124.7 (CarH), 81.6 (Cal), 80.4 (CHOCH3),
63.9 (CH), 57.0 (CH3O), 44.3 (CH2), 42.4 (CH2), 41.3 (CH2); IR (KBr): �	 �
3436 (s; O�H), 1734 (vs; C�O), 1678 (vs; C�O), 1384 (vs), 697 cm�1 (m);
MS (EI, 70 eV):m/z (%): 366 (35) [M]� , 217 (18) [M�C9H9O2]� , 121 (100)
[C8H9O]� , 105 (36) [PhCO]� , 77 (44) [C6H5]� ; elemental analysis calcd (%)
for C21H22N2O4 (366.41): C 68.84, H 6.05; found C 68.94, H 6.12.


endo-(5R,6R)-6-Hydroxy-3-((R)-methoxyphenylacetyl)-6-phenyl-1,3-di-
azabicyclo[3.3.0]octan-2-one (15b�): Yield 141 mg (43%); Rf� 0.26
(Et2O); m.p. 209 �C; 1H NMR (250 MHz): �� 7.41 ± 7.15 (m, 10H;
arom. H), 5.84 (s, 1H; CHOCH3), 4.02 ± 3.86 (m, 2H), 3.57 ± 3.40 (m,
2H), 3.29 (dd, 3J� 12.4 Hz, 3J� 4.5 Hz, 1H), 3.09 (s, 3H; OCH3), 2.61 ± 2.46
(m, 1H), 2.35 ± 2.16 (m, 2H); 13C NMR (62.9 MHz): �� 170.3 (CO), 156.1
(NCON), 140.7 (Car), 136.3 (Car), 128.9 (CarH), 128.7 (CarH), 128.6 (CarH),
128.5 (CarH), 128.3 (CarH), 125.5 (CarH), 81.6 (Cal), 80.4 (CHOCH3), 63.8
(CH), 57.1 (CH3O), 44.4 (CH2), 42.9 (CH2), 40.6 (CH2); IR (KBr): �	 � 3435
(s; O�H), 1734 (vs; C�O), 1684 (vs; C�O), 1384 (vs), 750 (m), 704 cm�1


(m); MS (EI, 70 eV): m/z (%): 366 (19) [M]� , 217 (13) [M�C9H9O2]� , 121
(100) [C8H9O]� , 105 (21) [PhCO]� , 77 (14) [C6H5]� ; elemental analysis
calcd (%) for C21H22N2O4 (366.41): C 68.84, H 6.05; found C 68.84, H 5.99.


endo-(5S,6S)-6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one
(12b): endo-(5S,6S)-6-Hydroxy-3-((R)-methoxyphenylacetyl)-6-phenyl-
1,3-diazabicyclo[3.3.0]octan-2-one (15b, 38.0 mg, 0.10 mmol) was dissolved
in methanol (5 mL) and treated with K2CO3 (21.0 mg, 0.15 mmol). After
the mixture had been stirred for 1.5 h at room temperature, silica gel
(300 mg) was added and the solvent was removed in vacuo. After
chromatographic purification (EtOAc/MeOH 98:2), compound 12b
(17.0 mg, 78%) was obtained as a white solid. [�]20D ��92.0 (c� 0.6 in
MeOH); tR� 25.17 min (ChiralCel OD, 220 nm).
endo-(5R,6R)-6-Hydroxy-6-phenyl-1,3-diazabicyclo[3.3.0]octan-2-one
(ent-12b): According to the procedure described for the transformation
15b� 12b, endo-(5R,6R)-6-hydroxy-3-((R)-methoxyphenylacetyl)-6-phe-
nyl-1,3-diazabicyclo[3.3.0]octan-2-one (15b�, 70.0 mg, 0.19 mmol) was dis-
solved in methanol (12 mL) and treated with K2CO3 (40.0 mg, 0.29 mmol).
After chromatographic purification (EtOAc/MeOH 98:2), ent-12b
(35.0 mg, 84%) was obtained as a white solid. [�]20D ��90.1 (c� 1.1 in
MeOH); tR� 20.33 min (ChiralCel OD, 220 nm).
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Preparation and Self-assembly of Chiral Porphyrin Diads on the Gold
Electrodes of Quartz Crystal Microbalances: A Novel Potential Approach to
the Development of Enantioselective Chemical Sensors


Roberto Paolesse,*[a] Donato Monti,[a] Laura La Monica,[a] Mariano Venanzi,[a]
Antonella Froiio,[a] Sara Nardis,[a] Corrado Di Natale,[b] Eugenio Martinelli,[b] and
Arnaldo D×Amico[b]


Abstract: Porphyrin diad 1 was synthe-
sized by reaction of the acyl chloride of
porphyrin 2 and trans-1,2-dithiane-4,5-
diol. The Co complex of this diad was
studied as a potential enantioselective
receptor for chiral recognition in solu-
tion and in the solid state. In solution
both enantiomers of limonene induce
significant changes in the visible and
circular dichroism (CD) spectra of
[Co2(1)], while a different behavior is
observed in the case of the enantiomeric
pair of trans-1,2-diaminocyclohexane. A
different efficiency of [Co2(1)] chiral


recognition is obtained for these com-
pounds, with a remarkable degree of
enantiodiscrimination observed in the
case of limonene. Self-assembled mono-
layers of [Co2(1)] were deposited onto
the gold electrodes of quartz crystal
microbalances to be used as sensing
materials of nanogravimetric sensors
operating in the gas phase. The enantio-


discrimination properties of these sen-
sors towards the enantiomeric pairs of
chiral analytes have been studied. While
in the case of analytes bearing donor
ligand atoms we did not observe a
remarkable enantioselectivity, a signifi-
cant degree of chiral discrimination was
observed in the case of limonene; this
result is particularly encouraging for the
potential development of enantioselec-
tive chemical sensors for use in an array
configuration.


Keywords: enantiomeric recogni-
tion ¥ monolayers ¥ porphyrinoids
¥ self-assembly ¥ sensors


Introduction


The modification of inorganic surfaces by chemisorption of
organic compounds is an interesting approach to the fabrica-
tion of hybrid organic/inorganic materials, the properties of
which are almost unexplored.[1] When adequately developed,
these materials could have a tremendous impact in the
development of technologies in which the versatility of
organic compounds is a requirement.[2]


One of the fields in which this goal seems to be close to
realization is the development of chemical sensors.[3] In these
devices interactions at the sensor surface are clearly of critical
importance: the possibility of a direct bond between the
sensing material and the transducer surface can greatly
improve sensor performance. For example, it can allow both


an enhancement of the selectivity properties and an optimi-
zation of the transduction mechanism. Of course some
important limitations should be taken into account, such as
the low saturation limit of the resulting sensor. This aspect,
however, is not necessarily a drawback, but rather represents
an advantage in the presence of low concentrations of
analytes.


Among the different molecules proposed as sensing mate-
rials we have been particularly focused on porphyrins.[4] In the
last few years we have developed sensor arrays composed of
quartz crystal microbalances (QCMs) coated with metal
complexes of porphyrins for the analysis of volatile organic
compounds (VOCs).[5] Metalloporphyrins have been partic-
ularly useful in these applications, because of their stability
and their versatility as binding agents.[6] Various examples of
the self-assembly of porphyrins onto inorganic surfaces have
been reported in the literature.[7] We have been able to
functionalize the QCM by depositing self-assembled mono-
layers of thiol-substituted porphyrins onto the gold electrodes
of the QCM disks; the resulting sensors showed satisfying
sensing properties for the detection of VOCs.[8]


These promising results led us to explore a further step in
the exploitation of self-assembled, functionalized QCMs. In
the previously developed QCMs, single porphyrins were
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chemisorbed onto the electrode surface; our present approach
involves the deposition of a chiral porphyrin diad in order to
create a more complex receptor for the recognition of VOCs.
Our goal is to test such a device for enantiomeric recognition.
This aspect, though particularly challenging, is remarkably
important when applied to the analysis of real matrices, as
enantiomers are chemically and physically identical in an
achiral environment, differing only by the spatial arrange-
ment of their elements. In biological systems enantiomeric
discrimination is performed by interaction of chiral molecules
with enantiomerically pure receptors;[9] the progress of
supramolecular chemistry has given a great impulse to the
development of a similar host ± guest concept with simple
molecular systems, and several elegant systems have been
proposed to enhance chiral discrimination in solution.[10] A
similar host ± guest approach has been used in analytical
chemistry to obtain discrimination and separation of mixtures
of enantiomers by GC and HPLC chromatographic meth-
ods.[11] This has generally been achieved by using stationary
phases functionalized with chiral receptor sites. On the other
hand, while a huge number of chemical sensors have been
developed, only a few examples have been reported in which
chiral discrimination is performed by chemical sensors.[12] In
these studies the researchers used sensing materials composed
of an inert matrix into which chiral receptors were dispersed;
these materials have been derived from those exploited as
stationary phases in the GC technique.


However in the case of some real application, such as the
aroma of foods, in which chiral compounds often represent a
fundamental component of the blend, the use of conventional
analytical methods is usually hampered by the overwhelming
complexity of their chemical composition.[13] In this case,
mimicking the human nose, which is able to discriminate
between the enantiomers of limonene simply on the basis of
their different smell, constitutes a desirable goal.


Since the seminal paper of Persaud and Dodd,[14] artificial
olfaction has been achieved by using an array of different
chemical sensors, each with different selectivity properties
towards the various chemical species present in the gaseous
phase.[15] In this way the whole sensor array gives information
related to the bulk environment, and the subsequent data
analysis interprets this information on the basis of the
chemical composition.[16] An advantageous feature of such a
system is that the absolute selectivity of each individual sensor
is not required.[17]


Using this approach, our long-term goal is to develop
chemical sensors with enantiomeric recognition properties
towards some classes of chiral analytes. These devices will be
designed for sensor array exploitation, in order to develop an
electronic nose devoted to the analysis of real matrices, in
which chiral analytes can play an important role.


We decided to first explore the use of QCMs functionalized
by monolayers of a chiral receptor directly linked to the
sensor surface. This method is particularly appealing, because
it could avoid the occurrence of spurious interactions as a
result of the bulk of the sensing materials; this would greatly
improve their recognition performance.


In this work we present the synthesis of a chiral porphyrin
diad suitable for deposition as a self-assembed monolayer


onto the gold pad of QCM sensors. The binding behavior of
such a diad was first tested in solution, while its sensing and
chiral discrimination properties toward some enantiomeric
pairs of chiral compounds were measured by QCM sensors.


Results and Discussion


Synthesis and binding studies in solution : The porphyrin diad
1 was prepared following the synthetic pathway depicted in
Scheme 1. Porphyrin 2 reacted with oxalyl chloride in
dichloromethane solution to give the corresponding porphy-
rin acyl chloride; this intermediate was then treated with
dithiane to afford 1 in satisfactory yield. In the same way, 3
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Scheme 1. Synthetic pathway to 1.







FULL PAPER R. Paolesse et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2478 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 112478


was prepared by reaction of the intermediate porphyrin acyl
chloride with thiophenol. Co complexes of 1 and 3 were
obtained by following standard metalation procedures.[18] We
chose Co as the coordinated metal, because Co porphyrins
have been successfully used as sensing materials in electronic
nose applications.[4]


The UV-visible spectrum of the [Co2(1)] diporphyrin
receptor features two bands in the Soret region at 435 and
412 nm, in a 1:4 intensity ratio. The invariance of the spectrum
profile over a wide concentration range (1� 10�7 ± 5� 10�5�)
safely rules out the occurrence of an aggregation effect on the
observed phenomenon. On the basis of the spectral profile the
occurrence of an equilibrium between two different confor-
mations, one open and one closed, can be hypothesized. In the
open conformation the porphyrin macrocycles are probably
held apart, resulting in a noninteracting, energetically mono-
mer-like structure, which generates the Soret band at 412 nm.
In the closed structure, the two macrocycles are probably held
in a J-type conformation, resulting in a red-shifted, somewhat
broadened absorption band at 435 nm.[19]


The addition of S-(�)- or R-(�)-limonene to a solution of
[Co2(1)] causes dramatic changes in the UV-Visible spectra of
the receptor. Figure 1 shows the peculiar evolution of the


Figure 1. UV-visible spectral changes (Soret band selected region) of
[Co2(1)] (1.8� 10�5�), at various concentrations of S-(�)-limonene in
CHCl3. The arrows indicate the changes upon increasing limonene
concentration.


spectral pattern (i.e. the two Soret bands at 412 and 435 nm)
into a new, red-shifted band at 437 and 438 nm for S-(�)- and
R-(�)-limonene, respectively. A significant hyperchromic
effect is also present. A red shift of the two Q visible bands
is also evident upon limonene addition. These results can be
explained in terms of inclusion of the unsaturated species
within the receptor walls, as a consequence of � ±� interaction
between the limonene double bonds and the aromatic system
of the porphyrin platforms.[20] The overall association constant
values K, for the binding of the limonene enantiomers to the
diporphyrin receptor, can be calculated from the spectral
changes (Figure 2). The experimental points can be fitted by a
1:1 binding curve.[21] The preference for the S-(�) over the R-
(�) enantiomer, demonstrated by their relative K values 6200
and 1600���, respectively, is in close agreement with that
observed in the solid-state experiments (vide infra).


Figure 2. Titration plot (�� 437 nm) of [Co2(1)] (1.8� 10�5�), at various
concentrations of S-(�)-limonene in CHCl3. The points are experimental
and the curve is calculated for 1:1 complex formation (see text).


Analogous experiments carried out with cyclohexene, a
related olefinic structure bearing only one double bond,
showed a much weaker interaction (K� 10��1); this supports
the above-given hypothesis. Evidently, the two unsaturated
bonds of limonene act cooperatively, resulting in a stronger
interaction.


Parallel circular dichroism (CD) spectroscopic experiments
gave further compelling evidence for the inclusion of the
chiral analytes within the receptor walls. The [Co2(1)]
diporphyrin system features an intense, negative dichroic
band ([�]� 1.5� 104 degcm2dmol�1) at 440 nm, (2� 10�5�
chloroform solution, Figure 3), along with a weaker ([�]�
1.2� 103 degcm2dmol�1) negative band centered at 415 nm.
The red-shifted absorption probably corresponds to the
closed, J-like conformation, whereas the less intense band
arises from the open structure.


Figure 3. a) CD spectra of [Co2(1)] (1.8� 10�5�, CHCl3, 298 K); b) in the
presence of R-(�)-limonene 5.0� 10�3� ; c) in the presence of S-(�)-
limonene 5.0� 10�3�.


The addition of an excess of S-(�)-limonene promotes
a decrease of the CD amplitude ([�]� 9.8�
103 degcm2dmol�1). Furthermore, the addition of R-(�)-
limonene results in an even more pronounced decrease of
the CD band intensity, up to 7.8� 103 degcm2mol�1. This
finding can be explained by the formation of supramolecular
complexes that are characterized by a lower degree of
ellipticity. Remarkably, the CD-coupled band at 415 nm,
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disappears upon the formation of a limonene ± [Co2(1)], in a
close analogy to that observed in the UV-visible spectroscopic
studies. This finding corroborates the hypothesis that the
guest is sandwiched within the porphyrin platforms of the
receptor.


The larger CD hypochromic effect observed in the case of
the R-(�) enantiomer would indicate that the formation of
the inclusion complex occurs with higher structural reorgan-
ization (i.e. unfavorable cage complementarity). This lack of
pre-organization of the structure would constitute an insur-
mountable drawback in the solid-state interaction, dictating
the preference for the S-(�) enantiomer.


UV-visible spectroscopic studies were also carried out in
the case of trans-R,R-(�)- and trans-S,S-(�)-1,2-diaminocy-
clohexane (� /�DACy). Spectral changes are exhibited by
the diporphyrin receptor upon nitrogen-to-metal coordina-
tion, in close analogy to those observed in the case of the
interaction with the limonene enantiomers. A striking differ-
ence resides in the Soret bands of the resulting DACy ±
[Co2(1)] supramolecular complexes, which feature blue-shift-
ed maxima at 431 nm (Figure 4). This finding implies the
formation of a complex in which the porphyrin platforms are
held in a geometry that would probably be tighter than that
achieved by the complexes with limonenes.


The [Co2(1)] receptor features a rather small degree of
enantioselectivity toward the binding of trans-R,R-(�)- and
trans-S,S-(�)-1,2-diaminocyclohexane stereoisomers, K being
3.3 and 2.8� 104��1, respectively, which corresponds to a ratio
as small as 1.2.[22]


Thin-film depositions : Porphyrin monolayers were deposited
onto gold surfaces by following two different procedures. In
the first approach the diad was first synthesized and then
deposited onto the gold surface by dipping the substrate into a
solution of 1 in chloroform. In the second approach the gold
surface was first modified by chemisorp-
tion of dithiane; this functionalized sur-
face was then dipped into a solution of
the porphyrin acyl chloride in CH2Cl2 to
obtain the diad in situ.


We took this latter approach to
deposit monolayers of the monomeric
4-Co-5�-(4��-carboxyphenyl)-10�,15�,20�-
triphenylporphyrinyl]-1-mercaptoben-
zene ([Co(3)]). In this case the surface
was modified by adsorption of thiophe-
nol and then the surface was treated with
porphyrin acyl chloride to obtain the
relative porphyrin monolayer. We used
[Co(3)] to compare its properties with
those of [Co2(1)] in the subsequent
sensor measurements.


We modified the gold electrodes pres-
ent on both sides of the QCMs, then used
for sensing measurements, and transpar-
ent gold layers deposited on glass sub-
strates. The formation of monolayers was
monitored by the frequency change of
the QCMs, caused by the chemisorption


Figure 4. UV-visible spectral changes of [Co2(1)] (1.8� 10�5�, in CHCl3 ;
continuous line) upon addition of S-(�)-limonene (3.6� 10�3� ; dashed
line), and trans-1,2-DACy (1.2� 10�4� ; dotted line).


of [Co2(1)] or [Co(3)], or by recording the visible spectrum in
the case of glass substrates. The experimental set up for QCM
measurements is reported in Scheme 2.


The amount of the sensing material deposited on the QCMs
can be determined from the change in the resonating
frequency of the quartz. In the absence of viscoelastic effects,
the relationship between quartz frequency shift and adsorbed
mass is, in a first approximation, linear, as described by the
Sauerbrey Equation [Eq. (1)].[23] The constant Kq is given by
Equation (2), in which fo is the fundamental frequency of the
QCM, vs is the sound velocity on the quartz, A is the QCM
area, and �c is the density of the deposited molecular film.


�f��Kq�m (1)


Kq�
2f 2o
vs


1


�cA
(2)


Equation (1) holds only if the viscoelastic effect can be
neglected. This condition depends on the thickness of the


Scheme 2. Experimental set up for QCM measurements.
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adsorbed mass and it may be assumed valid in case of a
molecular monolayer.


The Kq constant can be either calculated from Equation (2)
or determined experimentally for each QCM by deposition of
a known amount of mass onto the quartz surface. We followed
this latter procedure and obtained a value of
1.00(�0.02) Hzng�1.


After deposition of [Co2(1)], we obtained a frequency shift
of about 500 Hz in the case of the two-step approach, while
the single-step method afforded smaller changes, with a
frequency shift around 350 Hz. All these depositions were
carried out in triplicate, by dipping three different QCMs into
the same organic solution of the diad, and the frequency
changes obtained were reproducible within 5%.


Longer deposition times did not increase the frequency
changes, while shorter times gave smaller values, indicating
incomplete coverage of the gold surface.


According to Equation (1), and considering the measured
quartz constant, the amount of [Co2(1)] self-assembled onto
the gold electrode of the QCM may be estimated to be in the
500(�10) ng range. From this value we can calculate the
moles and then the number of the molecules deposited onto
the quartz surfaces. For a total gold surface of 1.25 cm2


(considering both sides of the QCM), an area of 66 ä2 per
molecule can be estimated. Considering that a single porphy-
rin molecule has an area of 225 ä2, the value we obtained is
even lower than that expected for a porphyrin ring oriented
perpendicular to the surface. However, previous STM meas-
urements showed that the electrode surface is very rough,
with the characteristic grain structure of evaporated gold.[24]


This should negatively influence the accuracy of the determi-
nation of the real surface area, and can explain the small value
estimated. In fact, if we consider the gold crystallites as
hemispheres, we can estimate the real surface from simple
geometrical considerations by the relation Sreal� 2�r2Sgeometrical /
�r2, in which 2�r2 is the surface of a hemisphere and
Sgeometrical /�r2 is the total number of hemispheres. From this
relation we obtain that Sreal� 2Sgeometrical , without considering
the interstitial space between the hemispheres. As a conse-
quence the area per molecule assumes the more reasonable
value of more than 130 ä2. On the other hand we have to
exclude the possibility that the high mass value could be
caused by the presence of further porphyrin diads aggregated
onto the layer directly bound to the surface. It is well known,
in fact, that porphyrins show a strong tendency to aggregation
by � ±� stacking of their aromatic rings.[21a, 25] However these
molecules are linked by weaker interaction and, if present,
they are effectively removed by the washing protocol adopted
after the deposition. To control the efficiency of the procedure
we measured the resonating frequency of the QCMs before
and after each washing step and we detected no variation after
the first cleaning treatment. To further check this point we
deposited additional layers of the porphyrin diad by a spray-
coating technique onto one of the [Co2(1)]-functionalized
QCMs.[4f] After drying the surface with an N2 stream, we
treated this quartz by the usual washing protocol; after this
treatment we obtained the starting resonating frequency
value for the [Co2(1)] QCM, indicating that the further layers
were completely removed by the cleaning protocol. The same


experiment was carried out with a bare quartz and we
obtained the same result, confirming that the cleaning
procedure removes all the porphyrin diads not chemisorbed
on the gold surface.


These results seem to indicate complete coverage of the
surface and a close-packing of the molecules, with the
porphyrin rings oriented in an almost perpendicular fashion
to the gold surface.


We also have to consider the possibility of the occurrence of
aggregation phenomena among the macrocycles linked to the
surface; this phenomenon is generally not advantageous for
sensing applications, as the presence of porphyrin stacking
does not allow an optimal interaction of the volatile analytes
with the macrocycles.


In the case of porphyrins, optical spectroscopy is a powerful
method for the investigation of aggregation and coordination
phenomena.[25, 26] For this reason we deposited monolayers of
[Co2(1)] onto transparent gold surfaces, and the optical
spectrum obtained is shown in Figure 5.


Figure 5. Visible spectra of [Co2(1)] deposited on gold transparent layer
(dashed line), upon addition of triethylamine vapors (dotted line), upon
addition of limonene vapors (continuous line).


In the solid state the Soret band is centered at 432 nm and
the splitting observed in solution is not present; however the
band is somewhat broadened and, as a consequence, the less
intense, red-shifted band may not be resolved. Exposure of
the functionalized glass substrates to different volatile com-
pounds demonstrated the interactions of the porphyrin layers
with these analytes. In the case of triethylamine (Figure 5)
there is a small red shift of the Soret band, indicating the
coordination of the amine to the metal center. It is interesting
to note that this red shift is analogous to that observed in
solution for Co porphyrin complexes.[26] To study the influence
of the metal coordination on the sensing properties we
performed the same experiment with VOCs without donor
atoms, such as limonene. In this case a significant sharpening
of the Soret band was observed, without significant shift of the
absorption band. This feature is similar to that observed in
solution, supporting a similar binding mechanism in the
recognition phenomenon (Figure 5).


QCM studies. We studied the sensing performance of the
functionalized QCMs described in the previous section
towards the detection of VOCs (for the experimental set up
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see Scheme 2). For these studies we used eight different
QCMs housed in a 10 mLmeasurement chamber: two of them
were modified with 3, and four of them with [Co2(1)],
deposited by the two different approaches. We used each
sensing material in duplicate in order to test the reproduci-
bility of the performances. The other two positions in the
array were occupied by a bare QCM, and by a [Co(tpp)]
(tpp� tetraphenylporphyrin) spray-coated QCM. In this
way all of the sensors were exposed to the analytes in the
same conditions, allowing for a direct comparison of the
performances of the self-assembled QCM with both a bare
QCM, and with a sensor currently used in the electronic
nose.[4]


In the first phase, we carried out studies on the sensitivity of
the QCMs towards simple molecules, such as triethylamine. In
this case we observed a good sensitivity of the sensors toward
this analyte, but we obtained saturation of the self-assembled
QCMs in all cases, even in the presence of very low
concentrations of triethylamine. This low saturation limit is
not unexpected in the case of a sensing material monolayer; it
is important to note that the saturation value is in good
agreement with the theoretical value obtained from Equa-
tion (1), considering a 1:1 binding stoichiometry between each
Co ± porphyrin and triethylamine. At higher concentrations of
the analyte we observe an increase of the sensor responses,
due in this case to the deposition of further layers of the
analyte on the QCM surface, as expected for a BET-like
(BET�Brunauer ±Emmet ±Teller) behavior.[27]


We then studied sensor responses towards some enantio-
meric pairs of chiral compounds, namely limonene, menthol,
1,2-DACy, and ephedrine; we chose compounds with similar
molecular structure and with or without donor atoms, in order
to determine the importance of metal coordination in the
enantiosensing recognition process.


The sensor array was exposed to saturated vapors of each
compound. The measurement of each isomer was performed
five times and the results obtained are reported in Table 1.
Surprisingly, with the menthol, 1,2-DACy, and ephedrine
enantiomeric pairs, we did not obtain significant differences in
the sensor responses; the frequency change ratios being close
to one. This finding can be explained by considering the
saturation limit of each sensor, calculated as reported in the
previous section. We obtained, in fact, a [Co2(1)]:analyte
binding stoichiometry of 1:2 for all of these compounds,
probably indicating that the two Co ±porphyrins behave
independently in the coordination of the analytes to the metal
centers.


Remarkably, a significant chiral discrimination is observed
in the case of limonene, a structure closely related to menthol,
the most evident difference being the lack of an oxygen donor
site. The �F(�)/�F(�) value for the enantiomeric pair was as
large as 3.6, and this result nicely confirms what we observed
in solution. It is interesting to note that we obtained a binding
stoichiometry of about 1:3 for S-limonene, indicating that a
complex binding mechanism involving � ±� interaction is
probably in operation, as is the case in solution.


When we exposed the QCMs to a racemic mixture of
limonene, we obtained sensor responses of intermediate value
between the two pure enantiomers. It is also worth mention-


ing that QCMs modified with 3 did not show significant
differences between racemate and enantiomers, as expected
in the absence of chiral discrimination.


Because limonene is the more volatile among the different
compounds tested, we exposed the sensor array to cyclo-
hexene-saturated vapors to exclude the different volatility as
the reason for the higher sensor responses; in this case the
frequency shifts were significantly low, excluding saturation
effects in the chiral discrimination of limonene.


Conclusion


Diad 1 was straightforwardly synthesized starting from
dithiane and 2. This diad was used to modify the gold surface
present on quartz crystal microbalances (QCMs) by following
two different approaches. The formation of the organic layer
was monitored by the frequency change of the QCM and by
UV-visible spectroscopy. The results obtained showed a good
coverage of the metal surface.


These QCMs showed good sensitivities to different volatile
organic compounds (VOCs), with a low saturation limit.
Enantiodiscrimination studies were carried out in the solid
state by exposure of the functionalized QCMs to vapors of
some enantiomeric pairs. While we did not observe chiral
discrimination in the case of menthol, ephedrine, and 1,2-
DACy, we obtained a remarkable degree of selectivity in the
case of limonene. This result is particularly encouraging for
the development of sensor arrays to be exploited in the
analysis of real matrices in which chiral VOCs play an
important role.


Table 1. Average sensor responses of QCM modified with different self-
assembled monolayers of porphyrins upon exposure to enantiomeric pairs
of chiral VOCs.


Sensing material analyte �F [Hz] �F(�)/�F(�)


3 R,S,R-(�)-menthol 48 (�3) 1.1
S,R,S-(�)-menthol 42 (�3)
S-(�)-limonene 60 (�5) 1.1
R-(�)-limonene 55 (�4)
R,R-(�)-1,2-DACy 51 (�4) 1.1
S,S-(�)-1,2-DACy 45 (�3)
R,S-(�)-ephedrine 20 (�1) 1.1
S,R-(�)-ephedrine 22 (�3)


1 (two step) R,S,R-(�)-menthol 53 (�4) 0.8
S,R,S-(�)-menthol 62 (�6)
S-(�)-limonene 233 (�9) 3.6
R-(�)-limonene 65 (�3)
R,R-(�)-1,2-DACy 69 (�7) 1.2
S,S-(�)-1,2-DACy 59 (�5)
R,S-(�)-ephedrine 61 (�4) 1.4
S,R-(�)-ephedrine 44 (�7)


1 (one step) R,S,R-(�)-menthol 72 (�6) 0.9
S,R,S-(�)-menthol 84 (�3)
S-(�)-limonene 108 (�7) 2.1
R-(�)-limonene 51 (�5)
R,R-(�)-1,2-DACy 58 (�3) 1.1
S,S-(�)-1,2-DACy 51 (�4)
R,S-(�)-ephedrine 58 (�6) 1.2
S,R-(�)-ephedrine 48 (�2)
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Experimental Section


Instrumentation : 1H NMR spectra were recorded with Bruker AC300P
(300 MHz) or Bruker AM400 (400 MHz) spectrometers. Chemical shifts
are given in ppm relative to tetramethylsilane (TMS). Routine UV-visible
spectra were measured on a Varian Cary 50 spectrophotometer, whereas
more delicate measurements were performed on a Perkin ±Elmer � spec-
trophotometer equipped with a temperature-controlled cell holder. CD
spectra were recorded on a JASCO J600 spectropolarimeter; all spectra,
averaged over eight consecutive scans, were reported as molar ellipticity
(degrees cm2dmol�1). Mass spectra (FAB) were recorded on a VGQuattro
spectrometer withm-nitrobenzyl alcohol (NBA, Aldrich) as a matrix in the
positive ion mode.


Materials : Silica gel 60 (70 ± 230 mesh) was used for column chromatog-
raphy. Reagents and solvents (Aldrich, Merck, or Fluka) were of the
highest grade available and were used without further purification.
Solvents used for the spectrophotometric measurements, acetonitrile and
chloroform Uvasol (Merck), were stored over activated molecular sieves.


UV-visible spectroscopy studies in solution : UV-visible spectroscopic
studies of the interactions of chiral analytes with [Co2(1)] in solution were
carried out in chloroform by following the absorbance changes in the 350 ±
450 nm range (porphyrin derivative Soret band) upon guest complexation
(T� 25 �C).


UV-visible spectroscopic titration : A typical procedure is as follows:
aliquots of titrating solution of the guest (1� 10�2 ± 1� 10�3�), prepared by
dissolving the required amount of olefin in a freshly prepared solution of
[Co2(1)] (1 ± 5� 10�6�) in chloroform, were added portionwise with a
micro syringe to the diad solution (2.5 mL, 1 cm quartz cell, 25.0 �C). The
absorbance variation (Soret band) was monitored at different concentra-
tions of added guest. The stability constants (K) were calculated by using a
standard equation for a 1:1 complexation:[28] �A���[[Co2(1)]]K[G]/
(1�K[G]), where �A�A0�Ai ; ��� e0� e� ; [G] is the concentration of
the added guest. The computer aided nonlinear least-square fitting analyses
were performed with the program Kaleidagraph¾ to give K and ��. The
experiments were run in duplicate and were reproducible within the range of
2 ± 5%. Analyses carried out at different wavelengths (i.e., 412 and 435 nm)
gave results in good agreement within 15%.


5-(4�-Carboxyphenyl)-10,15,20-triphenylporphyrin (2): A solution of pyr-
role (14.5 g, 0.21 mol) in acetic acid (100 mL) was added dropwise to a
solution of 4-carboxybenzaldehyde (8.1 g, 0.054 mol) and benzaldehyde
(20 g, 0.19 mol) in refluxing acetic acid (250 mL), over a period of
30 minutes. The reaction mixture was stirred at reflux temperature for an
additional 3 h, then cooled to room temperature and left standing
overnight. The crystalline residue, separated from the bulk solution, was
collected by filtration, washed with methanol, and then purified by
chromatography on SiO2. The first elution with CHCl3 gave the
5,10,15,20-tetraphenylporphyrin (H2TPP) co-product as a purple band,
while the desired porphyrin was subsequently eluted with a 2% methanol/
chloroform mixture, to give 2 (0.5 g, 0.76 mmol, 1.4% yield) as a purple
crystalline solid. Another crop of product was obtained from the mother
liquor as follows: the solvent was evaporated under reduced pressure and
the black tarry residue dissolved in 200 mL of CHCl3. A saturated solution
of aqueous NaHCO3 was added to the mixture that was left stirring until
the evolution of gas ceased. The separated organic layer was washed with a
10% aqueous Na2CO3 solution (3� 200 mL) and then with brine until
neutrality. To remove polymeric byproducts, silica gel (200 g) was added to
the solution, and the resulting mixture stirred for 30 minutes. The solid
mass was washed with CHCl3 (1% MeOH) until a UV/vis check run
showed the disappearance of the typical porphyrin absorption band (��
419 nm) of the product 2 in the eluate. The washings were collected,
reduced to a small volume by rotary evaporation, and purified by
chromatography on SiO2, first by eluting with CHCl3 to recover H2TPP
and then with a 2% methanol/chloroform mixture to obtain the title
porphyrin 2 (3 g, 4.5 mmol, 9% total yield). Spectroscopic characterization
was in perfect agreement with data reported in the literature.[29]


4,5-Bis[5-(4-carboxyphenyl)-10,15,20-triphenylporphyrinyl]-trans-1,2-di-
thiane (1): All manipulations were carried out under an inert atmosphere
by using standard Schlenk techniques. Porphyrin 2 (50 mg, 0.076 mmol) was
dissolved in dry and distilled CH2Cl2 (20 mL) in a 100 mL two-necked
round-bottomed flask. An excess of a 2� solution of oxalyl chloride (3 mL,


6 mmol) was added to the reaction mixture under stirring. After 2 h the
solvent was evaporated in vacuo to give a dark brown residue, which was
then dissolved in dry CH2Cl2 (20 mL). A solution of trans-1,2-dithiane-4,5-
diol (5.8 mg, 0.38 mmol) in dry CH2Cl2 (4 mL) was rapidly added along
with two drops of anhydrous pyridine. The mixture was left stirring
overnight. The solvent was then stripped off in vacuo, and the residue
dissolved in CH2Cl2 (20 mL), washed with brine, and dried (Na2SO4). The
solvent was reduced to a small volume, and the residue was purified by
chromatography (SiO2), eluting with CH2Cl2 in order to give the title
diporphyrin 1 (0.03 mmol, 0.043 g, 40% yield). The unreacted 2 was
recovered by elution with a CH2Cl2/MeOH 2% mixture. 1H NMR
(300 MHz, CDCl3, 25�C): ���2.71 (brs, 4H), 3.24 (brs, 4H), 3.95 (brm,
2H), 7.60 (m, 20H), 8.06 (m, 18H), 8.71 (m, 16H); UV/Vis (CH2Cl2): �max�
419, 513, 551, 589, 649 nm; MS (FAB): m/z : 1435; elemental analysis calcd
(%) for C94H64N8O4S2: C 78.75, H 4.50, N 7.82; found: C 78.99, H 4.39, N 7.74.


Metalation reactions : The general procedure for the synthesis of the Co
derivatives of the above porphyrins was as follows: a CHCl3 solution of the
substrate was placed in a round-bottomed flask equipped with a reflux
condenser and a nitrogen inlet tube. The mixture was brought to reflux
temperature and then an excess of a saturated methanolic solution of
Co(OAc)2 (2 mL) was added under stirring. The progress of the reaction
was monitored by UV-visible spectroscopy. At the end of the reaction the
mixture was allowed to cool to room temperature, and the solvent was
removed in vacuo. The residue was dissolved in CHCl3 (50 mL), washed
with brine (3� 50 mL), and dried (Na2SO4). The solvent was removed in
vacuo, and the residues, that is, the metalated porphyrins, were subse-
quently purified by crystallization from CH2Cl2/hexane mixture.


[Co(2)]: Starting from 2 (0.8 g, 1.5 mmol), we obtained [Co(2)] (1.04 g,
1.4 mmol, 93% yield) as a purple crystalline solid. UV/Vis (CH2Cl2): �max�
412, 529, 554 nm; MS (FAB): m/z (%): 716; elemental analysis calcd (%)
for C45H28N4O2Co: C 75.52, H 3.94, N 7.83; found: C 75.40, H 3.89, N 7.77.


[Co2(1)]: Starting from 1 (50 mg, 0.07 mmol) we obtained [Co2(1)] (46 mg,
0.03 mmol, 45% yield). UV/Vis (CH2Cl2): �max (log �)� 412 (4.95), 435
(5.1), 548 (4.11), 590 (3.78) nm; MS (FAB): m/z (%): 1548; elemental
analysis calcd (%) for C94H60N8O4S2Co2: C 72.96, H 3.91, N 7.24; found C
72.88, H 3.93, N 7.19.


Monolayer of [Co(3)]: A quartz microbalance (QCM) disk was dipped into
a solution of 4-mercaptophenol (12.6 mg) in dichloromethane (100 mL)
and left standing for 12 h. The disk was then rinsed with CH2Cl2 and dipped
in a 10�3� (0.07 mmol, 0.05 g in 70 mL of CH2Cl2) solution of the
corresponding acyl chloride of 2 in CH2Cl2. After standing for 1 day, the
quartz disk was washed with CH2Cl2, sonicated in CH3OH, washed again
with CH2Cl2, and dried under N2.


Monolayer of [Co2(1)] (Method 1 or one-step method): The QCM disk was
dipped into a 10�3� CH2Cl2 solution of [Co2(1)] (0.046 g, 0.03 mmol,
30 mL) for 12 h and then washed with CH2Cl2, sonicated in CH3OH,
washed again with CH2Cl2, and dried under a stream of N2.


Monolayer of [Co2(1)] (Method 2 or two-step method): The quartz disk
was dipped into a 10�3� CH2Cl2 solution of trans-1,2-dithiane-4,5-diol
(7 mg, 0.05 mmol, 50 mL) for 12 h before being washed with CH2Cl2 and
again dipped into a 10�3� solution of the corresponding acyl chloride of 2
for 12 h. The QCM disk was finally cleaned as reported above.


Sensor measurements : QCM sensors were AT-cut quartz crystals resonat-
ing at a fundamental frequency of 10 MHz. Frequency readout and
electronic conditioning were performed with an electronic oscillating
circuit, whose frequency was measured by a frequency counter
(HP53131A). The frequency counter was connected, through a GP-IB
link, with a PC that was set to supervising the measurement and collecting
the sensor responses.
Eight sensors were housed in a 10 mLmeasurement chamber. In the case of
triethylamine, saturated vapours of the analyte were obtained by bubbling
N2 into liquid amine; these vapours were diluted to different concentrations
by a mass flow controller, with dry synthetic air as the carrier gas, and
allowed to flow into the measurement chamber. The measurements were
carried at a constant temperature (308 K), controlled by a Julabo F40
thermostat. Vapour-phase concentrations of the analyte were calculated by
the Antoine equation.[30]


In the case of chiral compounds a different experimental protocol had to be
followed, owing to both the lower amount and the low volatility of these
analytes. In this case a sealed vial containing the analyte was opened into a
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2 L flask held at the constant temperature of 308 K. No significant
variations of the headspace composition were observed after 1 h, as
checked by GC analysis. Vapour-phase concentrations, calculated by the
Antoine equation, were in good agreement with those measured by GC
(internal standard dodecane). The headspace was then pumped into the
measurement chamber by a micro pump at a constant flow rate of
0.2 Lmin�1. The equilibrium response time for the sensors was in the order
of 1 minute; after each measurement the chamber was purged by a flow of
dry synthetic air. Typical sensor response is shown in Figure 6.


Figure 6. Typical frequency changes of a [Co2(1)]-modified QCM sensor
upon exposure to VOCs.
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Novel Chiral Pyromellitdiimide (1,2,4,5-Benzenetetracarboxydiimide)
Dimers and Trimers: Exploring Their Structure, Electronic Transitions,
and Exciton Coupling


Jacek Gawron¬ ski,*[a] Ma¯gorzata Brzostowska,[a] Krystyna Gawron¬ ska,[a] Jacek Koput,*[a]
Urszula Rychlewska,*[a] Pawe¯ Skowronek,[a, b] and Bengt Norde¬n[b]


Abstract: The chiral but highly sym-
metrical acyclic and cyclic pyromellitic
diimide dimers and trimers 2 ± 5 have
been obtained and characterized for the
first time. The pyromellitdiimide chro-
mophores in these molecules are linked
by a rigid diequatorially 1,2-disubstitut-
ed cyclohexane skeleton. The structures
of the compounds have been deter-
mined in detail by molecular modeling
and, in the case of cyclic dimer 4 and
trimer 5, by means of X-ray diffraction
analysis. The electronically excited
states of the pyromellitdiimide chromo-
phore (1a) have been studied in these
and other model compounds by means
of linear dichroism (LD), magnetic cir-


cular dichroism (MCD), and circular
dichroism (CD) spectroscopy. CD spec-
tra of the rigid cyclic trimer 5 have
provided the most detailed information
on the excited states of the pyromellit-
diimide chromophore. The low-energy
tail (340 ± 360 nm) of the absorption
envelope can be assigned to out-of-
plane polarized n ±�* transitions (I,
II). The higher energy bands are due to
contributions from up to six � ±�*
transitions, these being polarized either


along the long (IV±VI, VIII) or short
axis (III, VII). The results of ab initio
CIS/cc-pVDZ and semiempirical
INDO/S-CI calculations have been com-
pared with the experimental data. CD
Cotton effects in the region 200 ±
260 nm, which result from exciton inter-
actions between electric dipole allowed
transitions of two pyromellitdiimide
chromophores in compounds 2 ± 5, pro-
vide reliable and useful information
concerning the conformation and abso-
lute configuration of these molecules,
which may be extrapolated to other
oligoimide systems.


Keywords: chirality ¥ circular
dichroism ¥ electronic transitions ¥
pyromellitic diimides


Introduction


Diimides of 1,2,4,5-benzenetetracarboxylic acid (abbreviated
herein as pyromellitdiimides) constitute a group of hetero-
aromatic compounds of ever increasing importance in organ-
ic, biological, and medicinal chemistry, as well as in physical,
supramolecular, and materials chemistry. Pyromellitdiimides
are widely used as rigid structural components, for example in
catenanes[1] and in clathrate hosts.[2] The use of pyromellitdi-
imides as acceptors in various electron-transfer and photo-
synthetic charge-separation systems,[3] often in conjunction
with porphyrin derivatives,[4±8] has presented a considerable
challenge and has been extensively studied.


Surprisingly, the excited states of the pyromellitdiimide
chromophore have not been studied in any detail, despite
their relevance to the widely investigated photoelectron
transfer and nonlinear optical properties. Recently, we
presented a preliminary report on exciton coupling between
various types of aromatic imides, including pyromellitdiimide,
in which we demonstrated their utility in making stereo-
chemical assignments.[9] Previously, we have shown that the
structurally related phthalimide is an excellent chromophore
for determining absolute configuration[10, 11] and conforma-
tion,[12] based on exciton coupling of the allowed long-axis
polarized � ±�* transition. These applications were extended
to N-phthaloyl derivatives of amino acids[13] and allylic
amines,[14] while others used 2,3-naphthaloyl derivatives of
amines to make configurational assignments.[15]


To obtain a more complete picture of the electronic
transitions and their polarizations in the pyromellitdiimide
chromophore, we have applied the linear dichroism (LD) and
magnetic circular dichroism (MCD) techniques to monomeric
diimide 1b, which is more soluble than the parent pyromel-
litdiimide 1a. Circular dichroism (CD) measurements are
often more sensitive than isotropic absorption (UV) measure-
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ments for detecting hidden electronic transitions, and for this
purpose we chose a series of highly symmetrical yet chiral
dimeric (2, 4) and trimeric (3, 5) pyromellitdiimides incorpo-
rating (R,R)-trans-1,2-diaminocyclohexane as a linker. This
linker not only provides a chiral environment enabling
circular dichroism studies of the dimers and trimers, but also
a well-defined structure in which the cyclohexane substituents
rigorously occupy the equatorial positions. As expected, the
cyclic oligomers 4 (D2) and 5 (D3) differ from the acyclic ones
2 (C2) and 3 (C2) in terms of the degree of rigidity: while there
is some rotational freedom about the individual pyromellit-
diimide longitudinal symmetry axes in 2 and 3, no such
rotation is anticipated at ambient temperatures in the rigid
structures 4 and 5. It was anticipated that the rigid structures
of 4 and 5would display more pronounced Cotton effects than
2 and 3, as the CD in these last two compounds tends to cancel
out to a high degree due to rotational averaging.[16] The
structures of the dimers and trimers were established by
computational (DFT or AM1), spectroscopic (NMR), and
X-ray diffraction methods. Computations of the excited states
of 1a, 2a, and 4 were carried out at the ab initio CIS/cc-pVDZ
level, and the results were compared with those from INDO/
S-CI calculations as well as with the experimental data.


Results and Discussion


Structure and properties : The dimeric and trimeric pyromel-
litdiimides 2b ± 5 are high-melting solids, soluble in nonpolar
organic solvents (e.g., dichloromethane, benzene). This en-
ables their ready separation, purification, and spectroscopic
analyses.
Molecular modeling of 2b (AM1) yielded a low-energy


structure of C2 symmetry, which could be best characterized
by two torsion angles, �1 H-C-N-C(O) and �2 N-C-C-N
(Figure 1). The first of these indicates rotation of the


Figure 1. Torsion angles determining the structures of 2 ± 5.


pyromellitdiimide plane out of coplanarity with the (N)C�H
bond, a structural feature common to many aromatic imides,
such as phthalimides,[11] derived from amines attached to a
disubstituted carbon atom. The second torsion angle (�2)
defines the noncoplanarity of the longitudinal symmetry axes,
which bisect the pyromellitic nitrogen atoms in the two vicinal
imide chromophores. The sign and magnitude of this angle
plays a decisive role in determining the chiroptical properties
of pyromellitic dimers and trimers (see below).


Abstract in Polish: Po raz pierwszy zosta¯y otrzymane i
scharakteryzowane chiralne lecz wysoce symetryczne acyklicz-
ne i cykliczne dimery i trimery 2 ±5 diimidu piromelitowego.
W tych czaŒsteczkach chromofory piromelitowe saŒ po¯aŒczone
przy pomocy sztywnego 1,2-diekwatorialnie podstawionego
szkieletu cykloheksanu. Szczego¬¯owe struktury tych zwiaŒzko¬w
zosta¯y okres¬lone za pomocaŒ modelowania molekularnego, a
w przypadku cyklicznego dimeru 4 i trimeru 5, takz«e za
pomocaŒ dyfrakcji promieni rentgenowskich. Zbadano elektro-
nowe stany wzbudzone chromoforu piromelitowego tych i
innych modelowych czaŒsteczek, stosujaŒc pomiary dichroizmu
liniowego (LD), magnetycznego dichroizmu ko¯owego
(MCD) oraz dichroizmu ko¯owego (CD). Widma CD sztyw-
nego cyklicznego trimeru 5 dostarczy¯y najbardziej szczego¬-
¯owych informacji dotyczaŒcych stano¬w wzbudzonych chromo-
foru piromelitowego. Niskoenergetyczna czeŒs¬c¬ (340 ± 360 nm)
widma absorpcyjnego zosta¯a przypisana przejs¬ciom n ±�* (I,
II) spolaryzowanym poza p¯aszczyznaŒ. Pasma absorpcyjne o
wyz«szej energii saŒ spowodowane udzia¯ami az« do szes¬ciu
przejs¬c¬� ±�* spolaryzowanych wzd¯uz« osi pod¯uz«nej (IV±VI,
VIII) lub poprzecznej (III, VII) czaŒsteczki. Poro¬wnano wyniki
obliczen¬ stano¬w wzbudzonych metodami ab initio CIS/cc-
pVDZ i semiempirycznymi INDO/S-CI z danymi dos¬wiad-
czalnymi. Efekty Cottona w zakresie 200 ± 260 nm we widmie
CD, kto¬re wynikajaŒ z oddzia¯ywan¬ ekscytonowych mieŒdzy
elektrycznie dipolowo dozwolonymi przejs¬ciami dwo¬ch chro-
moforo¬w piromelitowych w zwiaŒzkach 2 ±5, dostarczy¯y
uz«ytecznych i o duz«ej pewnos¬ci informacji o konformacji i
absolutnej konfiguracji tych czaŒsteczek, z moz«liwos¬ciami
zastosowan¬ w innych systemach oligoimidowych.
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As listed in Table 1, in the case of 2b, the computed values
of these two torsion angles are�1�� 2.4� and�2�� 53.7� (C2
symmetry), which are typical for a strain-free cyclohexane
ring with vicinal imide substituents in the equatorial posi-
tions.[9] The value of �1 is, however, different from those (9.8�
and 15.9�) measured for a bis(phthaloyl) derivative of (R,R)-
1,2-diaminocyclohexane by X-ray diffraction analysis.[11]


The case of trimer 3 is different in that two diastereomeric
conformers can be envisaged. Their structures, designated
with the letters C and S,[17] are shown in Figure 2. Their
computed (AM1) heats of formation are equal to within
0.3 kcalmol�1, and hence nearly equal equilibrium popula-
tions of the two conformers can be assumed.


Figure 2. Low-energy conformers of 3 from AM1 computation. Con-
formers C and S are M and P helical, respectively.


The presence of the two conformers in equilibrium is
clearly evident in the 1H NMR spectra of 3. Whereas the
aromatic protons of 3 give rise to broad overlapping signals at
293 K (Figure 3), they are seen as sharp singlets upon
lowering the temperature of measurement to 253 K. A
maximum of three aromatic proton signals of equal intensity


Figure 3. Aromatic region 1H NMR spectra of 3 in CDCl3: a) at 293 K,
b) at 253 K.


can be expected for conformer C, due to the magnetic
equivalence of the protons of the central pyromellitdiimide
molecule, while four signals in a 1:2:2:1 intensity ratio can be
expected for conformer S of 3. In practice, only six signals
were observed at 253 K, due to degeneracy of the two of the
resonance signals, the superimposed signal appearing as a
three-proton singlet at �� 8.28.[18] The position of the one-
proton signal at �� 7.86 is noteworthy. The upfield shift of this
signal is due to deshielding of one of the protons of the central
pyromellitdiimide unit by both outer pyromellitdiimide
molecules. Significantly, analysis of the intensities of the
NMR signals leads to the conclusion that both conformers of 3
are essentially equally populated under the measurement
conditions.
The torsion angles �1 and �2 computed for each of the


conformers of 3 are shown in Table 1. As expected, the values
of �1 and �2 are practically identical and are not significantly
different from those computed for the dimer 2b.
Cyclic dimeric pyromellitdiimide 4 is the only highly


strained molecule examined in this study. Molecular modeling
(AM1) and ab initio B3LYP computation (Table 1) provide
structures that are very close to that determined by X-ray
diffraction analysis of the crystal (see below) and which
accommodate the strain due to formation of a cyclic structure
by [2�2] cyclocondensation of trans-1,2-diaminocyclohexane


Table 1. Calculated and X-ray diffraction determined torsion angles for
oligomers 2 ± 5.


�1 (H-C-N-C) [�][a] �2 (N-C-C-N) [�]


2a[b] � 2.8 � 58.9
2b[c] � 2.4 � 53.7
3C[c] � 5.1; �3.4 � 53.9
3S[c] � 5.1; �3.4 � 53.9
4[d] � 3.2; �0.1 � 44.3; �44.0
4[e] 2.3; �3.2 � 42.4


� 1.7; �2.5 � 42.7
5[f] 16.3 � 50.1
5[g] 12.2; 16.1 � 49.8
[a] Two values separated by a semicolon refer to two H-C-N-C angles
originating from the same cyclohexane ring. [b] Calculated (B3LYP/cc-
pVDZ) for a molecule of C2 symmetry. [c] Calculated (AM1) for a
molecule of C2 symmetry. [d] Calculated (AM1; B3LYP/cc-pVDZ) for a
molecule ofD2 symmetry. [e] Determined by X-ray crystallography for two
independent molecules. [f] Calculated (AM1) for a molecule of D3


symmetry. [g] X-ray determined for a molecule of C3 symmetry.
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and pyromellitic dianhydride. The strain is manifested in
several structural features, such as a bending of each of the
pyromellitdiimide moieties (Figure 4) and a change in the
values of the angles �1 and �2 compared to those of 2b
(Table 1). The computed angle �1 in 4 is small (�3.2�/� 0.1�)
and the cyclohexane ring is flattened so that the torsion angle
�2 is decreased to�44.3�/� 44.0�. The 1H NMR spectrum of 4
displays only a sharp singlet due to the aromatic protons at
�� 7.86, indicative of high symmetry (point group D2) and
restricted conformational mobility of the molecule.


Figure 4. AM1 computed minimum energy structures of 4 (a) and 5 (b), as
well as a perspective view of the X-ray determined structure of 4 (c).
Thermal ellipsoids are drawn at a 40% probability level and give a
graphical representation of atomic displacements at 150 K.


Cyclic trimeric pyromellitdiimide 5 forms a strain-free
structure, with planar imide moieties at the sides and the
cyclohexane rings at the apices of the triangle (Figure 4).
Similar regular triangular hexaimine structures have recently
been reported as products of the reactions of trans-1,2-
diaminocyclohexane with aromatic dialdehydes.[19±21] The
AM1 computed �1 and �2 angles for D3-symmetrical mole-
cule 5 (Table 1) are 16.3� and �50.1�, which are only slightly
different from the corresponding values obtained by X-ray
diffraction analysis of the crystal (see below). In accordance
with the highly symmetrical and rigid structure, the aromatic
protons give rise to a sharp singlet at �� 8.04 in the 1H NMR
spectrum of 5.


X-ray structures and inclusion properties of 4 and 5 : We were
unable to obtain crystals of 3 suitable for X-ray analysis and
therefore to determine which of the two conformers (C or S)
is the preferred one in the solid state. The two other
compounds of interest with regard to X-ray structure deter-
mination, the cyclic dimer 4 and the cyclic trimer 5, were
studied as co-crystals with benzene solvent molecules and
form various types of inclusion compounds. The molecule of 4
is shown in Figure 4.[22] The asymmetric unit (in the case of the
P1 space group this is also the whole unit cell) contains one
molecule of 4 and one molecule of the benzene solvent.
Although there are no symmetry constraints linking any set of
distances and angles in the potentially symmetrical molecule
of 4, the two parts of the dimer are very much alike and their
geometry is nearly identical to that observed in pyromellit-
diimide molecules[23, 24] as well as their N,N�-dialkyl deriva-
tives.[25, 26] As expected, the formation of dimeric species
occurs with a loss of planarity of the two pyromellitdiimide
moieties, which are bent towards each other. The root-mean-
square deviations of atoms defining the two fragments are
0.159 and 0.160 ä, with the mean standard uncertainty of the
individual atomic deviations equal to 0.002 ä. If one defines
the best least-squares plane through the atoms constituting
the six-membered ring, the remaining atoms of the pyromel-
litdiimide fragment are all displaced in one direction: positive
for one pyromellitdiimide moiety and negative for the other.
We have chosen to describe the geometry of each of the two
fragments in terms of two least-squares planes, each defined
by five atoms forming the imide ring. The angle between the
planes containing nitrogen atoms N1 and N3, which we take as
the fold angle of the pyromellitimide fragment, is 20.24(9)�.
The analogous angle between the planes containing nitrogen
atoms N2 and N4 is equal to 20.44(9)�. The sums of the
valence angles around the nitrogen atoms (358.5, 356.6, 356.8,
and 358.5� for N1 to N4, respectively) indicate slight
pyramidalization at nitrogens N2 and N3. Both cyclohexane
rings adopt a conformation close to an ideal chair form. The
average torsion angle magnitude is the same in the two rings,
amounting to 58.3�. This value is somewhat higher than that
quoted for a cyclohexane ring in ideal chair form, 54.9�,[27]


reflecting significant ring puckering. An increase in the
endocyclic torsion angle at the site of substitution to values
of 63.5(3)� and 61.5(3)� causes a decrease in the torsion angle
between the trans-diequatorially oriented nitrogen atoms. The
values of the N-C-C-N torsion angles are �42.4(3)� and
�42.7(3)�.
Figure 5 shows a packing diagram. Along the x axis, the


molecules are arranged in such a way that we observe both
intra- and intermolecular stacking interactions between their
flat parts. The perpendicular distance between the plane of
the six-membered carbocyclic ring and the midpoint of its
intramolecular analogue is 3.586 ä, while the corresponding
distance to the intermolecular equivalent is 3.217 ä. The
angle between the interacting six-membered rings is equal to
2.8� and the rings are mutually twisted by 9.6�, inducing a
helical twist (the twist angle is measured as the angle between
lines connecting the atoms in the para positions). Within the
dimer, the mutual shift of the interacting planes is negligible
(0.306 ä), but the intermolecularly interacting partners are
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Figure 5. Packing of the molecules of 4 as viewed down the y axis. Carbon
atoms of the benzene solvent molecules are represented as van der Waals
spheres of radius 1 ä.


shifted with respect to each other by 1.563 ä. Translationally
related along the y axis, the molecules of 4 form an edge-on
pile, resulting in microporous columns within which the
molecules are connected by C�H ¥¥¥O hydrogen bonds.
Combined with planar stacking along the x axis, the arrange-
ment of molecules in the (001) plane resembles a wall with
numerous microporosities. Benzene solvent molecules sepa-
rate molecules that are neighbors along the z axis. Transla-
tionally related along the x axis, the solvent molecules are
arranged in channels formed by the cyclohexane rings. They
are connected to the molecules of 4 along the z axis by means
of C�H ¥¥¥O and C�H ¥¥¥� hydrogen bonds.
The arrangement of the molecules of 5 and the benzene


solvent molecules in the crystal is illustrated in Figure 6. The
asymmetric unit contains one-third of the molecule of 5,
which is located on a threefold axis, and three fragments
constituting one-third of the benzene solvent molecule: two
such fragments are situated on a threefold axis and one on a
sixfold screw axis. Potentially highly symmetric (D3 symme-
try), in the crystal the molecule of 5 shows only C3 symmetry.
In contrast to 4, the pyromellitimide moiety is planar, the
root-mean-square deviation of the atoms defining the frag-
ment being only 0.047 with the mean standard uncertainty of
the individual atomic deviations equal to 0.002 ä, and the
angle between the best planes through the imide rings being
only 5.80(9)�. The sums of the valence angles about the
nitrogen atoms are equal to 358.9(2)� and 360.0(2)�, indicating
planar configurations. The cyclohexane ring adopts a con-
formation very similar to that observed in 4, with the average
torsion angle magnitude being 57.8� and significant ring
puckering at the site of substitution (the C6-C1-C2-C3 and
N-C-C-N torsion angles amount to 60.9(3)� and �49.8(3)�,
respectively).
A characteristic of the crystal packing of the trimer 5 is that


the benzene solvent molecules are arranged in layers parallel
to the (001) plane at approximately 0 and 1/2 z level, with the
molecules of 5 in between these layers (Figure 6). Two of the
three benzene solvent molecules are situated on a threefold
axis, and one on a 63 screw axis. The molecules situated on a
threefold axis are subject to static disorder. These solvent
molecules are situated above and below the molecular


Figure 6. Part of the crystal structure of 5. The benzene solvent molecules
lie on three 63 and symmetry axes. Only the major orientation of the
disordered benzene molecules lying on a threefold axis is shown. Top: View
down the z axis showing three consecutive (001) layers, differentiated by
thick, thin, and open lines. Bottom: Side view of the (001) layers. Carbon
atoms of the benzene solvent molecules are represented as van der Waals
spheres of radius 1 ä.


triangle, giving the impression that they are trying to enter the
void inside the pyromellitdiimide trimer but without any
success.


Electronic transitions and circular dichroism–exciton cou-
pling : The UV isotropic absorption spectrum of N,N�-dicy-
clohexyl pyromellitdiimide (1b) consists of two regions
(Figure 7). The low-intensity (� below 3000 mol�1dm3cm�1)
region from about 380 nm to 280 nm is dominated by a � ±�*
transition polarized in the z direction (see Table 2 for
polarization directions).[9] The intense absorption region
280 ± 200 nm is also dominated by a z-polarized � ±�*
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Figure 7. UV isotropic absorption (solid line) and magnetic circular
dichroism (dashed line) spectra of 1b in dioxane.


transition, as predicted by an INDO/S calculation.[9] However,
the electronic absorption spectrum of 1a is evidently com-
posed of a number of other bands in both regions, which are
not sufficiently resolved.
Magnetic circular dichroism spectra are often used to


resolve the transitions that contribute to the absorption bands
under study. In the case of the pyromellitic chromophore of


1b, for which the ground and the excited states are non-
degenerate, we would expect to observe a B-type spectrum in
which nearly orthogonally polarized transitions appear as
sign-reversed MCD signals.[28] In the low-energy absorption
region (Figure 7, top panel), we indeed observe a bisignate
MCD signal, quite similar in shape to that of the phthalimide
chromophore.[11] The corresponding weak UV band appears
on the slope of a much stronger absorption at higher energy,
and it shows a maximum at 319 nm and a shoulder at about
310 nm. The two transitions, although poorly resolved in the
UV spectrum, have opposite transition polarizations, which
accordingly can be assigned as z and y (bands III and IV in
Table 2). In the higher-energy region (lower panel in Fig-
ure 7), the B-term MCD signal is also evident, corresponding
to the shoulder at about 248 nm and the maximum at 240 nm.
The two transitions are orthogonally polarized, accordingly in
the y and z directions, and are labeled as bands VI and VII
(Table 2).
The UV absorption and reduced linear dichroism (LDr)


spectra of N,N�-dicyclohexyl pyromellitdiimide (1b) oriented
in a stretched PVC film are shown in Figure 8. Due to only
partial orientation of the imide molecules, the amount of
information available from the experiment is somewhat
limited (use of poly(vinyl alcohol) or polyethylene stretched
films for sample orientation did not provide better results).
Assuming C2v symmetry of the chromophore and a rod-like
orientation in the stretched PVC film,[29] as in the case
of phthalimides,[11] we could assign a long axis (z) polarized
� ±�* transition (band III in Table 2) to the observed
maximum at around 320 nm in the LDr spectrum. Likewise,
the LDr minimum at 290 nm may correspond to the
y-polarized � ±�* transition (band IV in Table 2), overlapping
with another very weak transition at 270 nm (band V). Below


Table 2. Observed and calculated electronic transitions of pyromellitdiimides.


Experimental, 1b and 5 INDO/S 1a CIS/cc-pVDZ 1a
Band � [nm] � [��1 cm�1][a] Pol.[b] Symm.[c] � [nm][d] f[d] Symm.[c] � [nm][e] f[e]


I 355[f] ± ± B3u n��* 379 0.002 (x) B2u ���* 329 0.04 (y)
B2g n��* 375 0 B3u n��* 324 0.002 (x)


II 340[f] ± ± B1g n��* 359 0 B1u ���* 319 0.09 (z)
Au n��* 356 0 B2g n��* 318 0


III 319 2600 z B1u ���* 296 0.05 (z) B1g n��* 297 0
IV 310 2450 y B2u ���* 275 0.1 (y) Au n��* 295 0
V 270[f] ± y B3g ���* 234 0 B2u ���* 246 0.008 (y)
VI � 248; 250[f] shoulder y B2u ���* 222 0.5 (y) B3g ���* 243 0
VII 240 51000 z B1u ���* 223 1.4 (z) B1u ���* 240 1.6 (z)


B3u n��* 216 0.00009 (x) B2u ���* 224 1.4 (y)
B3g ���* 214 0 B3g ���* 216 0
Au n��* 211 0 Au n��* 212 0
B1g n��* 209 0 Ag ���* 200 0
B2g n��* 205 0 B3u n��* 198 0.003 (x)


VIII � 232; 215[f] shoulder y B2u ���* 202 0.5 (y) B1g n��* 192 0


[a] UVabsorbances of 1b in acetonitrile. [b] Polarization of transitions from either LD or MCD of 1b ; see formula above for the definition of the molecular
coordinate system. [c] Symmetry of the excited state in the D2h point group and the transition type. [d] Transition wavelength (�) and oscillator strength (f)
calculated by the INDO/S method (transition moment polarization along the fixed axes of the molecule is given in parentheses; x : out-of-plane, y : short axis,
z : long axis). [e] Transition wavelength (�) and oscillator strength (f) calculated at the CIS/cc-pVDZ level of theory. The computed wavelengths were
multiplied by a scaling factor of 1.4 (see text). [f] CD of 5 in acetonitrile.
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Figure 8. UV isotropic absorption (thick line) and reduced linear dichro-
ism (thin line) spectra of 1b in a stretched PVC film at 293 K.


260 nm, the LDr bands are poorly resolved and the only
assignment that can be made with confidence is that of the
LDr maximum at 235 nm, corresponding to the strong, z-
polarized � ±�* transition with a maximum at 240 nm
(band VII).
The CD spectra of chiral diimide dimers (2b, 4) and trimers


(3, 5) were investigated next. For the bichromophoric system
having a negative �2 torsion angle (Figure 1 and Table 1),
negative exciton-split Cotton effects were to be expected for
the pyromellitic chromophore long-axis (z) polarized � ±�*
transitions. In the case of 2b (Figure 9), a weak negative


Figure 9. CD spectra of 2b (dashed line) and 3 (solid line) in dioxane at
293 K, sample concentration approximately 1.5� 10�4 �. The ab initio
calculated CD spectrum of 2a is inserted as a stick diagram.


Cotton effect (�� �1.2) is observed at 325 nm, which
corresponds to the z-polarized transition III in Table 2. A
weak shoulder is seen at 340 nm, apparently due to an n ±�*
transition II. At shorter wavelengths, a pair of strong Cotton
effects is seen, �� �106.7 at 248 nm and �� 50.7 at 227 nm,
undoubtedly due to the coupling of the electric dipole
transition moments of the intense, z-polarized transition VII
(�� 90000 at 238 nm). This band is slightly (2 nm) blue-
shifted relative to the position of �max for monomer 1b, as one
would expect for a system of two inclined noncoplanar electric
dipole transition moments.[30]


The case of 3 is more complex. As discussed above, in
solution the trimeric diimide 3 exists as a mixture of two
nearly equally populated conformers C and S (Figure 2),
which can be distinguished by 1H NMR spectroscopy. The CD


spectrum of 3 is therefore an average of the CD spectra of
these C and S conformers. The computed geometries of both
the C and S conformers of 3 (Table 1) show a high degree of
similarity to the geometry of the component molecule 2b.
Thus, the torsion angles �1 and �2 are similar for 2b, 3C, and
3S, the only discrepancy being the existence of two different
values of�1 in each conformer of 3. The slightly lower value of
�1 (�3.4�) was computed for the two inner H-C-N-C(O) bond
systems, whereas the value of �5.1� corresponds to the two
outer H-C-N-C(O) bond systems in 3. The CD of the trimer
can be treated as the sum of Cotton effects due to exciton
coupling of each constituent chromophoric pair; in other
words, it includes two dimer Cotton effects as the first term
and Cotton effects due to 1,3-bichromophoric interactions as
the second term. Since the first term will dominate, the CD of
3 should be quite similar to that of 2b (excluding differences
in the magnitudes of the Cotton effects). In practice, the CD
spectra of 2b and 3 are indeed almost identical (Figure 9),
save for small differences in intensity and a blue shift of the
Cotton effects of trimer 3 compared to those of 2b. In the case
of 3, the pair of intense � ±�* Cotton effects appears at
244 nm (�� �98.1) and 220 nm (�� �53.0).
Diimide ring distortion in cyclic dimer 4 is clearly man-


ifested in the UV and CD spectra (Figure 10).


Figure 10. CD and UV spectra of 4 in acetonitrile (conditions as for
Figure 9). The ab initio calculated CD spectrum of 4 is inserted as a stick
diagram.


These spectra are very different from those of the
corresponding acyclic dimer 2b and the monomer 1b. The
UV bands below 260 nm are better resolved: shoulders are
seen at 254 nm and 239 nm, as well as maxima at 233 nm and
219 nm, the latter due to the most intense transition in 4 (��
63700). The shoulder at 254 nm in the UV spectrum
corresponds to the intense CD band at 258 nm (�� �60.9).
The other three transitions in the CD spectrum are resolved,
appearing as a negative couplet (a shoulder at about 250 nm
and a maximum at 240 nm), a positive maximum at 230 nm
(�� �63.7), and a positive couplet (a maximum at 223 nm, ��
�67.5, and a minimum at 205 nm, �� �50.8). In the region
above 300 nm, two distinct Cotton effects are evident: a
positive one (�� �2.8) at 351 nm and a negative one (��
�3.6) at 329 nm. The former appears in the region of a weak,
structureless electronic absorption and is likely to originate
from the n ±�* transition (I in Table 2). The latter falls in the







Chiral Pyromellitdiimide Compounds 2484±2494


Chem. Eur. J. 2002, 8, No. 11 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2491 $ 20.00+.50/0 2491


region of a UVmaximum at 322 nm (�� 2600), which is due to
a z-polarized � ±�* transition (III). Avery weak Cotton effect
at 307 nm (�� �0.4) is also observed, which corresponds to a
UV maximum at 310 nm (�� 3100) originating from the y-
polarized � ±�* transition (IV). A CD maximum at 285 nm
(���2.1) has no corresponding UVmaximum, but falls in the
region of the band V � ±�* transition.
Analysis of the CD spectrum of unstrained cyclic trimer 5


(Figure 11) yields a wealth of data on the pyromellitdiimide
electronic transitions. This is in contrast to the UV spectrum,
which does not differ greatly from those of monomer 1b or
acyclic dimer 2b or trimer 3 other than in the positions and
intensities of the maxima. The main UV maximum (��
137500 at 233 nm), attributable to the z-polarized � ±�*
transition in the monomer, is blue-shifted (by about 7 nm)
from the position of �max of 1b. This is to be expected for the
exciton energy system in cyclic trimers, in which the higher
exciton state is allowed whereas the lower exciton state has
(partly) forbidden character.[30]


Figure 11. CD and UV spectra of 5 in acetonitrile (conditions as for
Figure 9).


Cyclic trimer 5 belongs to the D3 symmetry point group
and, with respect to its absolute configuration, its structure
can be regarded as equivalent to that of a tris-chelate metal
complex of� configuration. The allowed � ±�* transitions are
either polarized in the direction of the C3 axis (A2 band, in-
phase coupling) or in the plane perpendicular to theC3 axis (E
band, out-of-phase coupling). For the given absolute config-
uration of 5, the E band Cotton effect is of lower energy and
negative, while the A2 band is of higher energy and positive.
This principle, when applied to 5, allows for a more complete
experimental assignment of the electronic transitions in the
pyromellitic chromophore, especially in the region 200 ±
260 nm. In the aforementioned region, three pairs of exciton
Cotton effects are seen. A positive couplet (�� �46.3 at
251 nm and ���72.5 at 247 nm), attributable to transition VI
(Table 2), is followed by a negative couplet (�� �66.6 at
240 nm and �� �62.8 at 223 nm) belonging to the main
transition VII, and another positive couplet (�� �62.8 at
223 nm and �� �68.1 at 200 nm) of transition VIII, the lower
energy Cotton effect of which apparently overlaps with the
higher energy Cotton effect of transition VII. It is difficult to
ascertain whether the sign sequence of the Cotton effects of 5


in the region 260 ± 200 nm results from changes in energy
ordering of the E and A2 states for each transition, or, perhaps
more likely, whether it is due to hetero coupling of the strong
electric dipole allowed 233 nm transition VII with the tran-
sitions belonging to the adjacent bands VI and VIII. This
coupling is likely to dominate over any homo coupling within
the transitions VI and VIII. Circumstances favoring hetero
couplings are the close energies of the transitions VI ±VIII
and the rigid structure of 5. The latter feature is of particular
importance since, in the case of 2b and 3, no significant hetero
coupling comes into play due to the averaging effect of the
spatial orientations of the y-polarized electric dipole transi-
tion moments caused by rotation about the pyromellitdiimide
long axis. In any case, the sign sequence of the Cotton effects
due to transitions polarized along the long (z) and short (y)
axes in the individual pyromellitic chromophores should be
opposite, as is observed for the short wavelength transitions of
5 (Table 2). At longer wavelengths, a Cotton effect is observed
at 270 nm (�� �6.7), which corresponds to the very weak y-
polarized transition Vobserved in the LD spectrum of 1b in a
stretched PVC film. Other CD bands detected for 5 (Fig-
ure 11, insert) are localized at 320 nm (�� �2.0), correspond-
ing to transition III, along with two very weak n ±�* Cotton
effects (���0.3 at 342 nm and ���0.2 at 355 nm), labeled as
transitions II and I in Table 2.


Comparison with ab initio and semiempirical calculations :
Due to the size of the molecules under consideration, it was
only feasible to perform ab initio calculations of their UVand
CD spectra at a low level of theory, namely including only the
singly-excited configurations from a Hartree ± Fock reference
wavefunction (CIS[31]) and using the polarized double-zeta
basis set (cc-pVDZ[32]). Therefore, the electron correlation
effects in the excited states could not be accurately accounted
for, and agreement with the experimental data is only
moderate (as could have been expected). For the parent
pyromellitdiimide 1a, the ab initio calculated UV spectrum is
dominated by two strong � ±�* transitions (see Table 2). The
first transition is computed to appear at �� 171 nm, polarized
along the long (z) axis of the molecule, whereas the second
transition is predicted to appear at �� 160 nm, polarized
along the short (y) axis. The first transition corresponds to the
strong UV absorption band observed for 1b at �� 240 nm,
whereas the second transition could be assigned to the band
shoulder observed either at about �� 250 nm or at ��
220 nm. To account for the electron correlation effects, all
the computed transition wavelengths were subsequently
multiplied by an empirical scaling factor of 1.4 (as compared
with 1.33 found in the previous study[11]). The ab initio
calculated UV spectrum resembles that determined by the
semiempirical INDO/S approach, although the ordering of
some transitions is different. For example, the lowest-energy
transition computed at the ab initio level is of � ±�* character
(B2u), whereas INDO/S computation indicates a B3u n ±�*
transition to be the lowest in energy. The experimental UV
bands (I ±VIII) are shown in Table 2 in the order correspond-
ing to the symmetry-related transitions calculated by the
INDO/S method.
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The observed and calculated CD spectra of dimeric
pyromellitdiimides 2a and 4 are compared in Figures 9 and
10, respectively. The main features of the observed spectra are
seen to be reproduced. The calculated CD spectra in the
region 220 ± 260 nm consist of several pairs of close-lying
Cotton effects with opposite signs. In the case of 2a, the low-
energy component in each pair is negative in sign, as would be
anticipated for the absolute spatial arrangement of the
chromophores, regardless of the direction of polarization
(y,z) of the two transitions. The spectra of the acyclic dimer 2a
and the cyclic dimer 4 are predicted to be different, as is
indeed observed. However, for the reasons mentioned above,
agreement with the experimental spectra can only be
considered as qualitative.


Conclusion


We have prepared and characterized the acyclic and cyclic
dimers and trimers of pyromellitdiimide connected by rigid
trans-1,2-disubstituted cyclohexane spacers. LD and MCD
measurements on pyromellitdiimide 1b as well as CD spectral
measurements on pyromellitdiimide dimers and trimers 2b ± 5
have provided complementary data on a number of transi-
tions of the pyromellitdiimide chromophore. These include
the n ±�* transitions at the longer wavelength tail of the UV
absorption, and up to six � ±�* transitions that are polarized
in the plane of the chromophore along one of the two
symmetry axes (y,z). The most detailed assignment was
possible on the basis of the CD/UV data of the chiral cyclic
trimer 5, the structure of which has been established through
spectroscopic and X-ray diffraction studies, as well as by
molecular modeling. Key to the assignments of the � ±�*
transitions was the sign of the exciton split Cotton effects, in
conjunction with the exciton couplet due to the long-axis
polarized intense � ±�* transition at around 240 nm. The
experimental results have been further supported by compu-
tations, either at the ab initio CIS/cc-pVDZ or semiempirical
INDO/S level of theory. The computed transition pattern is in
qualitative agreement with the experimental one, and cor-
roborates the polarizations of the main � ±�* transitions.
The data reported herein have allowed the first complete


characterization of the electronic transitions of the pyromel-
litdiimide chromophore. They should find valuable use in
allowing stereochemical assignments of pyromellitdiimide-
based molecules, systems of interest in both biological and
materials science contexts, by providing information on either
the conformation or the absolute configuration. Work along
these lines is in progress in this laboratory.


Experimental Section


General methods: Unless stated otherwise, NMR spectra were recorded at
ambient temperature on a Varian XL300 instrument and are reported in
ppm with respect to (CH3)4Si (�� 0) as a reference. CD and UV spectra
were measured on a JASCO 810 spectropolarimeter. Alternatively, UV
spectra were recorded on a JASCO V-550 spectrophotometer. MS were
measured with a 604 AMD Intectra spectrometer. All organic solvents


were of spectrophotometric grade. Diimides 1b and 2b have been reported
previously.[9]


X-ray diffraction studies of compounds 4 and 5 : Diimide 4 crystallized from
benzene as an inclusion compound with the formula C32H24N4O8 ¥ C6H6.
Mr� 670.66, T� 150 K, triclinic, space group P1, a� 6.917(1), b� 7.569(2),
c� 15.812(3) ä, �� 82.91(3), �� 81.64(3), �� 71.09(3)�, V� 772.3(3) ä3,
Z� 1, 	calcd� 1.442 gcm�3, MoK� radiation (�� 0.71073 ä), 
� 0.10 mm�1,
final R value 0.039 for 2885 observed reflections [I� 2�(I)]. A crystal of
approximate dimensions 0.40� 0.25� 0.15 mmwas used for data collection
on a KM4CCD diffractometer,[33] , with a graphite crystal monochromator
in the incident beam. �max was 26.37�, and the hkl ranges were �8/8, �5/9,
and �19/19, respectively. Of the 6472 reflections collected, 3136 were
unique (Rint� 0.027) and 2885 were considered as observed with I� 2�(I).


Diimide 5 crystallized from benzene as an inclusion compound with the
formula C48H36N6O12 ¥ 3C6H6. Mr� 1123.15, T� 295 K, hexagonal, space
group P63, a�b� 15.825 ä, c� 13.701(3) ä, V� 2791.5(8) ä3, Z� 2,
	calcd� 1.255 gcm�3, 	exptl� 1.223 gcm�3, CuK� radiation (�� 1.54178 ä),

� 0.717 mm�1, final R value 0.040 for 2691 observed reflections [I�
2�(I)]. A crystal of approximate dimensions 0.4� 0.4� 0.4 mm was used
for data collection on a KM-4[34] diffractometer, with a graphite crystal
monochromator in the incident beam. �max was 65.10�, and the hkl ranges
were 0/18, �16/0, and �14/16, respectively. Of the 3394 reflections
collected, 2959 were unique (Rint� 0.016), and 2691 were considered as
observed with I� 2�(I).


The structures were solved by direct methods (SHELXS-86[35]) and refined
by full-matrix least-squares by using SHELXL-97.[36] A Siemens Stereo-
chemical Workstation was used to prepare the drawings.[22] Anisotropic
thermal parameters were refined for all non-hydrogen atoms in the crystal
of 4 and for most of the non-hydrogen atoms in the crystal of 5. The
hydrogen atoms were placed in calculated positions (C�H� 0.96 ä) and
refined in a ™riding model∫ with their Uiso values 1.2 times greater than Ueq


of the atoms to which they were bonded. In the crystal of 5, the benzene
molecules situated on a threefold axis are disordered over four distinct
positions in such a way that the dominant contributor is oriented
perpendicularly to the threefold axis, while the remaining three minor
contributors are arranged parallel to this symmetry axis. The relative ratios
of the major and minor components in the disorder model were 0.75:0.08
for one benzene molecule and 0.48:0.17 for the other. CCDC-172262 (4)
and -172263 (5) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).


Linear dichroism (LD) and magnetic circular dichroism (MCD): For a
description of the methodology and further references, see ref. [11].


Computational details : The equilibrium structures of the monomeric and
dimeric pyromellitdiimides (1a, 2a, 4) in their ground electronic states
were determined by the density functional theory (DFT) approach. The
hybrid method B3LYP,[37] and a one-particle basis set of double-zeta quality
(cc-pVDZ)[32] were applied. The structures thus determined were used to
compute the transition energies and intensities of the excited electronic
states by the ab initio (CIS[31]) and semiempirical (INDO/S-CI[38]) config-
uration interaction methods. In the CIS approach, the calculations included
all singly-excited configurations within the active space, which consisted of
all the occupied valence and virtual molecular orbitals of a Hartree ± Fock
reference wavefunction. In the INDO/S-CI calculations, all the singly-
excited configurations with energies up to 12 eV were taken into account.
The calculations were performed using the Gaussian-98 suite of pro-
grams.[39]


Trimeric pyromellitdiimide 3 : A solution of pyromellitic anhydride (55 mg,
0.25 mmol) in DMF (1 mL) was slowly added to a solution of (1R,2R)-1,2-
diaminocyclohexane (57 mg, 0.5 mmol) in DMF (1 mL). The mixture was
stirred overnight at room temperature and was then added to a solution of
pyromellitic anhydride (109 mg, 0.5 mmol) in DMF (1 mL). After stirring
overnight at room temperature, cyclohexylamine (50 mg, 0.5 mmol) was
added and the mixture was heated at 130 �C for 3 h. After dilution with cold
water, the crude mixture of products was separated by filtration and
subjected to column chromatography on silica gel eluting with CH2Cl2/5%
AcOEt. Compound 3 was obtained as a colorless solid, yield 5%; m.p.
�360 �C; IR (KBr): � � 1711, 1769 cm�1 (C�O); 1H NMR (CDCl3):
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�� 1.25 ± 1.38 (m, 10H), 1.42 ± 1.52 (m, 2H), 1.64 ± 1.72 (m, 6H), 1.85 ± 1.94
(m, 10H), 2.08 ± 2.22 (m, 4H), 2.46 (m, 4H), 4.13 (m, 2H), 4.92 (m, 4H),
8.01 ± 8.18 (brm, 6H); UV (dioxane): �max (�)� 236 (76100), 323 nm
(3700); FAB MS: m/z : 973.0 [M��1].
Cyclic dimeric diimide 4 : In a representative experiment, (1R,2R)-1,2-
diaminocyclohexane (114 mg, 1 mmol) was heated with pyromellitic
anhydride (218 mg, 1 mmol) in DMF (5 mL) at 50 �C for 1 h. Ac2O
(0.5 mL) and NEt3 (0.5 mL) were then added, and the mixture was stirred
overnight at room temperature. It was subsequently concentrated to
dryness in vacuo, the residue was redissolved in dichloromethane, and the
resulting solution was extracted with 1� HCl, 1� NaHCO3, and H2O. The
dichloromethane layer was dried and concentrated, and the residue was
subjected to column chromatography on silica gel eluting with dichloro-
methane. Cyclic diimide 4was obtained as a colorless solid, yield 16%; m.p.
�360 �C; IR (KBr): � � 1733, 1781 cm�1 (C�O); 1H NMR (CDCl3): ��
1.50 ± 1.75 (m, 4H), 1.95 ± 2.35 (m, 12H), 4.89 (m, 4H), 7.86 (s, 4H); FAB
MS: m/z : 593.1 [M��1].
Cyclic trimeric diimide 5 : (1R,2R)-1,2-Diaminocyclohexane (114 mg,
1 mmol) and pyromellitic anhydride (218 mg, 1 mmol) were refluxed in
acetic acid (5 mL) for 4 h. The solvent was removed in vacuo and the
residue was digested by refluxing with dichloromethane for 1 h. Polymeric
material (220 mg) was removed from the dichloromethane extract by
filtration and the filtrate was concentrated to dryness. Column chromatog-
raphy of the residue on silica gel eluting with CH2Cl2/1% AcOEt afforded
cyclic diimide 5 as a colorless solid; yield 11%; m.p. �360 �C; IR (KBr):
� � 1728, 1774 cm�1 (C�O); 1H NMR (CDCl3): �� 1.50 ± 1.65 (m, 6H),
1.90 ± 2.15 (m, 18H), 5.18 (m, 6H), 8.04 (s, 6H); FAB MS: m/z : 889.1
[M��1].


Acknowledgements


We thank Jakub Grajewski for computational assistance. Ab initio
calculations were performed at the Poznan Supercomputer Center (PCSS).
This work was supported by the Committee for Scientific Research (KBN),
grant no. 3T09A 025 17, and the Swedish Science Research Council.


[1] a) G. D. Storrier, S. B. Colbran, J. Chem. Soc. Dalton Trans. 1996,
2185; b) D. G. Hamilton, J. K. G. Sanders, J. E. Davies, W. Clegg, S. J.
Teat, Chem. Commun. 1997, 897; c) D. G. Hamilton, J. E. Davies, L.
Prodi, J. K. M. Sanders, Chem. Eur. J. 1998, 4, 608; d) D. G. Hamilton,
N. Feeder, S. J. Teat, J. K. M. Sanders, New J. Chem. 1998, 1019;
e) J. G. Hansen, N. Feeder, D. G. Hamilton, M. J. Gunter, J. Becher,
J. K. M. Sanders, Org. Lett. 2000, 449.


[2] K. Kishikawa, S. Tsubokura, S. Kohmoto, M. Yamamoto, J. Org.
Chem. 1999, 64, 7568.


[3] G. P. Wiederrecht, W. A. Svec, M. R. Wasielewski, T. Galili, H.
Levanon, J. Am. Chem. Soc. 2000, 122, 9715.


[4] a) A. Osuka, T. Okada, S. Taniguchi, K. Nozaki, T. Ohno, N. Mataga,
Tetrahedron Lett. 1995, 36, 5781; b) A. Osuka, S. Marumo, Y. Wada, I.
Yamazaki, T. Yamazaki, Y. Shirakawa, Y. Nishimura, Bull. Chem. Soc.
Jpn. 1995, 68, 2909; c) A. Osuka, S. Nakajima, T. Okada, S. Taniguchi,
K. Nozaki, T. Ohno, I. Yamazaki, Y. Nishimura, N. Mataga, Angew.
Chem. 1996, 108, 98; Angew. Chem. Int. Ed. Engl. 1996, 35, 92; d) A.
Osuka, S. Marumo, N. Mataga, S. Taniguchi, T. Okada, I. Yamazaki, Y.
Nishimura, T. Ohno, K. Nozaki, J. Am. Chem. Soc. 1996, 118, 155;
e) H. Shiratori, T. Ohno, K. Nozaki, A. Osuka, Chem. Commun. 1999,
2181; f) H. Shiraton, T. Ohno, K. Nozaki, I. Yamazaki, Y. Nishimura,
A. Osuka, J. Org. Chem. 2000, 65, 8747.


[5] T. Nagata, Bull. Chem. Soc. Jpn. 1991, 64, 3005.
[6] a) C. A. Hunter, J. K. M. Sanders, G. S. Beddart, S. Evans, J. Chem.


Soc. Chem. Commun. 1989, 1765; b) H. L. Anderson, C. A. Hunter,
M. Nafees Meah, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112, 5780.


[7] a) J. H. Borkent, J. W. Verhoeven, Th. J. de Boer, Chem. Phys. Lett.
1976, 42, 50; b) H. A. Staab, S. Nikolic, C. Krieger, Eur. J. Org. Chem.
1999, 1459.


[8] G. P. Wiederrecht, M. P. Niemczyk, W. A. Svec, M. R. Wasielewski, J.
Am. Chem. Soc. 1996, 118, 81.


[9] J. Gawron¬ ski, M. Brzostowska, K. Kacprzak, H. Ko¯bon, P. Skow-
ronek, Chirality 2000, 12, 263.


[10] F. Kazmierczak, K. Gawron¬ ska, U. Rychlewska, J. Gawron¬ ski,
Tetrahedron: Asymmetry 1994, 5, 527.


[11] J. Gawron¬ ski, F. Kazmierczak, K. Gawron¬ ska, U. Rychlewska, B.
Norde¬n, A. Holmen, J. Am. Chem. Soc. 1998, 120, 12083.


[12] J. Gawron¬ ski, M. D. Rozwadowska, F. Kazmierczak, Pol. J. Chem.
1994, 68, 2279.


[13] P. Skowronek, J. Gawron¬ ski, Tetrahedron: Asymmetry 1999, 10, 4585.
[14] P. Skowronek, J. Gawron¬ ski, Tetrahedron Lett. 2000, 41, 2975.
[15] A. Kawamura, N. Berova, V. Dirsch, A. Mangoni, K. Nakanishi, G.


Schwartz, A. Bielawska, Y. Hannun, Y. Kitagawa,Bioorg.Med.Chem.
1996, 4, 1035.


[16] Cyclic dimeric and trimeric structures, analogous to 4 and 5, are not
uncommon among fully carboxylic compounds; see, for example: a) T.
Nishinaga, T. Kawamura, K. Komatsu, J. Org. Chem. 1997, 62, 5354;
b) M. Chakraborty, C. A. Tessier, W. J. Youngs, J.Org.Chem. 1999, 64,
2947; c) J. M. Kehoe, J. H. Kiley, J. J. English, C. A. Johnson, C.
Petersen, M. M. Haley, Org. Lett. 2000, 969; d) W. B. Wan, S. C.
Brandt, J. J. Pak, M. M. Haley, Chem. Eur. J. 2000, 6, 2044. Chiral
triangular compounds such as cycloveratrylenes (J. Canceill, A. Collet,
J. Gabard, G. Gottarelli, G. P. Spada, J. Am. Chem. Soc. 1985, 107,
1299), cyclophanes (S. Anderson, U. Neidlein, V. Gramlich, F.
Diederich, Angew. Chem. 1995, 107, 1722; Angew. Chem. Int. Ed.
Engl. 1995, 34, 1596), and trimetallic complexes with bridging ligands
(R.-D. Schnebeck, L. Randaccio, E. Zangrando, B. Lippert, Angew.
Chem. 1998, 110, 130; Angew. Chem. Int. Ed. 1998, 37, 119; T.
Habereder, M. Warchhold, H. Nˆth, K. Severin, Angew. Chem. 1999,
111, 3422; Angew. Chem. Int. Ed. 1999, 38, 3225) have been
extensively studied.


[17] For a definition of chiral C and S conformers, see: J. Gawron¬ ski, K.
Gawron¬ ska, K. Kacprzak, Chirality 2001, 13, 322. For an alternative
syn/anti assignment, see: C. Degenhardt, D. B. Shortell, R. D. Adams,
K. D. Shimizu, Chem. Commun. 2000, 929.


[18] The 1H NMR spectrum of 2b recorded at 243 K features two sharp
singlets of equal intensity due to the aromatic protons; see ref. [17].


[19] S. R. Koropoju, P. S. Zacharias, Chem. Commun. 1998, 1267.
[20] J. Gawron¬ ski, H. Ko¯bon, M. Kwit, A. Katrusiak, J. Org. Chem. 2000,


65, 5768.
[21] M. Chadim, M. Budesœinsky¬, J. Hodacœova¬ , J. Za¬vada, P. C. Junk,


Tetrahedron: Asymmetry 2001, 12, 127.
[22] Stereochemical Workstation Operation Manual, Release 3.4, Siemens


Analytical X-ray Instruments, Inc., Madison, Wisconsin (USA), 1989.
[23] I. V. Bulgarovskaya, L. A. Novakovskaya, Yu. G. Federov, Z. V.


Zvonkova, Kristallografiya 1976, 21, 515.
[24] D. G. Hamilton, D. E. Lynch, K. A. Byriel, C. H. L. Kennard, Aust. J.


Chem. 1997, 50, 439.
[25] I. V. Bulgarovskaya, L. A. Smelyanskaya, Yu. G. Federov, Z. V.


Zvonkova, Kristallografiya 1977, 22, 184.
[26] D. G. Hamilton, D. E. Lynch, K. A. Byriel, C. H. L. Kennard, J. K. M.


Sanders, Aust. J. Chem. 1998, 51, 1998.
[27] E. L. Eliel, S. H. Wilen, Stereochemistry of Organic Compounds,


Wiley, New York, 1994, p. 686.
[28] B. Norde¬n, R. Ha kansson, P. B. Pedersen, E. W. Thulstrup, Chem.


Phys. 1978, 33, 355.
[29] B. Norde¬n, Appl. Spectrosc. Rev. 1978, 14, 157.
[30] M. Kasha, H. R. Rawls, M. A. El-Bayoumi, Pure Appl. Chem. 1965,


11, 371.
[31] J. B. Foresman, M. Head-Gordon, J. A. Pople, M. J. Frisch, J. Phys.


Chem. 1992, 96, 135.
[32] T. H. Dunning, Jr., J. Chem. Phys. 1989, 90, 1007.
[33] KM4CCD Software, Version 1.163, Kuma Diffraction Instruments


GmbH, Wroc¯aw (Poland), 1999.
[34] KM-4 Diffractometer Operating System and Data Reduction Soft-


ware, Kuma Diffraction, Wroc¯aw (Poland), 1991.
[35] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467.
[36] G. M. Sheldrick, SHELXL-97, University of Gˆttingen, 1997.
[37] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[38] J. Ridley, M. C. Zerner, Theor. Chim. Acta 1973, 32, 111.
[39] Gaussian 98 (Revision A.9), M. J. Frisch, G. W. Trucks, H. B. Schlegel,


G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.







FULL PAPER J. Gawron¬ ski, J. Koput, U. Rychlewska et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2494 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 112494


Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,


D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen,
M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle, J. A.
Pople, Gaussian, Inc., Pittsburgh PA, 1998.


Received: October 22, 2001 [F3631]








Stereo- and Enantioselective Alkene Epoxidations: A Comparative Study
of D4- and D2-Symmetric Homochiral trans-Dioxoruthenium(��) Porphyrins


Rui Zhang,[a] Wing-Yiu Yu,[a] Hong-Zhe Sun,[a] Wei-Sheng Liu,[a] and
Chi-Ming Che*[a, b]


Abstract: The mechanism of stoichio-
metric enantioselective alkene epoxida-
tions by the D4- and D2-symmetric
homochiral trans-dioxoruthenium(��)
porphyrins, [RuVI(D4-Por*)O2] (1) and
[RuVI(D2-Por*)O2] (2a), in the presence
of pyrazole (Hpz) was studied by UV/
Vis spectrophotometry and analysis of
the organic products. The enantioselec-
tivity of styrene oxidations is more
susceptible to steric effects than to
substituent electronic effects. Up to
72% ee was achieved for epoxidation
of 3-substituted and cis-disubstituted
styrenes by employing 1 as the oxidant,
whereas entantioselectivities of only
20 ± 40% were obtained in the reactions


with 2-substituted and trans-disubstitut-
ed styrenes. Complex 2a oxidized 2-sub-
stituted styrenes to their epoxides in up
to 88% ee. Its reactions with trans-
alkenes are more enantioselective
(67% ee) than with the cis-alkenes
(40% ee). Based on a two-dimensional
NOESY NMR study, 2a was found to
adopt a more open conformation in
benzene than in dichloromethane, which
explains the observed solvent-depen-
dent enantioselectivity of its reactions


with alkenes. The oxidation of aromatic
alkenes by the chiral dioxoruthenium(��)
porphyrins proceeds through the rate-
limiting formation of a benzylic radical
intermediate; the observed enantiose-
lectivity (eeobs) depends on both the
facial selectivity of the first C�O bond
formation step and the diastereoselec-
tivity of the subsequent epoxide ring
closure. To account for the observed
facial selection, ™side-on∫ and ™top-on∫
approach transition state models are
examined (see: B. D. Brandes, E. N.
Jacobsen, Tetrahedron Lett. 1995, 36,
5123).


Keywords: asymmetric oxidation ¥
epoxidation ¥ kinetics ¥ macrocycles
¥ ruthenium


Introduction


Asymmetric epoxidation of unfunctionalized alkenes is an
appealing strategy for the preparation of optically active
epoxides,[1] and significant advances in this area have been


made with chiral transition-metal complexes[2, 3] and ketones[4]


as catalysts. These reactions involve prochiral face recognition
of a C�C bond by the chiral catalysts; achievement of a high
degree of enantioselectivity based on weak nonbonded
interactions constitutes the major challenge in this area. In
biomimetic P-450 oxidation chemistry,[5] participation of
highly oxidizing M�O reactive intermediates is widely
accepted;[6] however, the mechanistic details regarding the
reaction of a C�C bond with the M�O moiety in an
enantioselective manner remain elusive.[7] Toward this end,
our approach is to study the stoichiometric alkene epoxida-
tions by reactive chiral metal ± oxo complexes that have
tunable structural and electronic properties.[3d,f, 8, 9] We have
shown that trans-dioxoruthenium(��) porphyrins are useful
models for mechanistic elucidation of organic oxidations by
reactive oxometalloporphyrins.[10] These complexes can un-
dergo alkene epoxidation[10a±d] and alkane hydroxylation[10e]


under mild conditions. Importantly, their structures can be
modified by attaching chiral auxiliaries onto the porphyrin
macrocycle leading to reactive chiral M�O oxidants.[3]


In 1996, Gross and co-workers[3a] reported the synthesis of a
homochiral ruthenium complex with a D2-symmetric por-
phyrin bearing four threitol substituents (D2-H2Por*, Fig-


[a] Prof. Dr. C.-M. Che, Dr. R. Zhang, Dr. W.-Y. Yu,
Dr. H.-Z. Sun, Dr. W.-S. Liu
Department of Chemistry
The University of Hong Kong
Pokfulam Road (Hong Kong)
E-mail : cmche@hku.hk


[b] Prof. Dr. C.-M. Che
The Shanghai-Hong Kong Joint Laboratory in Chemical Synthesis
Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences, 354 Fengling Lu
Shanghai 200032 (China)
Fax: � (852)2851-1586


Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author. The
information includes 1H NMR data of complex 2a in various solvents,
results of the asymmetric alkene epoxidations in various solvents,
1H NMR spectra of 2a in CDCl3 and C6D6, and molecular modeling
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FULL PAPER


Chem. Eur. J. 2002, 8, No. 11 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2495 $ 20.00+.50/0 2495







FULL PAPER C.-M. Che et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2496 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 112496


ure 1). Subsequently, both our group and that of Gross found
that [RuVI(D2-Por*)O2] (2a) and [RuII(D2-Por*)(CO)] are
active catalysts for enantioselective alkene epoxidations.[3a,b, 3f]


Berkessel and our group also reported enantioselective
alkene epoxidation[3d,e] and cyclopropanation[11] catalyzed by
ruthenium complexes bearing a D4-symmetric porphyrin [D4-
H2Por* � 5,10,15,20-tetrakis(1,2,3,4,5,6,7,8-octahydro-1,4:5,8-
dimethanoanthracen-9-yl)porphyrin], which was first devel-
oped by Halterman and co-workers.[2f, 12] Similar to other
metalloporphyrin-catalyzed asymmetric alkene epoxida-
tions,[2] the stoichiometric epoxidation of cis-�-methylstyrene
by [RuVI(D4-Por*)O2] (1, Figure 1) gave the cis-epoxide with
good enantioselectivity (72% ee), whereas the analogous
trans-�-methylstyrene epoxidation gave only 20% ee under
identical conditions.[3d,e] More importantly, complex 2a and its
derivatives (Figure 1) were found to undergo enantioselective
epoxidation of trans-�-methylstyrene in up to 70% ee ; how-
ever, the related reaction with cis-�-methylstyrene achieved
only 40% ee.[3f] Herein we describe a detailed comparative
study on the reactivities of the D4- and D2-symmetric
homochiral dioxoruthenium(��) porphyrins toward epoxida-
tion of alkenes. To account for the different enantioselectiv-
ities, we propose two transition state models for the oxygen
atom transfer reactions involving a ™side-on∫ and/or ™top-on∫
approach of alkene to the Ru�O moiety.


Results


Preparation and characterization of D4- and D2-symmetric
chiral [RuVI(Por*)O2] complexes : The syntheses and charac-
terization of trans-dioxoruthenium(��) porphyrins are well-
documented in the literature,[3d,f, 10] and a chiral picket-fence
trans-dioxoruthenium(��) porphyrin containing optically ac-
tive peptide substituents was first reported by Simonneaux
and co-workers.[8d,e] Subsequently, we communicated the
synthesis of complexes 1 and 2 by oxidation of their
ruthenium(��) ± carbonyl precursors with either PhIO or m-
chloroperoxybenzoic acid in dichloromethane.[3d±f] The mo-


lecular structure of [RuVI(D4-
Por*)O2] (1) had been established
by X-ray crystallography.[3d] The
sterically encumbered D4- and
D2-symmetric porphyrin ligands
disfavor dimerization by Ru-O-
Ru formation even in noncoordi-
nating solvents, such as dichloro-
methane; this eliminates the ne-
cessity of alcohol as co-solvent.[10]


The dioxoruthenium(��) com-
plexes were purified by column
chromatography on alumina with
dichloromethane (1) or chloro-
form (2) as the eluant, and pure
[RuVI(Por*)O2] complexes were
obtained in �70 ± 90% yield.
These compounds are air-stable
solids and can be stored at�20 �C
for months.


All the [RuVI(Por*)O2] complexes show a well-resolved
1H NMR spectrum, consistent with a diamagnetic (dxy)2


electronic ground state (the O�Ru�O axis is taken as the z
axis). For 1, all the �-pyrrolic protons are equivalent, showing
a singlet absorption at �� 8.96. In the case of D2-symmetric
complexes 2a ± d, the �-pyrrolic protons are observed as a pair
of doublets in CDCl3 (�� 8.66 and 8.56 for 2a ; 8.64 and 8.53
for 2b ; 8.67 and 8.56 for 2c ; 8.50 and 8.41 for 2d).
This spectral pattern is compatible with a staggered con-
formational structure, which is characterized by four equiv-
alent pyrrole rings each bearing two nonequivalent �-pro-
tons.[2e] Infrared spectra of the [RuVI(Por*)O2] complexes
show an intense absorption at �� � 822 ± 818 cm�1 that we
assign to the asymmetric O�Ru�O stretches. The oxidation
state marker bands are located at �1018 cm�1, in agreement
with a RuVI formulation.[13] The UV/Vis absorption of
[RuVI(Por*)O2] features an intense Soret band and a less
intense Q band.


Stoichiometric enantioselective epoxidation by [RuVI(Por*)-
O2]: In a degassed benzene solution containing 2%w/w
pyrazole (Hpz), complex 2a (15 ± 30 �mol) reacted with
excess styrene (1 mmol) at room temperature to give styrene
oxide in 64% yield and 62% ee (Table 1 entry 1); a slightly
higher ee of 65% was obtained at a lower temperature of
�0 �C. As reported previously, treatment of styrene with 1 in
benzene containing 2%w/w Hpz under ambient conditions
produced styrene oxide in 61% yield and 65% ee. In both
cases, a bis(pyrazolato)ruthenium(��) porphyrin complex,
[RuIV(Por*)(pz)2] (3a,b), was isolated and characterized
spectroscopically (see the Experimental Section). Com-
plexes 3a,b are paramagnetic with effective magnetic mo-
ments (�eff) of �2.9 �B, which is consistent with a triplet
electronic ground state for a RuIV formulation.[14] The
molecular structure of a related [RuIV(dpp)(pz)2] complex
(H2dpp � 2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphy-
rin), prepared in a similar manner, had previously been
established by X-ray crystallography.[10c]


Figure 1. Structures of the D4- and D2-symmetric trans-dioxoruthenium(��) porphyrin complexes.







Dioxoruthenium Porphyrins 2495±2507


Chem. Eur. J. 2002, 8, No. 11 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2497 $ 20.00+.50/0 2497


Table 1. Stoichiometric alkene epoxidations by chiral dioxoruthenium(��) porphyrins.[a]


1 2a
Entry Substrate Product Yield [%][b] ee [%] (abs. config.)[c, d] Yield [%][b] ee [%] (abs. config.)[c, d]


1 61 65 (R) 64 62 (R)
66 (0 �C) 65 (R)


2 56 64 (R) 64 62 (R)


3 82 57 (R) 75 60 (R)


4 86 70 (R) 80 68 (R)


5 82 54 (R) 85 50 (R)


6 32 66 (R) 25 70 (R)


7 78 60 (R) 78 49 (R)


8 84 72 (R) 80 54 (R)


9 82 35 (n.d.)[e] 73 14 (R)[e]


10 70 44 (R) 52 88 (R)


11 82 54 (R) 68 84 (R)


12 48 47 (R) 88 80 (R)


13 70 50 (R) 80 81 (R)


14 64 72 (1R,2S) 75 40 (1R,2S)


5 8 (1R,2R) 1 10 (1R,2R)


15 66 20 (1R,2R) 90 67 (1R,2R)
90 (0 �C) 70 (1R,2R)


16 60 18 (1R,2R) 70 76 (1R,2R)


17 71 72 (1R,2S) 88 20 (1R,2S)
78 (�15 �C) 82 (1R,2S)


18 78 70 (R) � 10 n.d.


[a] Reaction conditions: to a degassed benzene solution (2 mL) containing Hpz (2% w/w) and alkenes (1 mmol) was added [RuVI(Por*)O2] (15 ± 30 �mol)
under an argon atmosphere. After stirring for 12 h at RT (unless otherwise noted), the reaction mixture was filtered through an alumina column with a
hexanes/ethyl acetate (9:1, v/v) mixture as the eluant. The organic products were then analyzed and quantified by GC or 1H NMR by means of the internal
standard method. [b] Yields are based on the ruthenium oxidant used. [c] %ee determined by chiral GC or 1H NMR with [Eu(hfc)3] as shift reagent.
[d] Absolute configuration was assigned by comparison with authentic enantiopure samples. [e] n.d.�not determined.
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Effect of pyrazole : When the stoichiometric styrene epoxida-
tions were undertaken in benzene without Hpz as an additive,
styrene oxide was produced in significantly lower yields (53%
(1) and 62% (2a)) and lower enantioselectivities (6% ee (1)
and 40% ee (2a)), compared to the same reactions performed
in the presence of Hpz (see Table 2). With 1 as the oxidant, the
reactions of 4-methylstyrene (40% ee) and 4-chlorostyrene


(41% ee) gave lower ee values when no Hpz was added.
Notably, without Hpz, 3-nitrostyrene was oxidized to afford
racemic epoxide (0% ee) in 70% yield (Table 2). Moreover,
when enantiopure (R)-styrene oxide (3 mmol; �99% ee) was
stirred in a reaction mixture containing 4-chlorostyrene
(300 �mol) and 1 (30 �mol) in benzene at room temperature
for 12 h, the initial optically active styrene oxide was
recovered (�95% yield) in only 37% ee.


In the absence of Hpz and with a prolonged reaction time
(24 h), 1/2a reacted with an excess of styrene in benzene to
form the corresponding [RuII(Por*)(CO)] complex, which
was isolated (yield �80%) and characterized by IR and
1H NMR spectroscopy and MS. In a previous study by Groves
and co-workers, [RuII(tmp)(CO)] [H2tmp�meso-tetrakis-
(mesityl)porphyrin] was also found during the course of the
reaction between [RuVI(tmp)O2] and styrene.[15] Since ruth-
enium(��) porphyrin complexes without �-acid axial ligands
are known to racemize chiral epoxides (Scheme 1),[16] we


propose that the added Hpz reacted spontaneously with the
putative oxo ±RuIV intermediate, thereby diverting the reac-
tion pathway away from the undesirable formation of RuII


complexes.


Oxidation of substituted styrenes : In general, ortho-, meta- and
para-substituted styrenes are converted by 1 or 2a to their
(R)-epoxides in good-to-moderate yields, while arylbenzalde-
hyde (C�C bond cleavage) and/or 1-arylacetaldehyde (rear-
rangement) were detected as minor products. An exception to
this is para-trifluoromethylstyrene, which was found to react
with 1 and 2a to give the epoxide in 32 and 25% yields,
respectively, (Table 1, entry 6); para-trifluoromethylbenzal-
dehyde was formed as the major product (60% yield). Stirring
the organic epoxide with either [RuVI(Por*)O2] or [RuIV-
(Por*)(pz)2] in benzene at room temperature did not result in
any aldehyde formation; this indicates that the latter side-
products should not arise from degradation of the product
epoxides.


We have also prepared an enantiomeric D2-symmetric
dioxoruthenium(��) complex 2a� by replacing the (S,S)-
threitol substituent in 2a to give its antipodal (R,R)-deriva-
tive. As anticipated, complex 2a� reacted with styrene to give
the (S)-epoxide with a product yield and enantioselectivity
identical to that of the (R)-epoxide obtained by similar
reaction with complex 2a.


As shown in Table 1, para-substitution (p-Y-styrene, Y�
Me, Cl, F, Br, and CF3) does not have a significant effect upon
the enantioselectivity of styrene epoxidation by 1 or 2a
(�65% ee). Complex 1 oxidized 3-chloro- and 3-nitrostyrenes
in 72 and 60% ee respectively; however, its reactions with
2-chloro- and 2-bromostyrenes under identical reaction con-
ditions gave the epoxides with much lower enantioselectivities
(44 and 47% ee). It is noteworthy that the epoxidation of
ortho-substituted styrenes by 2a proceeded with enantiose-
lectivities �80% ee (entries 10 ± 13). The highest ee of 88%
was attained for the 2-chlorostyrene epoxidation, which is
close to some best ee values reported for the epoxidation of
styrenes.[1±3] On the other hand, meta-substituted styrenes
reacted with 2a to furnish the organic epoxides (�80% yield)
in �50% ee (Table 1, entries 7,8). 2-Vinylnaphthalene under-
went facile reaction with 1 to give the corresponding epoxide
in 70% ee and 78% yield (entry 18). However, the analogous
reaction with 2a was ineffective, 2-vinylnaphthalene oxide


was isolated in less than 10%
yield, despite the fact that
[RuIV(D2-Por*)(pz)2] was iso-
lated in 77% yield. Because of
the poor product yield, the
optical purity of the epoxide
was not determined.


Oxidation of 1,2-disubstituted
alkenes : Under the standard
reaction conditions (alkene�
1 mmol, Ru� 30 �mol in ben-
zene containing 2%w/w Hpz),
epoxidation of cis-�-methylsty-
rene by 2a afforded predomi-


Table 2. Effect of pyrazole on the asymmetric alkene epoxidations by
[RuVI(D4-Por*)O2] (1).[a]


with Hpz without Hpz
Entry Alkenes Epoxide


yield [%]
ee [%] Epoxide


yield [%]
ee [%]


1 61 65 53 6


2 56 64 41 40


3 82 57 71 41


4 78 60 70 0


[a] Same reaction conditions as those given in Table 1 were employed,
except with/without Hpz as the additive. For complex 2a, the styrene
oxidation achieved only 40% ee with 62% epoxide yield in the absence of
Hpz, compared with 62% ee when 2% w/w Hpz was added.


Scheme 1. Racemization of chiral epoxides by ruthenium(��) porphyrin complexes with and without pyrazole.
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nantly cis-�-methylstyrene oxide in 40% ee (cis :trans ratio�
75:1; Table 1, entry 14). Yet, the analogous reaction with 1 can
afford cis-�-methylstyrene oxide in up to 72% ee (cis :trans
ratio� 64:5). The optical purity of the trans-�-methylstyrene
oxide produced from the cis-�-methylstyrene epoxidation was
determined to be �10% ee. Stirring a benzene solution of
pure cis-�-methylstyrene oxide and [RuIV(Por*)(pz)2] at room
temperature for 12 h led to full recovery of the starting cis-
epoxide, and no trans-epoxide was detected. This finding
indicates that the trans-epoxide formation associated with the
cis-alkene epoxidation is not a consequence of [RuIV-
(Por*)(pz)2]-catalyzed epoxide isomerization.[16]


More importantly, complex 2a reacted with trans-�-meth-
ylstyrene to give trans-�-methylstyrene oxide in 67% ee and
90% yield (Table 1, entry 15), in contrast to the analogous
reaction with 1 in which the trans-epoxide was afforded in
20% ee (Table 1, entry 15). An enantioselectivity of up to
76% ee was achieved for the stoichiometric epoxidation of
cinnamyl chloride by 2a (Table 1, entry 16). It should be noted
that only few metalloporphyrin-catalyzed enantioselective
trans-�-methylstyrene epoxidations are known to attain
enantioselectivities greater than 20% ee.[2] Recently, some
chiral chromium/Schiff base[9] and ruthenium±oxalamide/
Schiff base complexes[17] were found to catalyze enantiose-
lective trans-�-methylstyrene epoxidation with high ee values.
As with 2a, complexes 2b,c reacted with trans-�-methylsty-
rene to give the epoxides in higher ee values than similar
reaction with cis-�-methylstyrene, [cis-�-methylstyrene oxi-
dation: 28% ee (2b) and 13% ee (2c)]. However, we found
that the gem-diphenyl-substituted complex 2d oxidized cis-�-
methylstyrene to give the cis-epoxide in 36% ee, which is
slightly higher than 20% ee obtained for the analogous trans-
alkene oxidation (Table 2, entries 4,5).


Effect of bulky chiral auxiliaries : We have studied the styrene
and trans-�-methylstyrene epoxidations with several D2-
symmetric dioxoruthenium(��) porphyrins bearing gem-dieth-
yl (2b), gem-cyclopentyl (2c), and gem-diphenyl (2d) groups


at the threitol units, and the results are listed in Table 3. For
the styrene epoxidation, the enantioselectivity dropped with
increasing bulkiness of the auxiliaries (c.f. 62% ee (2a),
60% ee (2b), 55% ee (2c), and 40% ee (2d)). A similar trend
has also been observed for the trans-�-methylstyrene epox-
idations (c.f. 67% ee (2a), 50% ee (2b), 36% ee (2c), and
20% ee (2d)). Indeed, the reaction of 2d with trans-�-
methylstyrene required 2 days for completion and the epoxide
was obtained in 28% yield with mass balance�40% (Table 3,
entry 1). However, in a related work by Gross and co-workers
it was reported that 2d can catalyze enantioselective trans-�-
methylstyrene epoxidation with 69% ee.[3g]


Kinetic studies : The alkene epoxidations by 1 or 2a feature
isosbestic transformation of [RuVI(Por*)O2] to [RuIV(Por*)-
(pz)2]. Figure 2 depicts the UV/Vis spectral change for the
reaction of styrene with 2a in 1,2-dichloroethane containing


Figure 2. UV/Vis spectral changes during the reaction of 2a (time scan:
1500 s, 60 s interval) with styrene (1.0 moldm�3) in 1,2-dichloroethane with
2%w/w Hpz at 298 K.


Hpz (2%w/w). As shown in Figure 2, the conversion of RuVI


to RuIV is manifested by the decay of the Soret band at ��
442 nm with concomitant development of a new absorption
band at 425 nm. Isosbestic points are located at �� 414, 440,
479, 560 nm for 1 and 430, 458, 512, 556 nm for 2a. In the
absence of Hpz, the kinetic profile for the RuVI to RuIV


transformation was influenced by secondary reactions (plau-


Table 3. Effect of bulky auxiliaries on the asymmetric alkene epoxidations by complex 2.[a]


2b 2c 2d


Entry Alkenes Epoxide yield [%] ee [%] Epoxide yield [%] ee [%] Epoxide yield [%] ee [%]


1 64 60 56 55 28 40


2 78 55 65 46 35 36


3 80 79 74 56 21 33


4 82 (cis �99%) 28 84 13 40 36


5 90 (trans �99%) 50 90 36 34 20


[a] Same reaction conditions as those given in Table 1 were employed. Similar to complex 2a, the oxidation of styrene (entry 1) and its substituted derivatives
(entries 2 and 3) produced (R) epoxides preferentially. Oxidations of cis- (entry 4) and trans-�-methylstyrenes (entry 5) gave (1R,2S) and (1R,2R)-epoxides,
respectively.
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sibly by the formation of RuII porphyrin) and deviated from
first-order exponential decay.


In this work, all of the kinetic studies were conducted in 1,2-
dichloroethane and in the presence of 2%w/w Hpz under the
condition that [Ru]� [alkene]� 2 moldm�3. All the reactions
exhibited clean pseudo-first-order kinetics and isosbestic
spectral changes over four half-lives for the substrates
employed. In benzene, toluene, dichloromethane, or 1,2-
dichloroethane, the alkenes were oxidized by 1 or 2a to give
epoxides in good yields and with mass balances �90% (see
below).


The pseudo-first-order rate constants, kobs, were determined
by monitoring the disappearance of the Soret band (�max�
424 nm for 1 and 442 nm for 2a) of the dioxoruthenium(��)
complexes; the second-order rate constants, k2 , were eval-
uated from the linear plots of kobs versus [alkene] (see
Table 4). Rate saturation was not observed over the alkene
concentrations employed in this work. It should be noted that
the k2 values are unaffected by the Hpz loading (2 ± 10%w/w),
and no appreciable reaction between 1 or 2a with pyrazole
was observed within the timescale of the kinetic studies.


The effect of temperature on the k2 values for the
epoxidation of some representative alkenes has been studied.
The Eyring plots are linear over a temperature range of 293 ±
333 K. The activation enthalpies �H� and entropies �S� for
the 2-chlorostyrene, 2-methylstyrene, 3-chlorostyrene, cis-�-
methylstyrene, and trans-�-methylstyrene epoxidations by 1
and 2a are listed in Table 5.


Solvent effect : The solvent-dependence of the enantioselec-
tivity has been examined. For the reactions with 1, the solvent
shows little influence on the enantioselectivity, and compara-
ble enantioselectivities were obtained with benzene or
dichloromethane as the solvent. However, when 2a was the
oxidant, the styrene epoxidation resulted in 62% ee with
benzene as the solvent (Table 6, entry 2), and dropped to
41% ee when the reaction was conducted in dichloromethane


(Table 6, entry 4). Moreover, employing acetonitrile as the
solvent led to a low epoxide yield of 13% and enantioselec-
tivity of 33% ee (Table 6, entry 5). Similarly, the stoichiomet-
ric epoxidations of 4-chlorostyrene, cis-/trans-�-methylsty-
renes, and 1,2-dihydronaphthalene by 2a afforded the best
enantioselectivities only when benzene was the solvent (see
the Supporting Information). Gross and co-workers[3b] re-
ported similar solvent dependence for the [RuII(D2-Por*)-
(CO)]-catalyzed styrene epoxidation, and that the use of
aromatic solvents, such as benzene and toluene, was found to
give the highest enantioselectivity.


The second-order rate constants (k2) of the reaction of
trans-�-methylstyrene with 2a in different solvents were
measured (Table 6); the k2 values decrease in the order:
toluene� benzene� 1,2-dichloroethane�
dichloromethane� acetonitrile. Parallel with the descending
k2 values, the enantioselectivity also decreases in a similar
fashion: 67% (benzene), 32% (CH2Cl2), and 26% (CH3CN)
(Table 6). It should be noted that the trans-�-methylstyrene
epoxidations in the above-mentioned solvents exhibited
isosbestic spectral changes and with kinetics conformed to
pseudo-first-order decay profile.


In this work, a solvent polarizability parameter (ET)[18] was
employed to correlate the k2 and enantioselectivity values of
the trans-�-methylstyrene oxidation in various solvents. The
ET parameter is generally regarded as a better indicator of
solvent polarity than the dielectric constant because it is an
experimental measure of the molecular interaction between
solvent and solute.[18] In this work, we found that the
log [(100�ee)/(100� ee)] values obtained in various solvents
do not correlate linearly with the ET parameter, and a logk2


versus ET plot does not establish a linear free-energy
relationship. Given that the enantiomeric ratio is directly
proportional to the difference in free-energy changes of the
diastereomeric transition states (��G�).[19] This finding


Table 4. Second-order rate constants (k2) for the asymmetric alkene
oxidations at 298 K.[a]


k2� 104 [dm3mol�1 s�1]
Entry Alkenes (1) (2a)


1 styrene 21.9	 1.2 7.1	 0.2
2 4-methoxystyrene 96.5	 5.5 45.6	 1.6
3 4-methylstyrene 40.8	 1.5 13.8	 0.1
4 2-methylstyrene 30.7	 0.6 12.9	 0.2
5 4-fluorostyrene 26.2	 1.0 8.9	 0.2
6 4-chlorostyrene 38.4	 3.5 12.0	 0.4
7 2-chlorostyrene 24.8	 0.2 13.5	 0.7
8 3-chlorostyrene 26.1	 0.1 7.4	 0.4
9 4-bromostyrene 72.0	 4.0 14.6	 0.4


10 cis-�-methylstyrene 29.6	 1.5 5.8	 0.2
11 trans-�-methylstyrene 21.5	 1.6 8.4	 0.1
12 �-deuteriostyrene 21.6	 0.6 7.2	 0.5
13 �-d2-styrene 24.9	 0.6 8.0	 0.3
14 �-methylstyrene 28.0	 0.5 8.5	 0.5


[a] All the kinetic data was obtained in 1,2-dichloroethane with 2% w/w
Hpz as additive.


Table 5. Activation parameters for the asymmetric alkene oxidations.[a]


(1) (2a)
Alkenes �H�


[kcalmol�1]
�S�


[e.u.]
�H�


[kcalmol�1]
�S�


[e.u.]


2-chlorostyrene 11.6	 0.4 � (31.6	 1.8) 11.6	 0.4 � (34.8	 2.3)
2-methylstyrene 11.5	 0.4 � (31.5	 1.5) 11.3	 0.5 � (33.9	 2.0)
3-chlorostyrene 13.3	 1.0 � (25.0	 2.2) 11.8	 1.0 � (27.6	 2.1)
cis-�-methylstyrene 12.1	 0.6 � (29.4	 2.0) 14.0	 0.6 � (26.7	 2.8)
trans-�-methylstyrene 12.7	 0.6 � (27.8	 1.4) 11.1	 0.6 � (35.6	 2.4)


[a] All the kinetics data were obtained in 1,2-dichloroethane with 2% w/w Hpz as
additive.


Table 6. Effect of solvent on the asymmetric alkene epoxidations by complex
2a.[a]


Entry Solvent ee
[%]


k2� 104


[dm3mol�1 s�1][b]
ee
[%]


k2� 104


[dm3mol�1 s�1][b]


1 toluene ± 14.1	 0.2 62 9.3	 0.2
2 benzene 62 13.2	 0.1 67 9.2	 1.6
3 1,2-dichloroethane ± 7.1	 0.2 ± 8.4	 0.1
4 dichloromethane 41 3.5	 0.1 32 4.2	 0.1
5 acetonitrile 33 0.97	 0.05 26 1.4	 0.2
6 ethyl acetate ± ± 38 ±


[a] Same reaction conditions as those given in Table 1 were employed. [b] The
second-order rate constants were determined at 298 K.
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suggests that the solvent effect on the enantioselectivity
cannot be explained by specific interaction between solvent
and [RuVI(Por*)O2] in the transition state.


Compared with complex 1, the chiral scaffold of the D2-
symmetric complex 2a, consisting of four staggered chiral
threitol units, would be more conformationally flexible
through rotation of the meso-phenyl groups and the ethereal
linkages. Indeed, for 2a, the use of C6D6 or CD2Cl2 as the
solvent would result in a different 1H NMR spectral pattern at
room temperature; significant chemical shift difference (��H)
with magnitude from 0.11 ± 0.47 ppm were found for many of
the signals (see Table S1, Supporting Information). Of partic-
ular note is that the signals corresponding to the gem-methyl
groups are shifted considerably downfield from �H� 0.78 and
�0.64 in CD2Cl2 to �H� 0.93 and�0.15, respectively, in C6D6.
In addition, the absorption peaks for the CHb protons are also
shifted downfield from �H� 2.62 in CDCl3 to �H� 3.05 in
C6D6 (see Figure 3 for atom labeling). However, the 1H NMR


Figure 3. Two-dimensional NOESY 1H NMR (500 MHz) spectra of 2a in
CD2Cl2 and in C6D6.


spectra of 1 in C6D6 and CDCl3 are almost identical (i.e., no
change in chemical shifts). Indeed, the two-dimensional
nuclear Overhauser effect (NOESY) NMR spectrum of 2a
recorded in CD2Cl2 at room temperature revealed significant
NOE between the threitol groups (CHb and CH2) and the �-
pyrrolic protons (Figure 3). It is noteworthy that this NOE for
the threitol groups was completely lost when the NOESY
NMR spectrum was recorded in C6D6. These findings strongly
suggest that in C6D6 the threitol substituents of 2a are slightly
displaced from the deshielding porphyrin core, creating a
more open chiral cavity than in CD2Cl2. Accordingly, the
more open chiral cavity for 2a in aromatic solvents, such as
benzene, would result in better resolution of the diastereo-
meric transition states leading to higher enantioselectivity.


Stereoselectivity in oxidation of aromatic alkenes by chiral
trans-dioxoruthenium(��) porphyrins : cis-Alkenes, such as
stilbene, have been widely employed as a mechanistic probe
for concertedness in alkene oxidations by highly reactive
metal-oxo complexes. cis-Stilbene is particularly prone to
cis ± trans isomerization by C�C bond rotation to form trans-
stilbene oxide, if the epoxidation involves an acyclic inter-
mediate.[20] In this work, the reaction of cis-stilbene with 1 or
2a produced the cis-epoxide exclusively, and no trans-stilbene
oxide was detected (see reaction given in Table 7). This result
coincides with our previous findings that the cis-stilbene
oxidation by sterically congested dioxoruthenium(��) por-
phyrins, such as [RuVI(tdcpp)O2] and [RuVI(tmopp)O2] com-
plexes (H2tdcpp�meso-tetrakis(2,6-dichlorophenyl)por-
phyrin; H2tmopp�meso-tetrakis(2,4,6-trimethoxyphenyl)-
porphyrin), afforded cis-stilbene oxide stereoretentively.[10d]


However, it should be noted that the analogous reaction with
the less hindered [RuVI(oep)O2] (H2oep� 2,3,7,8,12,13,17,18-
octaethylporphyrin) gave trans-stilbene oxide as the major
product with a trans :cis-oxide ratio� 44:16.[10a]


The stereoselectivity of the epoxidation reaction was
further examined by means of cis-�-methylstyrene and cis-�-
deuteriostyrene as mechanistic probes. As depicted in the
reaction given in Table 7, the cis-�-methylstyrene epoxida-
tions by 1 and 2a produced the trans-epoxide as a minor
product: cis:trans ratios� 93:7 (1) and 99:1 (2a) in C6H6;
90:10 (1) and 95:5 (2a) in CH2Cl2. Moreover, the reaction of
cis-�-deuteriostyrene with 2a at room temperature in benzene
and dichloromethane are nonstereoselective with cis:trans-
epoxide ratio� 89:11 in C6H6 and 75:25 in CH2Cl2. The
reactions were repeated three times for each ruthenium
oxidant, and the cis/trans selectivities were obtained reprodu-
cibly. The purity of the cis-alkenes was checked by 1H NMR
spectroscopy, and trans-alkenes were not detected at the end
of the reactions. A control experiment was performed by
stirring a mixture of pure cis-�-deuteriostyrene oxide and
[RuIV(Por*)(pz)2] in dichloromethane at room temperature
for 12 h; the starting cis-epoxides were recovered without
trans-epoxide being detected. This confirms that the forma-
tion of cis- and trans-epoxides did not arise from the
[RuIV(Por*)(pz)2]-catalyzed epoxide isomerization.[16]


The secondary kinetic H/D isotope effect (KIE) for the
reactions of [RuVI(Por*)O2] with �,�-deuteriostyrenes has
been measured. As illustrated in Scheme 2, a clear inverse
secondary isotope effect[21] was observed only at the �-carbon
atom, but not the �-carbon atom. This implies that only the �-
carbon atom changes its hybridization from sp2 to sp3 [kH/kD�


Table 7. Nonstereoselective cis-alkene oxidations.


Entry R Solvent Yield [%] ee [%] Yield [%] ee [%] cis :trans Ratio


1 Ph C6H6 75 ± 0 ±
2 CH3 C6H6 75 40 1 10 99:1
3 CH3 CH2Cl2 68 18 4 8 95:5
4 D C6H6 52 69 6 10 89:11
5 D CH2Cl2 36 51 12 9 75:25
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Scheme 2. Secondary KIE for the styrene oxidation by the chiral
dioxoruthenium(��) porphyrins.


0.88(1) or 0.89 (2a)] upon advancing to the transition state
while the �-carbon atom remains essentially sp2 hybridized
[kH/kD� 1.01 (1) or 0.99 (2a)]. The inverse secondary KIE
result is in accord with a nonsymmetrical transition state,
wherein the C�O bond formation is more advanced at the �-
carbon atom than at the �-carbon atom. The loss of stereo-
selectivity and the KIE results are consistent with rate-
limiting formation of an acyclic intermediate for the alkene
epoxidation.


Linear free-energy relationship for epoxidation of styrenes : To
probe the transition state for the asymmetric alkene epox-
idations, we have investigated the effect of para substituents
on the rate of styrene epoxidations. By analogy with previous
studies on some other dioxoruthenium(��) porphyrins,[10] both
electron-donating and electron-withdrawing groups moder-
ately accelerate the reactions (1.5-fold for 4-methoxystyrene).
For 1 and 2a, a plot of the logkrel versus �� [krel� k2(substi-
tuted styrene)/k2(styrene)] produces concave Hammett
curves, which is in contrast to the linear Hammett correla-
tions (	���1.9 to �2.1) obtained for the styrene oxida-
tions by [FeIV(tmp .�)O] (H2tmp� tetramesitylporphyrin),[22]


[(Br8tpp)CrV(O)(X)] (H2Br8tpp�meso-tetrakis(2,6-dibro-
mophenyl)porphyrin)[23] and [RuVI(N4)O2]2� (N4�macrocy-
clic tertiary amines)[24] complexes. The participation of
carbocation or alkene-derived carbocation radical is not
favored, since the rate-limiting formation of carbocation by
electrophilic addition to the C�C bond is usually associated
with large and negative 	� values, as exemplified in the
hydration (	���3.5)[25] and bromination (	���4.1)[26]


reactions.
If the styrene epoxidation involves rate-limiting formation


of a carboradical intermediate, its transition-state energy
would be influenced by the polar substituent and spin
delocalization effects as spin density is developing at the �-
carbon atom upon progressing to the transition state. Con-
sidering spin delocalization and polar effects, we employed
the �.JJ and �mb parameters,[27] developed by Jiang and Ji, in
a dual-parameter Hammett correlation (logkrel� 	.JJ�


.
JJ �


	mb�mb) for the styrene epoxidations. Two straight lines with
slope� 1.00 and R� 0.99 [logkrel� 1.29�JJ


. ± 0.44�mb (1) and
logkrel� 1.35�JJ


. ± 0.64�mb (2a)] were established (Figure 4).
The linear free-energy correlation with spin delocalization
and polar effects is a good indication of radical character
developed at the �-carbon in the transition state. The positive
	.JJ values suggest that the epoxidation reaction is promoted


Figure 4. Dual-parameter Hammett correlations for the oxidation of para-
substituted styrenes by 1 (top) and 2a (bottom).


by the spin delocalization effect, while the negative 	mb value
is consistent with the electrophilic nature of the oxoruthenium
complexes. The magnitude of the 
	.JJ/	mb 
� 2.93 for 1 and
2.10 for 2a indicates that spin delocalization is more
important than the polar effects.[10d,f]


Discussion


Based on the results discussed in the previous sections
including the secondary kinetic isotope effect (KIE) results,
we conclude that the reactions of aromatic alkenes with
[RuVI(Por*)O2] proceed through the rate-determining forma-
tion of a benzylic radical intermediate. The carboradical
intermediate would undergo ring closure or C�C bond
rotation thereby forming cis- and trans-epoxides, respectively
(Scheme 3). There are several literature reports which
propose the participation of carboradical intermediates in
alkene oxidations by highly reactive metal ± oxo complexes;
some notable examples are those involving the [FeIV(O)-
(tmp) .�],[28b,c] [MnV(O)(salen)X],[28d] and [RuIV(O)(L1)(L2)]2�


(L1 and L2� polypyridine ligands) complexes.[8c]


With regards to the cis-alkene epoxidation, the stereo-
retention is affected by the bulky substituents on the
porphyrin macrocycle. For instance, the cis-stilbene oxida-
tions by 1 and 2a exhibited complete stereoretention, whereas
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Scheme 3. Proposed mechanism for alkene oxidations by dioxoruthe-
nium(��) porphyrins.


the analogous reaction with cis-�-deuteriostyrene led to
substantial formation of the trans-epoxide. We reason that
bulky groups may hinder the C�C rotation of the benzylic
radical intermediate, resulting in stereoretention in the cis-
stilbene oxidation.


Facial selectivity of the D4- and D2-symmetric chiral dioxo-
ruthenium(��) porphyrins


Side-on approach model : In our earlier attempt to bring about
enantioselective styrene epoxidation by chiral metal-oxo
complexes, we employed [RuIV(terpy)(cxhn)(O)](ClO4)2
[terpy� 2,2�:6�,2��-terpyridine; cxhn� (�)-(1R,2R)-tetrameth-
yl-1,2-diaminocyclohexane] as the oxidant.[8b] However, this
complex failed to effect asymmetric induction upon reaction
with styrene. This negative result is ascribed to the undesir-
able disposition of the terpyridine and chiral diamine ligands,
resulting in the lack of enantiofacial discrimination. Prior to
this study, Halterman and co-workers reported that the
[MnIII(D4-Por*)Cl] complex was an effective catalyst for
asymmetric epoxidation of styrene and cis-�-methylstyrene
with sodium hypochlorite as the oxidant.[2f] We envisioned
and established by X-ray crystal structure analysis that the
dioxoruthenium group of complex 1 is surrounded by four
dinorbanbenzene moieties to create a D4-symmetric chiral
pocket,[3d] which would facilitate prochiral facial recognition
of the alkene (Figure 5).


The facial selection for the 1-mediated asymmetric alkene
epoxidation can be rationalized by the ™side-on∫ approach
model; (R)-styrene oxide in 65% ee was obtained for the
stoichiometric styrene epoxidation. The formation of the (S)-
epoxide is less favored because of the steric interaction
between the phenyl group and the chiral auxiliaries. We found
that complex 1 effectively epoxidized para- and meta-sub-
stituted styrenes with enantioselectivities of 60 ± 70% ee.


Figure 5. Molecular models of the homochiral complexes 1 and 2a.


However, with ortho-substituted styrenes, such as 2-chloro-
and 2-bromostyrenes as substrates, the epoxidations proceed-
ed in considerably lower ee of �50% (see Table 1). Based on
the ™side-on approach∫ model (Scheme 4), it is conceivable
that ortho-substitution of styrene would intensify steric
interaction between the alkene and the chiral auxiliaries in
both the pro-R and -S facial approaches, leading to reduced
enantioselectivity.


Scheme 4. Side-on approach model for the D4-symmetric chiral dioxo-
ruthenium(��) porphyrin.


Similarly, the reaction of cis-�-methylstyrene and 1,2-
dihydronaphthalene with 1 preferentially afforded the
(1R,2S)-epoxides in 72 and 82% ee, respectively (see Table 1).
Analogous to some reported metalloporphyrin-catalyzed
alkene epoxidations, reaction of trans-�-methylstyrene with
1 gave the trans-epoxide in 20% ee. Based on the ™side-on
approach∫ model, trans-alkene epoxidation would be hin-
dered as a result of unfavorable nonbonding interaction of
trans-alkene with the porphyrin ligand.[2, 3, 5, 29] Indeed, our
kinetics studies revealed that the oxidation of cis-�-methyl-
styrene (k2� (29.6	 1.5)� 10�4 dm3mol�1 s�1) is �1.4 times
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faster that of its trans counterpart (k2� (21.5	 1.6)�
10�4 dm3mol�1 s�1) at 298 K (Table 4).


Groves and co-workers[29] first proposed a side-on approach
of the alkene to the putative metal ± oxo species to account for
the stereoselectivity in the cis-alkene oxidation catalyzed by
metalloporphyrin complexes. It was suggested that the side-on
approach would lead to more effective interaction of the filled
�-orbital of the C�C bond with the d� ± p� M�O antibonding
orbital. The side-on approach model has gained widespread
acceptance in the oxidation chemistry of metalloporphyrins
and has been used to explain the enantioselectivity of the
chiral Mn(salen)-catalyzed asymmetric epoxidation of un-
functionalized alkenes.[1b,c]


Top-on approach model : Based on the molecular structure of
the [RuII(D2-Por*)(CO)(EtOH)] complex reported earlier by
Gross and co-workers,[3a] we have constructed a molecular
model of [RuVI(D2-Por*)O2] (2a), which reveals that the
Ru�O moiety is encased within a chiral pocket containing two
C2-symmetry-related threitol units. As depicted in Figure 5,
the model shows that the porphyrin macrocycle exhibits a
saddle-shaped distortion. In accord with theoretical calcula-
tions by Goddard and co-workers,[30c] complex 2a shows
substantially red-shifted Soret and Q bands (�max (CH2Cl2)�
442, 536 nm), consistent with a smaller HOMO±LUMO gap
caused by saddle distortion.[30]


The styrene epoxidation by 2a afforded the (R)-epoxide in
62% ee, and the enantioselectivity is somewhat insensitive to
the para-substituent (�65% ee). As discussed earlier, similar
results were found for the stoichiometric epoxidation of para-
substituted styrenes by 1. However, 2a reacted with 3-chloro-
styrene to give 3-chlorostyrene oxide in 54% ee, which is well
below the 72% ee value obtained when 1 was used as the
oxidant. Based on the side-on approach model described
above, ortho-substituted styrenes would be expected to react
with 2a with even lower enantioselectivity. However, the
reaction of 2-chlorostyrene with 2a in benzene containing
2%w/w Hpz yielded (R)-2-chlorostyrene oxide with an
exceptionally high enantioselectivity of 88% ee as compared
to 44% ee achieved with 1 as the oxidant. Other ortho-
substituted styrenes are also epoxidized effectively by 2a in
�80% ee ; their analogous reactions with 1 have attained only
�50% ee (Table 1, entries 11 ± 13).


Apparently, 2a exhibits trans-preference in contrast to most
of the metalloporphyrin-catalyzed alkene epoxidations, and
up to 76% ee was achieved for its reaction with trans-
cinnamyl chloride. Notably, the analogous reaction with 1
led to only 18% ee under identical reaction conditions
(Table 1). Furthermore, the trans-�-methylstyrene epoxida-
tion by 2a proceeded with a larger k2 value [(8.4	 0.1)�
10�4 dm3mol�1 s�1 (Table 4)] and higher enantioselectivity
(72% ee), compared to the related values for the cis-�-
methylstyrene (k2� (5.8	 0.2)� 10�4 dm3mol�1 s�1 (298 K)
and 40% ee). These findings are inconsistent with the side-
on approach model.


We have previously reported the epoxidation of cis- and
trans-�-methylstyrenes by two sterically congested dioxoru-
thenium(��) porphyrins, [RuVI(tdcpp)O2] and [RuVI(tmopp)-
O2].[10d] It is expected that the ™side-on∫ approach of the trans-


alkene to the Ru�O group would be disfavored by the bulky
ortho-substituents in these complexes. Therefore, if the side-
on approach is an obligatory pathway for alkene epoxidation,
trans-�-methylstyrene should be unreactive toward these two
bulky dioxoruthenium(��) porphyrins. Yet, both cis- and trans-
�-methylstyrenes were oxidized by [RuVI(tdcpp)O2] and
[RuVI(tmopp)O2] to afford epoxides in good yields. Moreover,
the reactions of styrene and trans-�-methylstyrene with these
two complexes were found to have comparable �S�values. To
account for these findings, we previously proposed a top-on
transition-state model for the trans-�-methylstyrene epoxida-
tion.[10d] Based on the docking studies for the oxidation of
trans-�-methylstyrene and trans-stilbene by [CrV(Br8tpp)-
(O)(X)] (H2Br8tpp�meso-tetrakis(2,6-dibromophenyl)por-
phyrin), Bruice and co-workers had also suggested that the
C�C bond is directed preferentially from the top of the CrV�O
group.[31]


As an alternative to the ™side-on approach∫ model, we
propose here the ™top-on approach∫ to rationalize the
apparent trans-preference and facial selectivity of trans-�-
methylstyrene epoxidation by the D2-symmetric dioxoruthe-
nium(��) porphyrins. As shown in Scheme 5, the pro-R face of
trans-�-methylstyrene can fit into the chiral scaffold confined


Scheme 5. Transition-state models for the D2-symmetric chiral dioxoru-
thenium(��) porphyrin.


by the two equatorial methyl groups of the threitol substitu-
ents. Consistent with this model, an increase in the size of the
gem-dialkyl groups reduces the enantioselectivity of the trans-
alkene epoxidation, since the bulky geminal substituents
would hinder both prochiral facial approaches of the alkene.
Both the pro-R and -S faces of cis-�-methylstyrene directed
side-on to the Ru�O moiety would be disfavored as a result of
steric interaction with the chiral auxiliaries. The ™top-on
approach∫ model was also proposed by Jacobsen and co-
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workers for the chiral [Mn(salen)]-catalyzed enantioselective
epoxidation of tetrasubstituted alkenes.[32]


Epoxidation of ortho-substituted styrenes by 2a gave the
epoxides with exceptional enantioselectivity (�80% ee vs
50% ee with 1 as oxidant), which can also be understood if the
alkene approaches the Ru�O moiety from a top-on direction.


Facial selectivity and diastereoselectivity of epoxide ring
closure : The aromatic alkene epoxidations by [RuVI(Por*)O2]
proceed via two nonconcerted C�O bond formation steps;
attack of the C�C bond by the Ru�O generates a benzylic
radical intermediate which undergoes either collapse (cis) or
rotation/collapse (trans) processes to afford a mixture of cis-
and trans-epoxides. Therefore, the observed enantioselectivity
cannot depend solely on the facial selectivity of the initial
C�O bond formation, but also upon the extent of cis ± trans
isomerization prior to the formation of the second C�O bond.
In the case of styrene epoxidation, the � carbon (i.e., the only
asymmetric carbon center to be created) remains epimeric;
the rotation/collapse pathway tends to reduce the enantiose-
lectivity by generating the opposite enantiomeric epoxide
(Scheme 6).


Scheme 6. Nonstereospecific styrene oxidation.


The detrimental effect of the rotation/collapse pathway on
the enantioselectivity can be evaluated by the use of cis-�-
deuteriostyrene as a probe substrate. The epoxidation of cis-�-
deuteriostyrene by 2a under the standard reaction conditions
(alkene� 1 mmol, 2a� 15 �mol in degassed benzene con-
taining Hpz (2%w/w) at room temperature) afforded a
mixture of cis- and trans-�-deuteriostyrene oxides (cis/trans�
89:11, see Table 7). 1H NMR analysis of the product mixture
in the presence of the chiral shift reagent [Eu(hfc)3] revealed
the enantiomeric composition of the cis- (69% ee) and trans-
epoxides (10% ee). Since all the steps shown in Scheme 6 are
considered to be irreversible, the observed enantioselectivity
(eeobs) can be correlated to the ee values of the cis- and trans-�-
deuteriostyrene oxides as such: eeobs� [(eecis)� (%cis) �
(eetrans)� (% trans)] according to the work of Jacobsen and
co-workers.[33] Substituting the data into this equation gives
the calculated eeobs value� 63% ee, which closely matches the
experimental value of 62% ee. Because the �-carbon of
styrene is the only epimeric/asymmetric center, the facial
selectivity (eefacial) at the initial C�O bond formation step
should approach the eecis value when the styrene epoxidation
became fully stereospecific, and the rotation/collapse pathway
should, therefore, account for approximately 7% ee reduc-
tion.


As mentioned earlier, the use of dichloromethane for the
styrene epoxidation by 2a results in lower enantioselectivity
(40% ee) than that obtained with benzene as the solvent. We
found that cis-�-deuteriostyrene was epoxidized by 2a to give
cis- (51% ee) and trans-epoxides (9% ee) with the cis :trans
ratio being 75:25 (Table 7). The reduction in ee values is the
result of lower facial selectivity (69% ee (benzene) vs. 51% ee
(CH2Cl2)) together with the increased cis ± trans isomerization
in the epoxide ring closure step (cis/trans : 89:11 in C6H6 vs.
75:25 in CH2Cl2).


For the asymmetric epoxidation of 1,2-disubstituted al-
kenes, such as cis-/trans-�-methylstyrenes, two diastereomeric
carboradical intermediates will be formed at the first C�O
bond formation step while creating an asymmetric center at
the �-carbon atom. Depending on the ligand asymmetry, the
two carboradical intermediates would undergo different
degrees of collapse and rotation/collapse processes resulting
in their own cis ± trans oxide composition. This situation has
been meticulously analyzed by Jacobsen and co-workers in
their investigations of asymmetric epoxidation of alkenes;[34]


the facial selectivity (eefac) is given by [(eecis)� (%cis) �
(eetrans)� (% trans)], while the diastereoselectivity of the
epoxide ring closure is {[(1�eecis)/(1� eecis)]� [1� eetrans)/
(1�eetrans)]}. The diastereoselective ring closure would en-
hance the enantioselectivity of the cis-alkene epoxidation.


Experimental Section


General : All the 1H NMR spectra were recorded in CDCl3 at 500 MHz and
coupling constants are rounded to 0.5 Hz unless otherwise noted. Gas
chromatography was performed on a Hewlett-Packard5890 Series II
system equipped with a HP5890A flame ionization detector and a
HP3395 integrator. The chiral capillary columns for separation of
enantiomers were J&W Scientific Cyclodex-B (30 m), ChiraldexB-PM
(30 m), and G-TA (30 m) columns. The ee×s were reproducible within	2%
error of the stated values.


Materials : Dichloromethane and 1,2-dichloroethane were refluxed over
calcium chloride followed by distillation over calcium hydride. Benzene
was distilled over sodium/benzophenone under an argon atmosphere
before use. The deuterated solvents, CD2Cl2, CDCl3, and C6D6 (Aldrich),
were used as received. All the alkene substrates were obtained commer-
cially and purified by either vacuum distillation from calcium hydride, or
passing through a dry column of activated alumina prior to use. The purity
of alkenes was checked by gas chromatography or 1H NMR analysis. m-
Chloroperoxybenzoic acid (Merck), dodecacarbonyltriruthenium(0) and
pyrazole (Aldrich) were used as received. cis-�-Methylstyrene,[35] cis-�-
[D1]styrene,[35] �-[D2]styrene,[36a,b] and �-[D1]styrene[36a,c] were prepared
according to the literature procedures. The D4-[12] and D2-symmetric[3a]


porphyrins were prepared by previously reported procedures. The prep-
aration and characterization of [RuII(D4-Por*)(CO)(MeOH)][3d,e] and
[RuII(D2-Por*)(CO)(MeOH)][3f] have been reported elsewhere.


General procedure for the preparation of [RuVI(Por*)O2]: A solution of
[RuII(Por*)(CO)(MeOH)] (0.05 mmol) in dichloromethane (5 mL) was
added to a well-stirred solution of m-chloroperoxybenzoic acid
(0.06 mmol) in dichloromethane (15 mL). The mixture was stirred for
�5 min, and the resultant brown solution was separated by chromatog-
raphy on a short alumina column. The product was eluted by dichloro-
methane (for 1) or chloroform (for 2a ± d). The solution obtained was
evaporated to dryness in vacuum, affording a dark purple solid in 70 ± 80%
yields.


[RuVI(D4-Por*)O2] (1): IR (KBr): �� � 1019 (oxidation-state marker band),
822 cm�1 (Ru�O); UV/Vis (CH2Cl2): �max (log
)� 424 (5.38), 521 nm
(4.35); 1H NMR (300 MHz, C6D6, TMS): �� 9.24 (s, 8H), 7.40 (s, 4H), 3.46
(s, 8H), 2.78 (s, 8H), 2.03 (m, 8H), 1.66 (m, 8H), 1.41 ± 1.11 (m, 24H) and
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0.96 (m, 8H); 13C NMR (125.7 MHz, CDCl3): �� 27.18, 27.56, 42.42, 44.40,
49.34, 113.99, 118.92, 127.91, 130.78, 141.53, 144.27, 148.06; FAB-MS: m/z :
1274 [M�], 1258 [M��O], 1242 [M�� 2O].


[RuVI(D2-Por*)O2] (2a): IR (KBr): �� � 1018 (oxidation-state marker
band), 818 cm�1 (Ru�O); UV/Vis (CH2Cl2): �max (log
)� 442 (5.12),
536 nm (4.07); 1H NMR (300 MHz, CDCl3, TMS): �� 8.66 (d, J� 4.7 Hz,
4H), 8.56 (d, J� 4.5 Hz, 4H), 7.75 (t, J� 8.5 Hz, 4H), 7.36 (d, J� 8.5 Hz,
4H), 7.29 (d, J� 8.5 Hz, 4H), 4.91 (d, J� 10.4 Hz, 4H), 4.62 (d, J� 9.0 Hz,
4H), 4.43 (t, J� 9.0 Hz, 4H), 4.22 (d, J� 10.1 Hz, 4H), 3.76 (d, J� 9.0 Hz,
4H), 2.60 (t, J� 8.5 Hz, 4H), 0.77 (s, 12H),�0.78 (s, 12H); 13C NMR (125.7
MHz, CDCl3): �� 23.41, 26.53, 65.33, 68.40, 73.65, 74.42, 75.05, 75.38,
108.22, 111.99, 114.18, 114.68, 121.30, 128.02, 128.57, 129.06, 129.92, 130.00,
130.88, 131.17, 144.52, 144.84, 158.99, 160.90; FAB-MS: m/z : 1379 [M�],
1363 [M��O], 1347 [M�� 2O].


Complex 2b : IR (KBr): �� � 1019 (oxidation-state marker band), 821 cm�1


(Ru�O); UV/Vis (CH2Cl2): �max (log
)� 443 (5.15), 534 nm (4.02);
1H NMR (300 MHz, CDCl3, TMS): �� 8.64 (d, J� 4.7 Hz, 4H), 8.53 (d,
J� 4.7 Hz, 4H), 7.74 (t, J� 6.5 Hz, 4H), 7.17 ± 7.30 (m, m-phenyl H
overlapped with solvent peak, 8H), 4.98 (d, J� 10.4 Hz, 4H), 4.60 (d, J�
8.8 Hz, 4H), 4.44 (t, J� 9.0 Hz, 4H), 4.23 (d, J� 10.4 Hz, 4H), 3.74 (d, J�
9.0 Hz, 4H), 2.63 (t, J� 8.5 Hz, 4H), 1.02 (m, 8H), 0.53 (t, J� 7.2 Hz, 12H),
�0.25 (m, 8H), �1.37 (t, J� 7.3 Hz, 12H); FAB-MS: m/z : 1491 [M�], 1475
[M��O], 1459 [M�� 2O].


Complex 2c : IR (KBr): �� � 1019 (oxidation-state marker band), 819 cm�1


(Ru�O); UV/Vis (CH2Cl2): �max (log
)� 441 (5.03), 535 nm (4.02);
1H NMR (300 MHz, CDCl3, TMS): �� 8.67 (d, J� 4.7 Hz, 4H), 8.56 (d,
J� 4.7 Hz, 4H), 7.76 (t, J� 6.5 Hz, 4H), 7.20 ± 7.30 (m, m-phenyl H
overlapped with solvent peak, 8H), 4.88 (d, J� 10.4 Hz, 4H), 4.60 (d, J�
9.4 Hz, 4H), 4.44 (t, J� 9.0 Hz, 4H), 4.24 (d, J� 10.1 Hz, 4H), 3.77 (d, J�
8.6 Hz, 4H), 2.57 (t, J� 8.6 Hz, 4H), 0.83 (m, 12H), 0.60 (m, 12H), 0.32 (m,
4H), �1.16 (m, 4H); FAB-MS: m/z : 1483 [M�], 1467 [M��O], 1451
[M�� 2O].


Complex 2d : IR (KBr): �� � 1021 (oxidation-state marker band), 818 cm�1


(Ru�O); UV/Vis (CH2Cl2): �max (log
)� 443 (5.18), 537 nm (4.05);
1H NMR (300 MHz, CDCl3, TMS): �� 8.50 (d, J� 4.7 Hz, 4H), 8.41 (d,
J� 4.7 Hz, 4H), 7.73 (d, J� 8.2 Hz, 16H), 7.19 ± 7.32 (m, m-phenyl H
overlapped with solvent peak, 16H), 7.10 ± 6.90 (m, phenyl-H, 10H), 6.07 (t,
J� 7.5 Hz, 2H), 5.96 (d, J� 7.0 Hz, 4H), 5.46 (t, J� 7.5 Hz, 4H), 4.65 (dd,
J1� 11.0 Hz, J2� 3.0 Hz, 2H), 4.46 (d, J� 7.0 Hz, 2H), 4.36 (m, 4H), 4.28
(d, J� 10.5 Hz, 2H), 4.10 (d, unresolved, 8H), 3.98 (t, J� 5.0 Hz, 4H), 3.24
(t, J� 5.0 Hz, 2H); FAB-MS: m/z : 1876 [M�], 1860 [M��O], 1844 [M��
2O).


Stoichiometric oxidation of alkenes by dioxoruthenium(��) porphyrins : The
dioxoruthenium(��) complex (15 ± 30 �mol) under an argon atmosphere
was added to a degassed benzene solution (2 mL) containing alkene
(1 mmol) and pyrazole (2% w/w). When the reaction was completed as
indicated by the disappearance of the Soret band of the starting complex,
the reaction mixture was filtered through a short alumina column with
hexane/ethyl acetate (10:1) as the eluant to remove the ruthenium
complex. After addition of internal standard, the organic products were
then analyzed and quantified by either gas chromatography or 1H NMR
spectroscopy.


The bis(pyrazolato)ruthenium(��) products (3) were eluted by dichloro-
methane, and addition of acetonitrile or n-hexanes gave [RuIV(Por*)(pz)2]
as a dark purple solid. Yield: 70 ± 80%.


[RuIV(D4-Por*)(pz)2] (3a): Yield: 80%; IR (KBr): �� � 1009 cm�1 (oxida-
tion-state marker band); UV/Vis (CH2Cl2): �max (log
)� 408 (5.25), 512 nm
(4.12); FAB-MS: m/z : 1376 [M�], 1309 [M�� pz], 1242 [M�� 2pz];
elemental analysis calcd (%) for C90H82N8Ru ¥H2O: C 77.47, H 6.03, N 8.03;
found: C 77.31, H 6.08, N 8.15; �eff (Evan×s method)� 2.9 �B (solid, room
temperature).


[RuIV(D2-Por*)(pz)2] (3b): Yield: 70%; IR (KBr): �� � 1006 cm�1 (oxida-
tion-state marker band); UV/Vis (CH2Cl2): �max (log
)� 425 (5.09), 517
(4.04), 550 nm (sh); FAB-MS: m/z : 1483 [M�], 1415 [M�� pz], 1347 [M��
2pz]; elemental analysis calcd (%) for C78H76N8O19Ru ¥ 3H2O: C 60.89, H
5.33, N 7.28; found: C 60.77, H 5.31, N 7.25; �eff (Evan×s method)� 2.9 �B


(solid, room temperature).


Determination of enantiomeric purities and absolute configurations : The
enantiomeric purities of styrene oxide, 4-fluoro-, 4-chloro-, 4-trifluoro-
methyl-, 4-bromo-styrene oxide, cis-�-methylstyrene oxide, and 1,2-dihy-


dronaphthalene oxide were determined by GC with a chiral column
(Cyclodex-B). The enantiopurities of 2-chloro-, 2-fluoro-, 2-bromo-,
2-methyl-, and �-methylstyrene oxide were analyzed by GC with a chiral
ChiraldexB-PM column. The enantiomeric purities of trans-�-methylstyr-
ene oxide, and epoxycinnamyl chloride were determined by chiral GC on a
ChiraldexG-TA column. The enantiopurities of 4-methylstyrene oxide,
3-nitrostyrene oxide, 3-chlorostyrene oxide, and 2-vinylnaphthalene oxide
were determined by 1H NMR spectroscopy in the presence of a chiral shift
reagent [Eu(hfc)3]. The absolute configurations of the epoxides were
determined by chiral GC and comparison with the authentic enantiopure
samples.


Molecular modeling studies : The three-dimensional computer model of 1
was established directly from its crystal structure with a Silicon Graphics
(Indigo 2) computer with a Macromodel software (version 4.5). Construc-
tion of the structure of complex 2a was based on the reported X-ray
coordinates for [RuII(D2-Por*)(CO)], and the O�Ru bond length was
taken to be 1.74 ä, based on the measured distance obtained from the
crystal structure of 1. All alkene structures used in docking experiments
were energy minimized prior to use.


Kinetic studies on the reactions of [RuVI(Por*)O2] with alkenes : Kinetic
measurements were performed on a Hewlett-Packard8453A Diode Array
spectrophotometer interfaced with an IBM-compatible PC and equipped
with a LaudaRM6 circulating water bath; standard 1.0 cm quartz cuvettes
were employed. The temperature of solutions during kinetic experiments
was maintained to within 	0.2 �C.


The pseudo-first-order rate constants (kobs) of the reaction between
[RuVI(Por*)O2] and alkenes were measured by monitoring the decrease
of the Soret band under the condition that the alkene concentration is at
least 100-fold in excess of [RuVI(Por*)O2]. The kobs values were obtained by
nonlinear least-squares fits of (Af�At) to time (t) according to the
following equation:(Af�At)� (Af�Ai)exp(�kobst), where Af and Ai are
the final and initial absorbances, respectively, and At is the absorbance
measured at time t. Kinetic data over four half-lives (t1/2) were used for the
least-squares fitting. Second-order rate constants, k2 , were obtained from
the linear fit of kobs values to the concentration of alkenes.


Activation enthalpy (�H�) and entropy (�S�) were obtained from the
slope and the intercept, respectively, of the plot of ln (k2/T) verus (1/T) on
the basis of the Eyring equation: ln (k2/T)� ln (R/N�h) � �S�/R��H�/RT
where N is Avogadro×s number, R is the universal gas constant, �h is Planck×s
constant, and T is the temperature in Kelvin. The Eyring plots were fitted
by unweighted linear least-squares methods with the software package
Origin (Microcal Software, Inc). The cited errors in the activation
parameters are the errors of the linear fits.
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Theoretical Clues to the Mechanism of Dioxygen Formation at the
Oxygen-Evolving Complex of Photosystem II


Gabriel Aullo¬n, Eliseo Ruiz, and Santiago Alvarez*[a]


Abstract: The mechanism of the gener-
ation of dioxygen at the oxygen-evolving
complex (OEC) of photosystem II
(PSII), a crucial step in photosynthesis,
is still under debate. The simplest unit
present in the OEC that can produce O2


is a dinuclear oxo-bridged manganese
complex within the tetranuclear Mn4
cluster. In this paper we report a theo-
retical study of the model complexes
[Mn2(�-O)2(NH3)6(H2O)2]n� (n� 2 ± 5),
for which density functional calculations


have been carried out for several elec-
tronic configurations. The molecular
orbital picture deduced from the calcu-
lations indicates that one-electron oxi-
dation of the Mn2IV,IV/(O2�)2 complex
(n� 4) mostly affects the oxygen atoms,
thus ruling out the existence of a MnV


oxidation state in this context, while the
incipient formation of an O�O bond in
the O2


3� transient species evolves exo-
thermally toward the dissociation of
dioxygen and a Mn2II,III couple. These
results identify the electronic features
that could be needed to enable an
intramolecular mechanism of oxygen ±
oxygen bond formation to exist at the
OEC during photosynthesis.


Keywords: bioinorganic chemistry ¥
dioxygen ¥ electronic structure ¥
manganese ¥ photosynthesis


Introduction


The photosystem II reaction center (PSII), one of the most
interesting manganese-containing enzymes,[1] is a fascinating
molecular machine that is employed by green plants and algae
to absorb light and generate oxygen from water [Eq. (1)].


2H2O � h��O2 � 4e� � 4H� (1)


There is a wealth of experimental evidence indicating that
this process occurs with the help of a tetranuclear manganese
cluster, in which oxo bridges probably link the Mn atoms. It is
usually referred to as the oxygen-evolving complex (OEC) or
water-oxidizing complex (WOC). Several structural models
have been proposed for such a cluster, including the two
shown in 1.[2, 3] The cubane model seems to be in good
agreement with spectroscopic EPR/ENDOR data,[4] and both
are in qualitative agreement with the arrangement of the Mn
atoms in the recently reported crystal structure of PSII in
Synechococcus elongatus at the level of 3.8 ä resolution.[5]


The OEC is known to undergo a series of one-electron
photoredox processes[6] through states labeled S0 to S4
(Scheme 1) in which the oxidation states of only two of the


four Mn atoms in the cluster are affected.[7] When the S4 state
is reached, O2 is released, and the system spontaneously
returns to its lowest oxidation state S0 thus completing the
catalytic cycle.
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There are no structural data for the S4 state, since it has not
been trapped or otherwise detected. Furthermore, the way in
which two oxygen atoms couple to form a dioxygen molecule,
thus taking the S4 back to the S0 state to complete the catalytic
cycle, is still unclear. It has been proposed that the evolution
of oxygen in the S3� S4� S0 steps results from a nucleophilic
attack[8] of an OH� on a terminal oxo ligand attached to a Mn
atom in the �5 oxidation state. We notice, however, that a
terminal oxo ligand attached to a MnV has been well
characterized and is stable,[9±11] and that the permanganate
ion does not generate oxygen in water even if oxo ligands are
bonded to a MnVII ion. Hence, there is no experimental
evidence to support such a mechanism.
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Scheme 1. S0 to S4 steps of the photocatalytic cycle in the oxygen-evolving
complex of PSII (only a dinuclear unit of the tetranuclear manganese
complex is shown), together with intramolecular one-electron transfer
steps leading from S4 to S0 (in square brackets) according to the model
calculations reported here.


An alternative intramolecular pathway[12] implies coupling
of the oxo bridges across a Mn2O2 face of a cubane. This
mechanism has attracted renewed interest recently due to the
report of dioxygen evolution from synthetic Mn4O4 cubanes,
which had been demonstrated to proceed in this way.[13, 14]


Oxygen has also been reported to evolve upon chemical
oxidation of a dinuclear Mn complex,[15, 16] although the origin
of the oxygen molecule formed is still a matter of contro-
versy.[17]


In spite of the lack of precise structural information about
theMn4 cluster in the different states of PSII, a commonmotif
in all the models proposed is a bisoxo-bridged dinuclear Mn
unit. For this reason, several theoretical studies on dinuclear
molecular models have been reported.[18±21] In the only
theoretical study that analyzed the intramolecular mecha-
nism, based on semiempirical calculations,[19] this route was
ruled out by the high energy barrier found at the computa-
tional level used. In an otherwise detailed density functional
study of model dinuclear complexes, only oxidation states up
to Mn2IV,IV were considered, without geometry optimiza-
tions.[21] Other work focused on the oxygen-radical mecha-
nism, in which terminal oxo ligands are involved in the
formation of the dioxygen molecule. In one case,[18] the
presence of terminal oxo groups attached to the two Mn
atoms in neighboring positions was assumed, a feature that is
absent in the recently reported synthetic models.[8, 13] Fur-
thermore, the proposed mechanism requires two two-electron
oxidations of a Mn2IV,IV pair; this is an unrealistic model of the
S3� S4� S0 steps in the OEC. Another recent study[20] also
focused on an oxygen radical mechanism, but neither the S4
state nor the S4� S0 step was studied in detail.
In previous theoretical studies of the delocalized bonding in


the M2X2 rings of doubly bridged dinuclear complexes,[22±24]


we found that such rings are quite efficient in transferring
electrons from the skeleton to the transition metals and vice
versa. For the case of oxo-bridged compounds, the displace-
ment of the equilibrium toward the oxo complex or the
formation of a peroxo group has been shown to depend on a
variety of subtle factors, such as steric[25, 26] or solvent effects[27]


or the relative electronegativities of the metal and bridging
atoms.[28] Hence, it seemed natural to us that theMn2O2 ring in
an oxo-bridged dinuclear complex could form an intramolec-
ular O�O bond, and we decided to explore such possibility
theoretically using a simplified model complex, [Mn2-
(�-O)2(NH3)6(H2O)2]n� and modern density functional calcu-
lations. The simple ligands adopted in this model are expected
to reproduce the main trends of the electronic structure and
bonding in more complex systems, as recently shown for a
dinuclear model of manganese catalase.[29] The possibility of
intramolecular oxygen ± oxygen bond formation can be thus
evaluated based on fundamental characteristics, namely the
formal oxidation state of the cluster and the topology of the
two edge-sharing octahedra with a central Mn2O2 core.


Computational Details


All calculations were carried out with the help of the Gaussian94
program[30] by using a LANL2DZ double-� basis set and the hybrid


Abstract in Spanish: El mecanismo de formacio¬n de una
mole¬cula de dioxÌgeno en el complejo generador de oxÌgeno
(OEC) del fotosistema II (PSII) constituye una etapa crucial
de la fotosÌntesis y es aun objeto de debate. La unidad ma¬s
sencilla presente en el OEC capaz de producir O2 es un
complejo dinuclear de manganeso con puentes oxo, que forma
parte de una agrupacio¬n tetranuclear Mn4. En este artÌculo se
presenta un estudio teo¬rico de los modelos [Mn2(�-
O)2(NH3)6(H2O)2]n� (n� 2 ± 5), para los que se han realizado
ca¬lculos del funcional de la densidad con varias configuracio-
nes electro¬nicas. La descripcio¬n de orbitales moleculares que se
deduce de los ca¬lculos sugiere que la oxidacio¬n del complejo
Mn2


IV,IV/(O2�)2 afecta particularmente a los a¬tomos de oxÌgeno,
descarta¬ndose la existencia de un estado de oxidacio¬n MnV, al
tiempo que la formacio¬n de un enlace incipiente O�O en la
especie transitoria O2


3� evoluciona exote¬rmicamente hacia la
disociacio¬n de oxÌgeno y la formacio¬n de una pareja de
complejos con estados de oxidacio¬n Mn2


II,III. Estos resultados
identifican las caracterÌsticas electro¬nicas que serÌan necesarias
para permitir un mecanismo intramolecular de formacio¬n de
un enlace oxÌgeno ± oxÌgeno en el OEC durante la fotosÌntesis.
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B3LYP method.[31, 32] In previous studies[33±35] we have shown that this
method provides excellent results for evaluating the relative energies of
several spin states in dinuclear complexes. A C2h molecular symmetry was
adopted for the heavy atoms× skeleton in the calculations. The coordinated
water molecules in the model compounds [Mn2(�-O)2(NH3)6(H2O)2]n�


occupy trans positions coplanar with the Mn2O2 framework. For each case
studied, different electron configurations were analyzed to take into
account: 1) local high- and low-spin states at each Mn atom, 2) ferro- or
antiferromagnetic alignment of the local spins, and 3) localized and
delocalized states for the mixed-valence compounds.
The potential energy surface of the Mn2IV,V complex reported here was
shown to be unbiased by the computational approach used in several ways:
1) calculations were repeated without any symmetry restrictions; 2) calcu-
lations were also performed considering the effect of a dielectric environ-
ment; 3) the charge of the complex was artificially lowered by decreasing
the nuclear charge at each Mn atom by 0.5 to make sure that the results
were not biased by the increased charge of Mn2IV,V relative to Mn2IV,IV;
4) calculations with a triple-� basis set were performed for the Mn2IV,IV and
Mn2IV,V oxidation states and no significant differences were found. To
simulate the dielectric environment of the charged species studied, we used
the nonequilibrium implementation of the polarizable continuum model in
its conductor version (CPCM)[36, 37] with the dielectric constant of water
(78.39). The oxidation states and formal charges presented in Figure 5,
below, correspond to the most stable electron configuration for each of 133
geometries explored along the reaction path. They were determined from
the occupation of metal d and oxygen �* and �* orbitals and checked for
consistency with the Mulliken net charges and spin densities.


Results and Discussion


Electronic structures of the Mn2III,III, Mn2III,IV and Mn2IV,IV


complexes : The [Mn2(�-O)2(NH3)6(H2O)2]n� (n� 2, 3, 4)
complexes constitute our theoretical models for the redox-
active dinuclear unit in the S1 to S3 states of the OEC,
respectively. Local high- and low-spin electron configurations
at each Mn atom (indicated by the occupation of the t2g-like


and eg-like d orbitals in the approximately octahedral ligand
environment) have been considered. Furthermore, states with
ferro- (parallel spins) and antiferromagnetic (antiparallel
spins) exchange coupling of the unpaired electrons at eachMn
atom were also evaluated.[38,35] The results of our calculations
for the different electron configurations explored are sum-
marized in Table 1.
The description of the electronic and molecular structures


of the model complexes obtained from the calculations is in
good agreement with experimental data for Mn2III,III, Mn2III,IV


andMn2IV,IV complexes (Tables 2, 3, and 4), in regard to: 1) the
formal oxidation states of theMn atoms; 2) the local high-spin
configuration at each Mn atom;[39] 3) the antiferromagnetic
nature and the magnitude of the exchange coupling[40,41]


between the two Mn atoms (negative J values); 4) the
electron spin resonance (ESR) spectra;[39] 5) the bridging
Mn�O lengths;[7, 15, 42] 6) the asymmetry of the Mn2III,IV com-
plex; 7) the Mn�Mn distance, and 8) the nonbonding oxy-
gen ± oxygen distances, which are larger than 2.28 ä in all the


Table 1. Calculated data for model complexes [Mn2(�-O)2(NH3)6(H2O)2]n� in their most stable electron configurations.


electronic structure distances [ä][c] Energy[d] J
S[a] local conf.[b] Mn�Mn O�O Mn�O [kcalmol�1] [cm�1]


Mn2II,III, n� 1 (S0)
1/2 t2g3eg2/t2g3eg1 2.833 2.635 1.813, 2.063 0.0 � 45
9/2 t2g3eg2/t2g3eg1 2.843 2.644 1.813, 2.077 1.5
9/2[f] t2g3eg1.5 2.767 2.720 1.940 7.3
Mn2III,III, n� 2 (S1)
0[e] t2g3eg1 2.791 2.433 1.852 0.0 � 177
4 t2g3eg1 2.810 2.452 1.865 5.0
0[e] t2g4 2.845 2.423 1.869 43.3
2 t2g4 2.802 2.459 1.864 41.9
exp.[c] 2.67 ± 2.70 2.50 ± 2.53 1.83 ± 1.85 � 187� 14
Mn2III,IV, n� 3 (S2)
1/2[e] t2g3eg1/t2g3 2.845 2.358 1.777, 1.921 0.0 � 236
7/2 t2g3eg1/t2g3 2.845 2.397 1.793, 1.928 5.1
7/2[f] t2g3eg0.5 2.871 2.392 1.869 13.4
1/2[e] t2g4/t2g3 2.859 2.350 1.776, 1.927 16.3
5/2 t2g4/t2g3 2.818 2.398 1.783, 1.918 16.5
5/2[f] t2g3.5 2.794 2.390 1.838 18.3
exp.[c] 2.55 ± 2.74 1.77 ± 1.81 � 265� 63


1.81 ± 1.89
Mn2IV,IV, n� 4 (S3)
0[e] t2g3 2.902 2.283 1.846 0.0 � 201
3 t2g3 2.941 2.318 1.873 3.4
exp.[c] 2.57 ± 2.78 2.25 ± 2.54 1.77 ± 1.83 � 186� 108


[a] Total spin. [b] Occupation of the Mn 3d orbitals, labeled according to octahedral symmetry. [c] Ranges of experimental values; distances for di-�-oxo
complexes have been obtained from the Cambridge Structural Database (see Tables 2 ± 4). [d] Relative to the ground state. [e] Broken symmetry solution.
[f] Delocalized mixed-valence state.


Table 2. Experimental bond lengths [ä], exchange coupling constants
[cm�1], and CCDC reference codes for Mn2III,III dinuclear complexes.


Ref. Mn�Mn O ¥ ¥ ¥O Mn�O[a] J Donor Set


HEWJIC 2.699 2.526 1.848 � 201 N4


KAWLID 2.676 2.526 1.840 (13) N4


KAWLID10 2.676 2.526 1.840 (13) � 173 N4


VEZHIR 2.685 2.521 1.842 (20) N4


VEZHOX 2.674 2.500 1.830 N4


[a] Standard deviation (sd) for Mn�O bond lengths shown in parenthesis
for asymmetric complexes. Statistics for five crystallographically indepen-
dent data sets in four compounds (range/mean/estimated standard devia-
tion): 2.67 ± 2.70/2.682/10, 2.50 ± 2.53/2.520/11, 1.83 ± 1.85/1.840/6 for the
Mn�Mn, O ¥¥¥O and Mn�O lengths, respectively.
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cases (Table 1). The ability of our model calculations to
reproduce the structure and properties of the well-character-
ized synthetic models makes us confident that a similar
theoretical study should offer a sensible description of the
electronic structure of the ill-characterized species produced
by a one-electron oxidation of a Mn2IV,IV complex.


Oxygen evolution from an orbital point of view: We have
theoretically simulated the S3 to S4 oxidation through
calculations on the [Mn2(�-O)2(NH3)6(H2O)2]5� model in its
lowest spin state (S� 1³2), produced by removing an electron
from the Mn2IV,IV complex. The results of such calculations
may best be understood if a qualitative molecular orbital
description, based on the calculated Kohn ± Sham orbitals, is
presented first (Figure 1). The main points of our analysis are
as follows:
1) In the formal Mn2IV,IV oxidation state, the metal d(t2g)


orbitals are strongly stabilized due to the large effective


nuclear charge of the metal atoms, and the HOMO is a
Mn�O bonding orbital (b3u in Figure 1, left) with a
significant contribution from the oxygen atoms.


2) Oxidation of the Mn2IV,IV complex thus removes an
electron from the HOMO (b3u in Figure 1, column I); this
results in formal oxidation states Mn2IV,IVand O2


3� (column
II) rather than Mn2IV,V and O2�.


3) Given the O�O �-antibonding character of the b3u orbital,
the removal of one electron favors the approach of the two
bridging atoms (i.e., an incipient formation of the O�O
bond across the Mn2O2 ring).


4) As the two oxygen atoms approach each other, b3u is
strongly destabilized until a crossing with the dx2�y2 (2b3u
and 2b2g) orbitals occurs (labeled a in Figure 1)–actually
an avoided crossing in the case of 2b3u as required by
symmetry.


5) The resulting electron configuration (column III) with an
empty �*O-O orbital (b3u) indicates the formation of a


Table 3. Experimental bond lengths [ä], exchange coupling constants
[cm�1] and CCDC reference codes for Mn2III,IV dinuclear complexes.


Ref. Mn�Mn O ¥ ¥ ¥O Mn�O[a] J Donor Set


FEBKUS 2.698 2.431 1.816 � 268, �296 N4


FEBKUS01 2.695 2.426 1.813 � 296 N4


FERZUX 2.588 2.499 1.812 � 440 N3Oax


FIQFIU 2.733 2.373 1.810 N3Oeq


FIQFIU 2.724 2.389 1.812 N3Oeq


FIQFIU01 2.731 2.391 1.815 N3Oeq


FIQFIU01 2.733 2.383 1.813 N3Oeq


FOGHAK 2.659 2.467 1.814 (39) � 280 N4


GAMFEF 2.679 2.437 1.811 (76) � 292 N4


GAVWIJ 2.667 2.437 1.817 (36) � 228 N2CleqOax


GEPSUP 2.643 2.464 1.807 (60) � 318 N4


GIXKON 2.646 2.472 1.811 (52) � 316 N4


HEWJEY 2.679 2.471 1.822 (55) � 320 N4


HEWJOI 2.692 2.466 1.826 (63) � 293 N4


HIRMEA 2.719 2.402 1.814 � 300 N4


JITXUF 2.654 2.462 1.810 (39) � 202 N3Oax


KEVRUY 2.723 2.453 1.833 N3Oeq


KEZKUV 2.731 2.411 1.821 � 237 N4


KEZLAC 2.728 2.406 1.819 N4


KEZLAC 2.736 2.419 1.826 N4


KUVPIA 2.628 2.453 1.814 (48) � 234 N2O2/N3Oax


QABGUV 2.573 2.515 1.810 (7) � 224 N3Oax


QABHAC 2.553 2.525 1.806 (49) � 220 N3Oax


SAHZAC 2.622 2.431 1.797 (42) � 288 N3Oax


SAWYEU 2.704 2.410 1.811 (47) N4


SEJXUA 2.741 2.407 1.824 (36) N4


SIBZUY 2.693 2.424 1.812 N4


SIBZUY 2.691 2.435 1.814 N4


VUBGAA 2.591 2.491 1.808 (49) � 250 N3Oax


WABFIO 2.695 2.440 1.818 N4


YEMCIC 2.711 2.403 1.812 (73) N4


YEXLOC10 2.644 2.465 1.809 (49) � 291 N3Oax


YEXLOC10 2.651 2.479 1.817 (63) � 291 N3Oax


ZAXNER 2.705 2.517 1.848 (76) � 300 N4


ZEQGEH 2.633 2.461 1.816 (69) � 328 N3Oax


ZUKHES 2.677 2.466 1.821 (94) � 278 N4


[a] Standard deviation for Mn�O bond lengths shown in parenthesis for
asymmetric complexes. Statistics for 36 crystallographically independent
data sets in 28 compounds (range/mean/esd): 2.55 ± 2.74/2.677/50, 2.37 ±
2.52/2.444/39, 1.80 ± 1.85/1.816/9 for the Mn�Mn, O ¥¥ ¥O and Mn�O
lengths, respectively. Mn�O bonds in 21 crystallographically independent
asymmetric molecules in 20 compounds (range/mean/esd): short: 1.77 ±
1.81/1.788/11, long: 1.81 ± 1.89/1.842/16.


Table 4. Experimental bond distances [ä], exchange coupling constants J
[cm�1] and CCDC reference codes for Mn2IV,IV dinuclear complexes.


Ref. Mn�Mn O ¥ ¥ ¥O Mn�O J Donor set


FEBKOM 2.745 2.325 1.799 (3) � 288 N4


HAJZOH 2.642 2.391 1.794 (2) � 134 N2Oeq,Oax


HAJZOH01 2.640 2.402 1.797 (4) � 87 N2OeqOax


HALGEG 2.737 2.396 1.819 N2OeqOax


HIMQAV 2.625 2.446 1.805 (8) N3Oax


HISGOF 2.722 2.378 1.807 � 195 N3Oeq


JATLEV 2.736 2.348 1.803 N2O2eq


JAVYEK 2.746 2.386 1.819 � 173 N2O2eq


JEBXUJ 2.681 2.430 1.819 (4) � 171 N2CleqOax


JEWNII 2.679 2.393 1.806 (20) � 182 N2OeqOax


JIWVUG 2.702 2.382 1.810 (3) � 79 N2OeqOax


JIWWAN 2.700 2.371 1.808 (17) � 79 N2OeqOax


JOJQUU 2.568 2.530 1.802 N4


KEGNUF 2.671 2.444 1.810 � 251 N4


LIDVUP 2.760 2.414 1.834 (2) � 268 N2OeqOax


LIDVUP 2.746 2.349 1.807 (119) � 176 N4/N2OeqOax


LIDVUP 2.735 2.428 1.830 (101) � 176 N4/N2OeqOax


NANNIZ 2.715 2.386 1.807 � 160 N2O2eq


PALJOB 2.580 2.484 1.799 (9) � 248 N3Oax


PALJOI 2.596 2.499 1.814 (2) � 152 N3Oax


POKQUB 2.707 2.425 1.817 � 160 N2O2eq


POKRAI 2.733 2.393 1.816 � 176 N2OeqOax


QABHEG 2.599 2.442 1.797 � 200 N3Oax


ROLJEH 2.780 2.345 1.818 (2) N2O2eq


SICBAH 2.746 2.246 1.774 � 262 N4


SONLIQ 2.631 2.453 1.799 � 158 N2O2eq


SOZMUP 2.728 2.405 1.818 � 164 N2OeqOax


SOZMUP01 2.731 2.387 1.814 � 164 N2OeqOax


SOZVEI 2.718 2.369 1.803 (4) � 248, �211 N4


TOFQOU 2.688 2.391 1.799 N2O2eq


TORSOI 2.718 2.407 1.816 N2O2eq


TORSOI01 2.718 2.407 1.816 � 160 N2O2eq


TORSUO 2.729 2.416 1.822 N2OeqOax


TORSUO01 2.729 2.416 1.822 � 156 N2OeqOax


VADCOS 2.626 2.538 1.826 N3Oax


WADKUH 2.591 2.454 1.797 (6) N3Oax


WADKUH 2.591 2.459 1.798 (6) N3Oax


WADLAO 2.625 2.468 1.816 (10) N3Oax


ZEQGIL 2.745 2.347 1.806 N3Feq


ZEQGOR 2.756 2.347 1.810 � 294 N3Cleq
ZUVPUB 2.675 2.392 1.807 (5) N2OeqOax


Statistics for 41 crystallographically independent data sets in 34 compounds
(range/mean/esd): 2.57 ± 2.78/2.690/59, 2.25 ± 2.54/2.407/55, 1.77 ± 1.83/
1.809/11 for the Mn�Mn, O ¥¥¥O and Mn�O lengths, respectively.
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peroxo (O2
2�) bridging group combined with the Mn2III,IV


oxidation states.
6) Emptying the b3u bonding orbital of the Mn2O2 ring


induces an elongation of the Mn�O bonds; this in turn
stabilizes the two combinations of eg-type orbitals (now b3u
and 2b2g).


7) As the O�O distance continues to decrease, the b1g and
b2g orbitals are progressively destabilized due to their
�*O-O antibonding character; this results in orbital cross-
ings (labeled b and c in Figure 1) that take the system to
the Mn2III,III/O2


� (not shown) and Mn2II,III/O2 configura-
tions (column IV).


8) In the last state, given the similar energies of b1g, b2g, and
dz2 orbitals, the resulting electron configuration presents half
occupied �*O-O orbitals, as in the ground state of the free
dioxygen molecule, combined with antiferromagnetically
coupled high-spin MnII and MnIII ions; this is consistent
with a Mn2II,III/dioxygen description of the system.


9) Accompanying the ring squeezing, there is a progressive
localization of the molecular orbitals.[33] In the Mn2IV,IV/
oxo species, b3u and b2g are delocalized (Mn�O bonding)
molecular orbitals, 2b3u and 2b2g are their antibonding
counterparts (column I); whereas in the Mn2II,III/dioxygen
case (column IV) b3u and b2g are localized on the Mn
atoms, and 2b3u and 2b2g are localized on the oxygen
atoms (namely the �* and �* orbitals of the dioxygen
molecule). This is shown schematically in Figure 2 for the
case of the b3u orbitals.


10) Although the orbitals shown in Figure 1 increase in
energy upon formation of the dioxygen molecule, the
overall process is favored by the stabilization of the low-
lying occupied oxygen ± oxygen � and � bonding molec-
ular orbitals (not shown for simplicity).


Orbital evolution during the oxygen-generation step deter-
mines a barrierless process in our calculations once the
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Figure 1. Comparison of the energies and composition of the most relevant molecular orbitals of [Mn2(�-O)2(NH3)6(H2O)2]n� for n� 4 (column I) and n� 5
at different Mn�O distances (columns II ± IV, O�O distance optimized in each case and the rest of the molecule frozen with the same geometry as in I),
deduced from analysis of the Kohn ± Sham orbitals. The Mn�O distances used and the resulting charge distributions for n� 5 are as follows: 1.85 ä, Mn2IV,IV/
O2


3� (column II); 2.05 ä, Mn2III,IV/O2
2� (column III); 2.5 ä, Mn2III,III/O2


� (not shown), and 3.0 ä, Mn2II,III/O2 (column IV). The � and � spin orbitals obtained
from unrestricted calculations are drawn at the same energy for simplicity.
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Figure 2. Transition of molecular orbital b3u from delocalized to localized
on the Mn atoms.
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Mn2IV,IV couple is oxidized (see below) and clearly shows that
oxygen ± oxygen bond formation is determined by the overall
oxidation state, the molecular topology, and the symmetry of
the Mn2O2 framework. We note that a similar orbital analysis
was previously presented by Proserpio, Hoffmann, and
Dismukes;[19] based on extended H¸ckel (EH) calculations.
However, these authors found a high energy barrier for the
intramolecular pathway; this has made most researchers
disregard it as a feasible mechanism for the oxygen-evolving
step in PSII. Since the work of Proserpio et al. gave a similar
orbital picture to the one described here, the main quantita-
tive difference with our results is the evaluation of the energy
barrier and it is worth discussing the reasons for the different
results.
First, the study on the intramolecular oxygen coupling in


the work by Proserpio et al. was done for a system with one
less electron, that is, Mn2IV,IV, a system for which our DFT
calculations indicate that the oxo-bridged conformation is
more stable than the peroxo form by 26 kcal ¥ mol�1. Second,
the Mn�O lengths were kept constant in the EH calculations
(because the energy dependence on bond lengths is not well
evaluated by that method), whereas our more detailed orbital
analysis (and the results of our calculations, see below) clearly
show that an important Mn�O bond elongation is required to
form the O�O bond. Third, a typical approximation used in
extended H¸ckel calculations consists of keeping the energies
of the atomic orbitals constant within a series of calculations,
as indeed made by Proserpio et al., independent of the
oxidation state of the metal. Therefore, the important
decrease in the d-orbital energies when the oxidation state
of Mn goes from �2 to �5 that we found in the DFT
calculations was not taken into account by these authors. The
effect of the net atomic charge on the 3d-orbital energies of
Mn used in charge-iterated EH calculations,[43] as obtained
from experimental ionization energies, is illustrated in Fig-
ure 3. The parameters used by Proserpio et al. correspond to a
net charge of �0.3 (indicated by an arrow) and have the
manganese 3d orbitals above the oxygen 2p ones. But
increasing the Mn net charge above �0.5 reverses the
situation, as found in our DFT calculations for the higher
oxidation states of Mn. It was clearly shown by Proserpio et al.
that the calculated energy barrier resulted from the need of


�*(O�O) to cross the t2g orbitals, so the height of the EH
barrier is dependent on the parametrization chosen for the
Mn 3d orbitals. In summary, the high energy barrier found by
Proserpio et al. for the intramolecular oxygen-generation
pathway stems from the oxidation states chosen together with
the use of the standard parametrization of the energies of the
Mn 3d orbitals in the EH calculations, which results in an
inverted-energy ordering of the d(t2g) and b3u orbitals with
respect to the present DFT calculations.


The oxygen evolution step: computational results : Upon one-
electron oxidation of the oxo-bridged Mn2IV,IV dinuclear
complex with a frozen geometry, the resulting electron
configuration corresponds to a Mn2IV,IV/O2


3� species. We have
been able to calculate the wave function corresponding to the
Mn2IV,V/(O2�)2 charge distribution for the same geometry, but
it is clearly at higher energy (29 kcal ¥ mol�1). These results are
just a reflection of the orbital picture described above, and
indicate that the MnV oxidation state cannot be attained
within a Mn2O2 ring. If the oxygen ± oxygen distance is
reoptimized after oxidation, keeping the Mn�O bond lengths
unchanged, an energy minimum appears at 2.0 ä (Figure 4,


�). If, however, the Mn�O bond length is increased and the
geometry of the central Mn2O2 core reoptimized, the energy
of the system decreases, and the minimum is shifted to shorter
O�O distances. Extrapolation of the trends found in Figure 4
predicts cleavage of the Mn�O bonds and formation of an
O�O bond. This is actually found in our calculations when full
geometry optimization of [Mn2(�-O)2(NH3)6(H2O)2]5� in the
gas phase is performed, and leads to the formation of a
dioxygen molecule and its dissociation from the two resulting
mononuclear complexes. If the effect of a dielectric environ-
ment is incorporated into the calculations, the same trend
remains: the energy of the system is lowered by about


Figure 3. Energy of the Mn 3d orbital as a function of the atomic charge,[43]


relative to the oxygen 2p orbital energy. The values used by Proserpio et al.
in previous extended H¸ckel calculations are indicated by an arrow.


Figure 4. Energy of [Mn2(�-O)2(NH3)6(H2O)2]5� as a function of the O�O
distance at different values of the bridgingMn�Obond length, with the rest
of the molecule frozen at the optimized geometry of the complex with one
more electron. The electron configurations at the minima correspond to the
Mn2IV,IV/O2


3� (�), Mn2III,IV/(O2
2�) (�), Mn2III,III/(O2


�) (�), and Mn2II,III/(O2)
(�) oxidation states (for Mn�O� 1.85, 2.05, 2.50, and 3.00 ä, respec-
tively). All energies are relative to that calculated for the Mn2IV,V/(O2�)2
state.
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9 kcalmol�1 upon shortening the O�O distance from 1.99 to
1.42 ä and correspondingly increasing the Mn�O lengths
from 1.85 to 2.50 ä.
As the Mn2O2 core dissociates, the changes in electronic


configuration are consistent with an electron drift from the O
to the Mn atoms, as in the orbital model discussed above. A
map of the charge distribution within the Mn2O2 core as a
function of the Mn�O and O�O lengths is presented in
Figure 5. Four regions can be identified, which correspond to


decreasing oxidation states of the Mn2 pair combined with
decreasing negative charge at the oxygen atoms (from bottom
right to top left) in one-electron steps that smoothly
accompany the changes in bond lengths of the Mn2O2


framework. These one-electron transfer steps (circled) corre-
spond to the orbital crossings discussed above (see a ± c in
Figures 1 and 5). The path of least energy (Figure 5, thick line)
indicates that in the first stage there is substantial shortening
of the O�O distance with only minor changes in the Mn�O
lengths; this is consistent with the formation of a peroxo-
bridged Mn2III,IV species. Through a wide range of Mn�O
distances the electronic structure of the molecule can be
described as a superoxo-bridged Mn2III,III species, then a
loosely bound dioxygen-bridged Mn2II,III complex is formed
that finally falls apart with evolution of a dioxygen molecule.
Although we have used a rather crude model with high net


charges at the two mononuclear units that result from
dioxygen evolution, all the results indicate that the intra-
molecular dioxygen formation is electronically driven and not
an artifact resulting from the Coulomb repulsion between the
two Mn atoms in high oxidation states. Thus, we have
performed calculations on a system with theMn2IV,IV oxidation
state but with charges corresponding to the Mn2IV,V complex
(artificially achieved by increasing the nuclear charge of each
Mn atom by 0.5). These calculations give essentially the same


dioxo-bridged minimum; this indicates that no spontaneous
dissociation occurs for the system with a net charge of �5
unless the number of valence electrons formally ascribed to
the two Mn atoms becomes as low as 5 (i.e., considering the
oxygen atoms as oxo ligands). We also note that, along the
reaction pathway, the actual oxidation state of the Mn atoms
may be, for example, MnIII/MnIII (below point c, Figure 5) with
a Mn�Mn distance of 2.7 ä. Yet systems with oxidation states
as high as MnIV/MnIV have similar Mn�Mn distances and are
perfectly stable (see Tables 1 ± 4).
Factors contributing to the higher stability of the Mn2II,III/


dioxygen situation should include: 1) the formation of the
O�O bond (�118 kcalmol�1), 2) relaxation of the Mn2IV,IV


geometry to the Mn2IV,V one (�35 kcalmol�1, Figure 4),
3) relaxation of the dioxygen molecule from the singlet to
the triplet state (�23 kcal ¥ mol�1) and 4) relaxation of the
MnII and MnIII mononuclear complexes to square planar
geometry (about �50 kcalmol�1 per Mn atom), although the
latter may be prevented by the rigidity of the protein cage in
PSII or by the bridging ligands present in model systems. Such
stabilization is in part counterbalanced by the cleavage of the
Mn�O bonds, two-electron terms associated with electron
transfer from oxygen to Mn, and changes in coulombic
repulsions within the M2O2 core.


Conclusion


The results of the present theoretical study suggest that the
oxygen-evolution step in PSII could proceed through intra-
molecular coupling of two bridging oxygen atoms, accompa-
nied by oxygen to metal electron transfer. An important
finding is that the oxidation of an oxo-bridged Mn2IV,IV


dinuclear complex removes an electron from the oxygen
atoms, whereas the MnV oxidation state cannot be attained
within the Mn2O2 core because of its high relative energy.
Thus, according to our calculations, the existence of a MnV


center in the S4 state previous to nucleophilic attack of an
OH� on a terminal oxo group is unlikely as long as the Mn
atom forms an Mn2O2 rhombus. This oxidation triggers a
cascade of oxygen-to-manganese one-electron transfer steps,
coupled with cleavage of the Mn�O and formation of O�O
bonds. A gradual conversion of delocalized to localized
molecular orbitals is the reason underlying an energetically
favorable process with no substantial energy barrier. Likely
differences between our theoretical model and the Mn4
cluster in the OEC are that, in the latter, complete dissoci-
ation into mononuclear MnII and MnIII complexes may be
prevented by the protein cage, and that the water molecules in
the environment could easily bond to the coordinatively
unsaturated Mn centers formed, thus regenerating the initial
redox-active Mn2II,III dinuclear unit in S0. Since a catalytic
cycle compatible with our results requires water uptake in the
S4 to S0 transformation, one could expect that, in the presence
of other good coordinating agents and at low water concen-
trations, the S0 complex could be poisoned and the photo-
catalytic cycle interrupted.
We note that M2X2 cores similar to those studied in this


paper are found in a variety of metalloenzymes playing


Figure 5. Map of the calculated oxidation states of [Mn2(�-O)2(NH3)6-
(H2O)2]5� as a function of the O�O and bridging Mn�O distances. The
thick line represents the path of least energy. The regions corresponding to
different electron distributions have been deduced from calculations for
133 geometries with different Mn�O and O�O separations, but the rest of
the molecule kept frozen at the optimized geometry of the Mn2IV,IV/(O2�)2
complex. The points marked with circles correspond to the orbital crossings
indicated in Figure 1.
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diverse roles that include electron transfer (some ferredoxins
and the CuA center in blue copper proteins such as cyto-
chrome C oxidase), oxygen binding (hemocyanins), peroxide
dismutation (manganese catalase), organic-substrate oxygen-
ation or oxidation (e.g., tyrosinase), and hydrogen oxidation
(NiFe hydrogenases). The M2X2 cores of the active centers in
these systems have different metal atoms (M�Mn, Fe, Ni,
Cu) with varying oxidation states and coordination numbers,
and oxygen or sulfur bridging atoms.[44] Most remarkable is
the fact that similar rings are used by nature to bind
(hemocyanin) or split (oxygenase) the dioxygen molecule
and to effect the opposite reaction, that is, generate dioxygen
from two water molecules (PSII). A deeper understanding of
the similarities and differences in the electronic structure of
such metalloenzymes is therefore a must if we wish to exert
some control over the chemistry of such important biological
processes or to design artificial systems that efficiently mimic
them.
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Pseudopeptide Foldamers: The Homo-Oligomers of Pyroglutamic Acid


Fernando Bernardi,[a] Marco Garavelli,[a] Marco Scatizzi,[a] Claudia Tomasini,*[a]
Valerio Trigari,[a] Marco Crisma,[b] Fernando Formaggio,[b] Cristina Peggion,[b] and
Claudio Toniolo*[b]


Abstract: As a part of a program eval-
uating substituted �-lactams as confor-
mationally constrained building blocks
of pseudopeptide foldamers, we synthe-
sized the homo-oligomers of �-pyroglu-
tamic acid up to the tetramer level by
solution methods. The preferred confor-
mation of this pseudopeptide series in
structure-supporting solvents was as-
sessed by FT-IR absorption, 1H NMR
and CD techniques. In addition, the
crystal structure of the N �-protected


dimer was established by X-ray diffrac-
tion. A high-level DFT computational
modeling was performed based on the
crystallographic parameters. In this
analysis, we demonstrated that an
�C�H ¥ ¥ ¥O�C intramolecular hydrogen
bond is responsible for the stabilization


of the s-trans �-pGlu-�-pGlu conforma-
tion by 1.4 kcalmol�1. This effect can be
easily detected by 1H NMR spectros-
copy, owing to the anomalous chemical
shifts of the �CH protons present in all
of the oligomers. In summary, we have
developed a new polyimide-based, fol-
dameric structure that, if appropriately
functionalized, has promise as a rigid
scaffold for novel functions and applica-
tions.


Keywords: conformation analysis ¥
foldamers ¥ molecular modeling ¥
oligoimides ¥ structure elucidation


Introduction


Foldamers are unnatural oligomers or polymers, based on
natural or unnatural building blocks, which generate well-
defined three-dimensional structures. Since the stimulating
manifesto on foldamers by Gellman in 1998,[1] investigation
into these new structural scaffolds has blossomed in many
laboratories as they hold promise for addressing chemical,
physicochemical, and biological problems and represent a
new frontier in research.


In this context, we have recently started a program aimed at
the expansion of the known set of foldameric oligomers based
on pseudopeptide units with homogeneous backbones, that is,
built from a single type of monomer.[2] The ability to
incorporate different functional groups at defined positions
along the main chain will ultimately facilitate the preparation
of foldamer combinatorial libraries.


Here, we describe the synthesis, chemical characterization,
and conclusions of a detailed conformational analysis in
solution performed by FT-IR absorption, 1H NMR and CD
techniques on the homo-oligomers (from monomer to tet-
ramer) of �-pyroglutamic acid (�-pGlu� (S)-2-pyrrolidone-5-
carboxylic acid). Furthermore, we discuss the results of the
crystal structure analysis by X-ray diffraction, and of a high-
level DFT computational modeling of Boc-(�-pGlu)2-OH
(Boc� tert-butoxycarbonyl), which demonstrate that a stabi-
lizing �C�H ¥ ¥ ¥O�C intramolecular hydrogen bond is present.


Figure 1 shows that pGlu is the �-lactam dehydrated
analogue of Glu and is structurally related to Pro, since both
pGlu and Pro are conformationally restricted, five-membered


Figure 1. �-Amino acids discussed in this work.


ring systems. �-pGlu is a naturally occurring residue and is
frequently found at the N-terminus (but not in an internal
position) of bioactive peptides, as it lacks the �-amino
functionality of �-amino acids that is replaced by a much
more acylation-resistant amide function.
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Results and Discussion


Synthesis and characterization : �-pGlu contains a lactam
moiety, which is responsible for the very low reactivity of the
NH function. For this reason, very few examples of N-acyla-
tion of pyroglutamates have been reported.[3] As �-pGlu
homo-oligomers are polyimides, the usual peptide (amide)
coupling methods, for example, carbodiimide and 1-hydroxy-
1,2,3-benzotriazole,[4] fail. An easy and very convenient
approach might involve the use of H-�-pGlu-Cl.[5] We tested
the coupling of this very reactive compound with the lithium
anion of H-�-pGlu-OBzl (OBzl� benzyloxy) (1), which in
turn was obtained by reaction of 1 with lithium hexamethyl-
disilazide (LiHMDS) (Scheme 1). Unfortunately, this
straightforward strategy afforded only a complex mixture
with no desired product. We therefore moved to an N �-
protected form of �-pGlu (Boc-�-pGlu-OH), which forced us
to replace the unstable acyl chloride intermediate with a milder
activated derivative, such as the pentafluorophenyl (Pfp)
ester. For this purpose, �-pGlu derivatives 1 ± 4 were prepared
by known procedures.[6±8] In this context, we have recently
described the synthesis of Boc-(�-Ala)2-�-pGlu-OBzl and


Scheme 1. Synthesis of Boc-�-pGlu-OPfp (4). a) Boc2O, DIEA, DMAP
(cat.), dry DMF; b) H2, 10% Pd, EtOAc; c) CF3CO2C6F5, pyridine, dry
DMF.


other dipeptides by reaction of the lithium anion of H-�-pGlu-
OBzl with carboxylic pentafluorophenylesters.[9]


For the synthesis of the dimer, the first step was the
formation of the lithium anion of 1 in dry tetrahydrofuran
(THF) at room temperature (Scheme 2). Then, a solution of 4
in dry THF was added. Pure dimer 5 was obtained in 70%
yield by application of this method. Milder reaction con-
ditions, such as diisopropylethylamine (DIEA) and catalytic
4-(dimethylamino)pyridine (DMAP) in N,N-dimethylforma-
mide (DMF) or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in
DMF, were also tried, but low yields of the desired product 5
were obtained (Table 1).


Scheme 2. Synthesis of the Boc-(�-pGlu)n-OR homo-oligomers.
a) LiHMDS, dry THF; b) 4 in dry THF; c) H2, 10% Pd, EtOAc;
d) CF3CO2C6F5, pyridine, dry DMF; e) 7 in dry THF; f) 10 in dry THF.


In principle, to synthesize longer homo-oligomers, main-
chain elongation could be performed from the N-terminal
side (path A) or from the C-terminal side (path B)
(Scheme 3). To evaluate these two routes, Boc-(�-pGlu)2-
OBzl (5) was deprotected either at the nitrogen with
trifluoroacetic acid (TFA) in methylene chloride, or at the
carboxyl group by catalytic hydrogenation. Chain elongation
was attempted at both sides, but no trimer was obtained by
reaction of the lithium anion of H-(�-pGlu)2-OBzl with Boc-�-
pGlu-OPfp (4) (path B). In this last case, the starting
materials decomposed and a complex mixture with no trimer
8 was obtained, probably owing to the low stability of the
pseudopeptide ester anion. Therefore, the trimer and the
tetramer were synthesized in good yield following path A.


Solution conformational analysis : Information on the prefer-
red conformation of the �-pGlu homo-oligomers in solution
was obtained in structure-supporting solvents (CDCl3 and
MeOH) by FT-IR absorption, 1H NMR and CD techniques.


Abstract in Italian: Come parte di un programma volto a
utilizzare �-lattami sostituiti come unita¡ di base conformazio-
nalmente ristrette di foldameri pseudopeptidici, abbiamo
sintetizzato, usando metodi in soluzione, gli omo-oligomeri
dell×acido �-piroglutammico fino al tetrametro. Abbiamo
esaminato le loro preferenze conformazionali in solventi
strutturanti con l×impiego dell×assorbimento IR, 1H NMR e
DC. Inoltre, abbiamo determinato mediante diffrazione dei
raggi X la struttura allo stato cristallino del dimero N-protetto.
Basandoci sui parametri cosÏ ottenuti, abbiamo fatto calcoli di
modellistica computazionale DFT. Abbiamo cosÏ potuto
dimostrare che e¡ presente un legame a idrogeno intramoleco-
lare �C�H ¥ ¥ ¥O�C responsabile della stabilizzazione della
conformazione �-pGlu-�-pGlu s-trans di 1.4 kcalmol�1.
Questo effetto, che puo¡ essere facilmente rilevato mediante
analisi 1H NMR a causa degli spostamenti chimici anomali dei
protoni �CH coinvolti nei legami a idrogeno, e¡ stato notato in
tutti gli oligomeri. In conclusione abbiamo messo a punto una
nuova struttura foldamerica poli-immidica che, se funziona-
lizzata in modo appropriato, potra¡ essere utilmente impiegata
come impalcatura rigida per composti con nuove funzioni e
proprieta¡.


Table 1. Reaction conditions and chemical yield for the synthesis of Boc-
(�-pGlu)2-OBzl (5).


Entry Solvent Base (equiv) t [h] T [�C] Yield [%]


1 DMF DBU (3) 2 0�RT 25
2 DMF DIEA (3), DMAP (0.25) 2 0�RT 30
3 THF LiHMDS (1.1) 2 0�RT 70
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Scheme 3. Two possible routes for the chain elongation of Boc-(�-pGlu)2-
OBzl.


Figure 2 illustrates the FT-IR absorption spectra (C�O
stretching region) of the Boc/OBzl-protected pseudopeptide
series up to the tetramer level. A strictly comparable trend
was observed for the C-deprotected series (not shown). From
literature data on imides,[10] and inspection of the spectra in
Figure 2, it was evident that the major contribution to all three
bands in the 1800 ± 1700 cm�1 region was from the carbonyl
stretching absorptions of the -CO-N(CH� )-CO- moiety. In
particular, the intensity of the two bands at lower wave-
numbers increases regularly with oligomer backbone length-
ening. The contribution to the spectra in this region from the
-COOBzl (in the ester series) and -COOH (in the free
carboxylic acid series) groups is expected to be of minor
significance and located near 1740 cm�1 [11] and 1710 cm�1,[10a]


respectively. From this FT-IR absorption analysis, we can
extract the preliminary information that there is no evidence
of any abrupt conformational change in CDCl3 solution as the
pseudopeptide main-chain elongates.


Figure 2. FT-IR absorption spectra in the C�O stretching region of the
Boc-(�-pGlu)n-OBzl (n� 1 ± 4) series in CDCl3 solution (c� 1m�).


In this pseudopeptide (oligoimide) series, the only poten-
tially informative protons for an NMR conformational
analysis are the �CH protons. Table 2 lists the chemical shifts
of the �CH protons for the Boc-(�-pGlu)n-OBzl (n� 1 ± 4)
homo-oligomers. In each compound, an unambiguous assign-
ment was made only for the C-terminal �CH proton, by using


1H,13C heteronuclear multi-bond coherence (HMBC) experi-
ments. It is clear that the chemical shifts of all �CH protons,
except those assigned to the C-terminal residues, cluster in a
region largely downfield relative to common peptide �CH
protons (about �� 4.5 ± 5.0).[12] We have already reported an
analogous downfield shift for the Ala �CH proton of the Boc-
�-Ala-�-pGlu-OBzl dipeptide.[9] We ascribe this unusual shift
to the presence of a �-lactam carbonyl in the vicinity of the
N-terminal and internal �CH protons. This C�H ¥ ¥ ¥O�C
interaction is clearly absent in the case of the C-terminal �CH
proton, which resonates in the expected spectral region. The
observed insensitivity of all downfield �CH protons[12] to the
addition of the strong hydrogen bonding acceptor dimethyl-
sulfoxide[13, 14] (not shown) is consistent with our conforma-
tional conclusions. It is also noteworthy that if the �CH
proton of a given pGlu residue is proximal to the �-lactam
carbonyl of the following pGlu residue, as in our homo-
oligomers, then the exocyclic -CO-N� bond is forced to
adopt the s-trans conformation. This conclusion: i) is not
surprising on energetic grounds as this type of imide
conformation (with one exo- and one endocyclic carbonyl)[15]


allows the two carbonyl oxygens of our system to be located as
far apart as possible, and ii) is indirectly corroborated by the
absence of any significant NOE cross-peak between the �CH
protons of residues n and n�1 in the homo-oligomers, which
would be expected for the s-cis imide conformation. A similar
phenomenon was observed for the oligomers of trans-(4S,5R)-
4-carboxy-5-methyl-oxazolidin-2-one and was attributed to
the deshielding effect of the carbonyls of the adjacent
heterocyclic rings.[2b] The conformational conclusions extract-
ed from this NMR study fit nicely with those obtained from
our FT-IR absorption analysis as discussed above.


The electronic absorption spectra of the imide chromo-
phores of Boc-(�-pGlu)n-OH (n� 1 ± 4) in MeOH solution are
characterized by two moderately intense (�� 4000 ± 2000)
transitions in the 200 ± 250 nm region centered at about 210
and 220 nm (not shown).[16] The related chirospectroscopic
properties are illustrated in Figure 3. While the monomer
exhibits a single, positive band (at 215 nm) above 200 nm, the
CD spectra of the higher oligomers show dicroic doublets of
regularly increasing intensity with increasing backbone
length. In the three spectra, the positive lobe is lower in
intensity than the negative lobe, and the cross-over point is at
223 ± 225 nm. Also, the three curves give rise to a nearly
isodichroic point in the vicinity of 227 nm. The CD spectra of
the four benzyl ester oligomers (not shown) strictly compare
with those reported in Figure 3. As there is no published
systematic investigation of this complex type of imide
chromophore,[16] and in view of the lack of a precise


Table 2. Chemical shifts of the �CH protons of the Boc-(�-pGlu)n-OBzl
homo-oligomers (n� 1 ± 4) in CDCl3 solution (concentration 1m�).


Compound n �CH �CH �CH �CH[a]


2 1 4.57
5 2 5.72 4.89
8 3 5.83 5.74 4.84
11 4 5.87 5.80 5.74 4.83


[a] C-terminal �CH.
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Figure 3. CD spectra of the Boc-(�-pGlu)n-OH (n� 1 ± 4) series in MeOH
solution (c� 1m�).


correlation of the positions of the UVabsorption bands versus
the wavelengths of the positive/negative maxima and cross-
over points in the CD spectra of our homo-oligomers, we
made no attempt to assign the observed Cotton effects to any
specific electronic transition. However, the shape similarity
and the regularly increasing intensity of the CD spectra with
main-chain elongation from dimer to tetramer, point to the
persistence of the same backbone conformation for these
pseudopeptide oligomers in MeOH solution.


Crystal-state conformational analysis : The molecular struc-
ture of Boc-(�-pGlu)2-OH (6) in the crystal structure obtained
by X-ray diffraction analysis is illustrated in Figure 4. The �,�
backbone torsion angles[17] for both residues 1 and 2 [�1�
�58.1(6)�, �1� 146.1(4)� ; �2��83.2(5)�, �2� 166.8(4)�] in-
dicate a partially extended conformation, similar to the type-
II poly(�-Pro)n structure.[18] The � [C(�O)-N� ] torsion angle
is s-cis [1.1(6)�] in the Boc-�-pGlu1 segment, but it is
(distorted) s-trans [�168.2(4)�] in the �-pGlu1-�-pGlu2 seg-
ment. A tertiary urethane, as in the Boc-N� moiety, in the
s-cis conformation is not an uncommon observation.[19] The �-
pGlu1-�-pGlu2 conformation is stabilized by a relatively
strong �C�H ¥ ¥ ¥O�C intramolecular hydrogen bond,[20] gen-
erating a six-membered pseudocyclic form characterized by
the following parameters: C1A ¥ ¥ ¥O2D 2.827(6) ä, H1A ¥ ¥ ¥
O2D 2.30(1) ä, and C1A±H1A ¥ ¥ ¥O2D 113(1)�. The angle
between the normals to the average planes of the two pGlu
units is 56.4(2)�.


The ring of the �-pGlu1 unit adopts a conformation close to
a flattened envelope (E3) disposition, with the C1B atom
mostly displaced out of the ring (below).[21] The puckering
parameters are Q2� 0.156(6) ä and �2� 248(2)�. In contrast,
the ring of the �-pGlu2 unit is characterized by an approx-
imately twist (3T2) conformation with the C2B atom above,
and the C2G atom below the average ring plane. The
puckering parameters are Q2� 0.321(5) ä and �2� 59.4(8)�.


In the crystal, the molecules of the dimer are held together
in rows along the c direction by OT-HT ¥ ¥ ¥O0 (�x� 1³2, �y,


1³2�z) intermolecular hydrogen bonds of normal strength
[OT ¥ ¥ ¥O0 2.708(5) ä, HT ¥ ¥ ¥O0 1.89(1) ä, OT-HT ¥ ¥ ¥O0
178.0(3)�].[22, 23]


DFT Computational modeling : In this section, high-level
DFT computational results for the Boc-(�-pGlu)2-OH dipep-
tide (6) are presented and compared to the experimental data.
In particular, we investigated the occurrence of a non-
conventional, weak C�H ¥ ¥ ¥O�C hydrogen bond interaction,
which has already been recognized as a significant structural
feature in both natural and synthetic molecules.[20]


From the structure obtained by X-ray diffraction (see
above), we derived the starting geometry for the DFT
optimization of 6 (see Experimental Section). The four atoms
involved in the hypothetical �C�H ¥ ¥ ¥O�C hydrogen bond
are C1A, H1A, O2D, and C2D (Figures 4 and 5).


Figure 4. X-ray diffraction structure of Boc-(�-pGlu)2-OH (6) with num-
bering of the atoms. The intramolecular �C�H ¥ ¥ ¥O�C hydrogen bond is
represented by a dashed line.


The optimized H1A�O2D bond length is 2.28 ä, while the
optimized H1A-O2D-C2D bond angle and C1A-H1A-O2D±
C2D dihedral angle are 98.5� and 51.8�, respectively. Table 3
lists the optimized bond lengths, bond angles, and dihedral
angles for 6. A comparison with the data reported in the
literature for related systems[20] confirms that a weak �C�H ¥¥¥
O�C hydrogen bond interaction does exist. Indeed, in those
peptide-like molecular systems that are similar to our
molecule, the mean hydrogen bond length for this kind of
interaction is 2.4 ä, and the bond angle varied from 90 ± 180�.


A conformational analysis was then performed to quanti-
tatively explore the stabilizing effect of the non-covalent
interaction in 6. Therefore, a new conformer 6a, was
optimized by the same DFT procedure, starting from opti-
mized conformer 6 and setting the H1A-C1A-C1-O1 dihedral
angle to an initial value of 0� [in 6, the value for this angle is
�148.9� (Table 3)]. This rotation was performed to fully
break the C1A±H1A ¥ ¥ ¥O2D stabilizing interaction. Con-
former 6a (Table 3), with a final value for the H1A-C1A-C1-
O1 dihedral angle of 11.2�, is stable, that is, it corresponds to a
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minimum on the potential energy surface. Moreover, it was
found to be 4.8 kcalmol�1 higher in energy than 6 (Table 4).


The quantitative estimate of the hydrogen bond contribu-
tion in 6 (as compared to 6a) involved the study of the two
model systems I and II (Figure 6A and B), which allowed a
more accurate determination of the stabilization energy due
to the non-covalent C1A�H1A ¥ ¥ ¥O2D�C2D interaction.
Each of the two models comprises two distinct molecular
units, both with appropriate atomic skeletons to match the


structure of 6, which are placed either at hydrogen bond
distance (I) or at a much longer, non-interacting distance (II)
(actually a H1A ¥ ¥ ¥O2D distance of 10 ä is enough for this
purpose; see the Experimental Section for further details).
Our calculations yield a 1.4 kcalmol�1 stabilization energy
attributable to the C1A�H1A ¥ ¥ ¥O2D�C2D hydrogen bond
(Table 4), which is within the range reported in the literature
for this kind of non-conventional C�H ¥ ¥ ¥O�C interaction
(less than 2.0 kcalmol�1).[20] Consistently, the more stable
conformation contains the hydrogen bond both in the real (6)
and model (I) systems. Nevertheless, additional non-covalent
contributions (e.g., repulsive steric effects involving the Boc
group and other substituents) must be invoked to account for
the higher energy difference (4.8 kcalmol�1) computed be-
tween conformers 6 and 6a.


We also investigated the effect induced by the weak H1A ¥¥¥
O2D interaction on the 1H NMR spectra (Table 5): chemical
shift (�) values for H1A and H2A protons were simulated for
6[24] and compared to those observed (Table 5).


The experimental results show a �� 4.86 chemical shift for
H2A, but also a downfield single-proton �� 5.74 signal,
which may be tentatively assigned to H1A and to the
deshielding effect induced by the H1A ¥ ¥ ¥O2D hydrogen
bond. Simulated values for H1A and H2A chemical shifts
(�� 5.40 and 4.61, respectively) are in good agreement with
the experimental data, as the small chemical shift differences
may be ascribed to the approximate method used for the
calculations. However, the correlation between theoretical
and experimental values is not sufficient to assign the non-


Table 3. Geometrical parameters calculated for conformers 6 and 6a of
Boc-(�-pGlu)2-OH.


Boc-(�-pGlu)2-OH (6) Boc-(�-pGlu)2-OH (6a)


bond lengths [ä]
H1A±O2D 2.28 4.13
H1A±C1A 1.09 1.09
C1A±C1 1.53 1.54
C1 ±O1 1.22 1.22
C1 ±N2 1.41 1.41
N2 ±C2A 1.46 1.47
N2 ±C2D 1.41 1.41
C2D±O2D 1.22 1.21
bond angles [�]
H1A-O2D-C2D 98.5 83.8
C1A-H1A-O2D 112.4 3.1
C1A-C1-N2 118.3 122.5
C2A-N2-C2D 112.5 112.4
N2-C2D-O2D 126.1 126.1
dihedral angles [�]
C1A-H1A-O2D-C2D 51.8 � 121.4
H1A-C1A-C1-O1 � 148.9 11.2


Figure 5. DFT optimized structures of the conformers 6 and 6a of Boc-(�-pGlu)2-OH with partial numbering of the atoms. The two conformers differ by a
rotation about the C1A�C1 bond.


Table 4. Calculated energies for conformers 6 and 6a of Boc-(�-pGlu)2-
OH and molecular models I and II.


Molecule Eabs [Hartree] Erel [kcalmol�1]


6 � 1291.78461 0.00
6a � 1219.77703 � 4.76
I � 1122.47107 0.00
II � 1122.46881 � 1.42


Table 5. Calculated and experimental chemical shifts (�) for the H1A and
H2A protons of conformers 6 and 6a of Boc-(�-pGlu)2-OH.


Proton Calculated (6)
[ppm]


Experimental (6)
[ppm]


Calculated (6a)
[ppm]


H1A 5.40 5.74 4.61
H2A 4.61 4.86 4.60
�� 0.79 0.88 0.01
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covalent H1A ¥ ¥ ¥O2D interac-
tion as the cause for the ob-
served anomalous H1A chem-
ical shift. Therefore, chemical
shift simulations were also per-
formed in parallel, for the H1A
and H2A protons of conformer
6a, which are not involved in
hydrogen bond interactions. In-
deed, in this case, the computed
chemical shifts for H1A and
H2A are �� 4.61 and 4.60,
respectively (Table 5). Interest-
ingly, the computed value for
H1A is very different from that
experimentally determined. In
conclusion, it is now possible to
ascribe the anomalous down-
field chemical shift computed
and observed for H1A in Boc-
(�-pGlu)2-OH (6) to the non-
covalent H1A ¥ ¥ ¥O2D interac-
tion. Finally, the coupling con-
stants (3JHH) for H1A and H2A
were simulated by using the
procedure introduced by Bag-
no.[24] Table 6 reports the results
of these calculations, which are
in excellent agreement with the
experimentally detected values.
Figure 7 shows a 1H NMR spec-
tral simulation for the observed
and computed chemical shifts
and coupling constants of the
H1A and H2A protons.


Conclusion


Oligomeric compounds that
fold into a predictable, stable
and well-defined three-dimen-
sional structure can be exploit-
ed as rigid and easily tunable
molecular rulers or templates,
and help us to learn about
energy/electron transfer mech-
anisms, self-organizing phe-
nomena, and catalytic pro-
cesses.


In this work we designed,
synthesized, and assessed the
preferred conformation in solu-
tion and in the crystal state of
a new pseudopeptide foldamer-
ic series based on �-pGlu, which is characterized by a unique,
extended conformation stabilized by �C�H ¥ ¥ ¥O�C intra-
molecular hydrogen bonds. High-level DFT computational
modeling confirmed that this hydrogen bond between H1A


and O2D does exist and is responsible for a stabilization of the
s-trans �-pGlu-�-pGlu conformation of about 1.4 kcalmol�1.
Furthermore, we demonstrated that this effect can be easily
detected by 1H NMR spectroscopy, owing to the anomalous


Figure 6. DFT optimized structures of molecular models I (A) and II (B), which were used to estimate the
stabilization energy due to the �C�H ¥ ¥ ¥O�C hydrogen bond interaction.


Figure 7. Simulated 1H NMR spectra for the calculated (top) and observed (bottom) chemical shifts (�) and
coupling constants (3JHH) of the H1A and H2A protons of Boc-(�-pGlu)2-OH (6) (NMR frequency, 300 MHz;
linewidth, 0.5 Hz).
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downfield chemical shift of the H1A proton, induced by the
deshielding effect of the hydrogen bond. Therefore, from
inspection of the 1H NMR spectra of the higher (�-pGlu)n
homo-oligomers, which all show n� 1 deshielded signals, we
can safely conclude that all �-pGlu-�-pGlu bonds are exclu-
sively in the s-trans conformation.


We have constructed a computer model, using the WebLab
Viewer Pro 3.7 program from Molecular Simulations, of the
(�-pGlu)n (n� 4) structure based on the �1, �1, and �2 torsion
angles of the rigid central part of the �-pGlu1-�-pGlu2 system
of Boc-(�-pGlu)2-OH. This new foldameric structure is
compared in Figure 8 with that of four residues of the type-
II poly-(�-Pro)n helix (���78�, �� 149�, �� 180�).[18] Both
are left-handed, elongated ternary helices with an �C1 ¥ ¥ ¥�C4


distance (pitch) of 9.3 ± 9.4 ä. Obviously, the stabilizing


Figure 8. Computer models of: a) The ternary helical structure of the
pseudopeptide (�-pGlu)4 segment generated by the repeating �1,�1, and �2


backbone torsion angles of Boc-(�-pGlu)2-OH. b) A (�-Pro)4 segment of
the type-II poly-�-(Pro)n ternary helix.[18]


�C�H ¥ ¥ ¥O�C intramolecular hydrogen bond characteristic of
the (�-pGlu)n helix is absent in the type-II poly-(�-Pro)n helix.
We might anticipate that for this reason, and for the stable
disposition of the two carbonyl groups of each imide system,
the (�-pGlu)n polymer would not exhibit an s-cis � s-trans
dynamic equilibrium as observed for the related (�-Pro)n
polymer.[18] As this phenomenon, particularly significant in
short homo-oligomers,[25] is responsible for the onset of
multiple, coexisting conformers, it is clear that the (�-Pro)n
oligopeptides cannot be safely exploited as spacers or


templates with well-predetermined separations. Conversely,
the rigid (�-pGlu)n homo-oligomeric system, if appropriately
functionalized in the �-lactam moiety, may represent an
extremely useful tool for future detailed studies at the
molecular level within the interface between chemistry and
biology. In addition, the ternary nature of (�-pGlu)n helices
will facilitate the construction of multiphilic systems with
faces of different polarities. It is evident that, before
conducting application studies in aqueous solutions, one
should ascertain the stability of the water-soluble analogues
of these polyimide systems as a function of pH with respect to
both solvolysis and epimerization, including an estimation of
the pKa of the �CH proton involved in the intramolecular
hydrogen bonding.


Experimental Section


Synthesis and characterization : Materials and reagents were of the highest
commercially available grade and used without further purification.
Reactions were monitored by thin-layer chromatography using Merck
silica gel 60 F254-covered plastic plates. Compounds were visualized under
a UV lamp or by staining with ceric ammonium molybdate (CAM). Flash
chromatography was performed using a Merck silica gel 60 (230 ±
400 mesh). 1H and 13C NMR spectra were recorded on a Varian
Gemini 200, a Varian Gemini 300, or a Varian Mercury 400 spectrometer.
Chemical shifts are reported as � values relative to the solvent peak of
CHCl3 (�� 7.27). IR absorption spectra were recorded with a Nicolet 210
FT-IR spectrophotometer. Melting points were determined in open
capillaries and are uncorrected.


H-(�-pGlu)-OBzl (1): Benzyl bromide (20 mL, 170 mmol) was added
dropwise to a stirred solution of H-�-pGlu-OH (20 g, 155 mmol) and
triethylamine (TEA) (43 mL, 310 mmol) in acetone (100 mL). The mixture
was stirred at room temperature for 24 h, affording a white solid
precipitate. Water was added, and acetone was removed and replaced
with ethyl acetate (EtOAc). The organic layer was separated, dried over
Na2SO4 and concentrated. Flash chromatography (cyclohexane/EtOAc
7:3) gave pure 1 (30 g, 88%). All analytical data were in agreement with
those reported in the literature.[6]


Boc-�-pGlu-OBzl (2): A solution of 1 (10 g, 46 mmol), DIEA (8.7 mL,
50.6 mmol), di-tert-butyldicarbonate (Boc2O) (21.2 g, 92 mmol), and
DMAP (5.5 g, 46 mmol) was stirred in dry DMF (8 mL) under nitrogen
at room temperature for 3 h. Then, EtOAc was added (100 mL), and the
mixture was washed with 0.1� HCl (2� 50 mL) and 0.1� NaHCO3 (2�
50 mL). The organic layer was separated, dried over Na2SO4 and
concentrated in vacuo. Flash chromatography (cyclohexane/EtOAc 7:3)
afforded pure 2 (13.2 g, 90%). All analytical data were in agreement with
those reported in the literature.[7]


Boc-�-pGlu-OH (3): 10% Pd/C on charcoal (1.3 g) was added to a solution
of 2 (12.8 g, 40 mmol) in EtOAc (10 mL), and the mixture was stirred in a
Parr hydrogenator under hydrogen (3 atm) for 1 h. The catalyst was then
filtered through a Celite pad, and the mixture was concentrated. Acid 3
(9.0 g, 98%) was used in the next step without any further purification. M.p.
77 ± 80 �C; [�]20D ��33.5 (c� 0.5 in CH2Cl2); 1H NMR (300 MHz, CDCl3):
�� 1.49 (s, 9H; tBu), 2.05 ± 2.71 (m, 4H; CH2�CH2), 4.65 (dd, 3J(H,H)�
2.7 Hz, 3J(H,H)� 9.3 Hz, 1H; CHN), 9.03 (br s, 1H; COOH); 13C NMR
(75 MHz, CDCl3): �� 21.4, 27.8, 31.2, 58.7, 83.9, 149.2, 173.6, 175.7; IR
(CH2Cl2): �� � 1790, 1750, 1715 cm�1 (C�O); elemental analysis calcd (%)
for C10H15NO5 (229.1): C 52.40, H 6.60, N 6.11; found: C 52.45, H 6.56, N
6.14.


Boc-�-pGlu-OPfp (4): Pyridine (0.3 mL, 3.8 mmol) and then pentafluoro-
phenyl trifluoroacetate (0.65 mL, 3.8 mmol) were added to a stirred
solution of 3 (0.72 g, 3.4 mmol) in dry DMF (2 mL). The reaction was
stirred for 45 min at room temperature and then diluted with EtOAc
(50 mL), washed with 0.1� aqueous HCl (2� 30 mL) and 5% aqueous
NaHCO3 (1� 30 mL), dried over Na2SO4 and concentrated in vacuo. The
pentafluorophenyl ester 4 (1.24 g) was obtained in quantitative yield, but it


Table 6. Calculated and experimental coupling constants (3JHH) for the
H1A and H2A protons of Boc-(�-pGlu)2-OH (6).


Proton Calculated [Hz] Experimental [Hz]


H1A 8.8 9.6
0.7 2.4


H2A 8.9 9.2
0.4 2.0
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could not be completely purified by silica gel chromatography. 1H NMR
(300 MHz, CDCl3): �� 1.51 (s, 9H; tBu), 2.11 ± 2.18 (m, 1H; CHH), 2.45 ±
2.80 (m, 3H; CHH-CH2), 4.95 (dd, 3J(H,H)� 3.0 Hz, 3J(H,H)� 9.3 Hz,
1H; CHN).


Boc-(�-pGlu)2-OBzl (5): LiHMDS (1.2 mL, 1� in THF, 1.2 mmol) was
added to a solution of H-�-pGlu-OBzl (1) (0.37 g, 1.15 mmol) in dry THF
(8 mL) at room temperature under an inert atmosphere. The mixture was
stirred for 30 min, then Boc-�-pGlu-OPfp (4) (0.5 g, 1.26 mmol) in dry THF
was added at 0 �C, and the mixture was stirred for an additional hour at
room temperature under an inert atmosphere. THF was removed in vacuo
and replaced with EtOAc (50 mL). The organic layer was washed with a
saturated NH4Cl aqueous solution (2� 30 mL), dried and concentrated in
vacuo. Flash chromatography (cyclohexane/EtOAc 7:3) gave dimer 5
(0.34 g, 70%). M.p. 68 ± 70 �C; [�]20D ��86.6 (c� 0.5 in CH2Cl2); 1H NMR
(400 MHz, CDCl3): �� 1.36 (s, 9H; tBu), 1.85 ± 1.98 (m, 1H; CHH), 2.09 ±
2.18 (m, 1H; CHH), 2.25 ± 2.48 (m, 4H; 2�CH2), 2.55 ± 2.73 (m, 2H; CH2),
4.87 (dd, 3J(H,H)� 2.4 Hz, 3J(H,H)� 9.6 Hz, 1H; CHN), 5.09 (d,
2J(H,H)� 12.9 Hz, 1H; CHH�Ph), 5.25 (d, 2J(H,H)� 12.9 Hz, 1H;
CHH�Ph), 7.18 ± 7.23 (m, 5H; Ph); 13C NMR (100 MHz, CDCl3): �� 20.7,
21.6, 27.8, 30.7, 31.5, 57.6, 59.4, 67.7, 83.4, 128.3, 128.7, 128.8, 134.7, 149.8,
170.4, 171.5, 173.4, 174.4; IR (Nujol): �� � 1780, 1739, 1703 cm�1 (C�O);
elemental analysis calcd (%) for C22H26N2O7 (430.2): C 61.39, H 6.09, N
6.51; found: C 61.35, H 6.13, N 6.47.


Boc-(�-pGlu)2-OH (6): The title compound was obtained from 5 in 97%
yield, by application of the synthetic procedure used above for the
preparation of Boc-�-pGlu-OH (3). M.p. 84 ± 87 �C; [�]20D ��91.6 (c� 1.0
in CH2Cl2); 1H NMR (400 MHz, CDCl3): �� 1.50 (s, 9H; tBu), 2.02 ± 2.15
(m, 1H; CHH), 2.20 ± 2.75 (m, 7H; CHH, 3�CH2), 4.86 (dd, 3J(H,H)�
2.0 Hz, 3J(H,H)� 9.2 Hz, 1H; CHN), 5.74 (dd, 3J(H,H)� 2.4 Hz,
3J(H,H)� 9.6 Hz, 1H; CHN); 13C NMR (50 MHz, CDCl3): �� 20.8, 21.6,
27.8, 30.9, 31.5, 57.5, 59.8, 83.8, 149.5, 171.4, 173.5, 174.7; IR (Nujol): �� �
1792, 1746, 1686 cm�1 (C�O); elemental analysis calcd (%) for C15H20N2O7


(430.2): C 52.94, H 5.92, N 8.23; found: C 52.98, H 5.96, N 8.24.


Boc-(�-pGlu)2-OPfp (7): The title compound was obtained from 6 in 95%
yield, by application of the synthetic procedure used above for the
preparation of Boc-�-pGlu-OPfp (4). 1H NMR (200 MHz, CDCl3): �� 1.48
(s, 9H; tBu), 1.93 ± 2.16 (m, 1H; CHH), 2.35 ± 2.91 (m, 7H; CHH � 3�
CH2), 5.19 (dd, 3J(H,H)� 2.8 Hz, 3J(H,H)� 9.2 Hz, 1H; CHN), 5.77 (dd,
3J(H,H)� 2.0 Hz, 3J(H,H)� 9.2 Hz, 1H; CHN).


Boc-(�-pGlu)3-OBzl (8): The title compound was obtained from the lithium
anion of 1 and 7 in 61% yield, by application of the synthetic procedure
used above for the preparation of Boc-(�-pGlu)2-OBzl (5). M.p. 77 ± 80 �C;
[�]20D ��146.6 (c� 1.0 in CH2Cl2); 1H NMR (400 MHz, CDCl3): �� 1.37 (s,
9H; tBu), 1.85 ± 2.11 (m, 4H; 2�CH2), 2.25 ± 2.62 (m, 8H; 4�CH2), 4.84
(dd, 3J(H,H)� 2.4 Hz, 3J(H,H)� 9.6 Hz, 1H; CHN), 5.09 (d, 2J(H,H)�
12.3 Hz; CHH�Ph), 5.28 (d, 2J(H,H)� 12.3 Hz; CHH�Ph), 5.64 (dd,
3J(H,H)� 2.4 Hz, 3J(H,H)� 8.8 Hz, 1H; CHN), 5.74 (dd, 3J(H,H)�
2.8 Hz, 3J(H,H)� 8.0 Hz, 1H; CHN); 13C NMR (100 MHz, CDCl3): ��
20.8, 20.9, 21.6, 27.8, 30.9, 31.1, 31.4, 57.6, 58.6, 59.5, 67.7, 83.3, 128.4, 128.7,
128.8, 134.7, 149.6, 170.4, 170.7, 171.7, 173.7, 174.5, 175.1; IR (CH2Cl2): �� �
1787, 1749, 1703 cm�1 (C�O); elemental analysis calcd (%) for C27H31N3O9


(541.2): C 59.88, H 5.77, N 7.76; found: C 59.85, H 5.81, N 7.80.


Boc-(�-pGlu)3-OH (9): The title compound was obtained from 8 in 92%
yield, by application of the synthetic procedure used above for the
preparation of Boc-�-pGlu-OH (3). M.p. 94 ± 97 �C; [�]20D ��136.8 (c� 0.4
in CH2Cl2); 1H NMR (200 MHz, CDCl3): �� 1.46 (s, 9H; tBu), 2.02 ± 2.92
(m, 12H; 6�CH2), 4.81 (dd, 3J(H,H)� 2.6 Hz, 3J(H,H)� 9.2 Hz, 1H;
CHN), 5.75 (dd, 3J(H,H)� 2.2 Hz, 3J(H,H)� 9.2 Hz, 1H; CHN), 5.85 (dd,
3J(H,H)� 1.8 Hz, 3J(H,H)� 8.8 Hz, 1H; CHN); 13C NMR (50 MHz,
CDCl3): �� 20.8, 21.0, 21.7, 27.9, 30.1, 31.2, 31.5, 57.4, 58.7, 59.7, 83.6,
149.4, 170.6, 171.5, 173.5, 174.4, 174.7, 175.2; IR (CH2Cl2): �� � 3684 (OH),
1787, 1752, 1703 cm�1 (C�O); elemental analysis calcd (%) for C20H25N3O9


(451.2): C 53.21, H 5.58, N 9.31; found: C 53.26, H 5.55, N 9.35.


Boc-(�-pGlu)3-OPfp (10): The title compound was obtained from 9 in 95%
yield, by application of the synthetic procedure used above for the
preparation of Boc-�-pGlu-OPfp (4). 1H NMR (200 MHz, CDCl3): �� 1.42
(s, 9H; tBu), 2.05 ± 2.22 (m, 2H; CH2), 2.30 ± 2.88 (m, 10H; 5�CH2), 5.12
(dd, 3J(H,H)� 2.8 Hz, 3J(H,H)� 9.0 Hz, 1H; CHN), 5.75 (dd, 3J(H,H)�
1.8 Hz, 3J(H,H)� 8.8 Hz, 1H; CHN), 5.85 (m, 3J(H,H)� 1.8 Hz, 3J(H,H)�
8.8 Hz, 1H; CHN).


Boc-(�-pGlu)4-OBzl (11): The title compound was obtained from the
lithium anion of 1 and 10 in 48% yield, by application of the synthetic
procedure used above for the preparation of Boc-(�-pGlu)2-OBzl (5). M.p.
92 ± 95 �C; [�]20D ��166.8 (c� 0.2 in CH2Cl2); 1H NMR (300 MHz, CDCl3):
�� 1.45 (s, 9H; tBu), 1.98 ± 2.68 (m, 16H; 8�CH2), 4.81 (dd, 3J(H,H)�
2.1 Hz, 3J(H,H)� 9.3 Hz, 1H; CHN), 5.06 (d, 2J(H,H)� 12.0 Hz, 1H;
OCHH�Ph), 5.26 (d, 2J(H,H)� 12.0 Hz, 1H; OCHH�Ph), 5.71 (dd,
3J(H,H)� 2.7 Hz, 3J(H,H)� 9.6 Hz, 1H; CHN), 5.77 (dd, 3J(H,H)�
1.5 Hz, 3J(H,H)� 9.6 Hz, 1H; CHN), 5.84 (dd, 3J(H,H)� 1.8 Hz,
3J(H,H)� 9.3 Hz, 1H; CHN), 7.25 ± 7.40 (m, 5H; Ph); 13C NMR
(75 MHz, CDCl3): �� 20.8, 21.0, 21.6, 27.9, 30.8, 31.0, 31.2, 31.4, 57.6, 58.7,
59.5, 67.7, 83.3, 128.3, 128.6, 128.7, 134.6, 149.5, 170.3, 170.5, 170.6, 171.5,
173.6, 174.3, 175.1; IR (CH2Cl2): �� � 1790, 1749, 1707 cm�1 (C�O);
elemental analysis calcd (%) for C32H36N4O11 (652.7): C 58.89, H 5.56, N
8.58; found: C 58.96, H 5.61, N 8.61.


Boc-(�-pGlu)4-OH (12): The title compound was obtained from 11 in 92%
yield, by application of the synthetic procedure used above for the
preparation of Boc-�-pGlu-OH (3). M.p. 151 ± 154 �C; [�]20D ��179.2 (c�
0.7 in CH2Cl2); 1H NMR (300 MHz, CDCl3): �� 1.43 (s, 9H; tBu), 1.98 ±
2.72 (m, 16H; 8�CH2), 4.76 (dd, 3J(H,H)� 2.0 Hz, 3J(H,H)� 9.5 Hz, 1H;
CHN), 5.70 (dd, 3J(H,H)� 1.8 Hz, 3J(H,H)� 8.7 Hz, 1H; CHN), 5.79 (dd,
3J(H,H)� 1.5 Hz, 3J(H,H)� 9.0 Hz, 1H; CHN), 5.83 (dd, 3J(H,H)� 1.5 Hz,
3J(H,H)� 9.0 Hz, 1H; CHN); 13C NMR (75 MHz, CDCl3): �� 20.7, 21.1,
21.7, 27.9, 30.8, 31.2, 31.5, 57.4, 58.8, 58.9, 59.7, 83.7, 149.5, 170.5, 170.6, 171.5,
173.5, 174.5, 174.6, 175.3, 175.4; IR (CH2Cl2): �� � 3687 (OH), 1791, 1752,
1703 cm�1 (C�O); elemental analysis calcd (%) for C25H30N4O11 (562.2): C
53.38, H 5.38, N 9.96; found: C 53.35, H 5.33, N 9.91.


FT-IR absorption : FT-IR absorption spectra were recorded with a Perkin ±
Elmer 1720X spectrophotometer, nitrogen flushed, equipped with a
sample-shuttle device, at 2 cm�1 nominal resolution, averaging 100 scans.
Solvent (baseline) spectra were recorded under the same conditions. Cells
with path lengths of 0.1, 1.0, and 10 mm (with CaF2 windows) were used.
Spectrograde CDCl3 (99.8% 2H) was purchased from Fluka.
1H NMR spectroscopy: 1H NMR spectra were recorded with a Bruker
AM 400 spectrometer. Measurements were carried in deuterochloroform
(99.8% 2H from Aldrich) and deuterated dimethylsulfoxide (99.96% D6


from Acros Organics) using tetramethylsilane as the internal standard.


CD spectroscopy: The CD spectra were obtained on a Jasco J-710 spec-
tropolarimeter. Cylindrical fused quartz cells of 10, 1, 0.2, and 0.1 mm path
length (Hellma) were used. The values are expressed in terms of [	]T, the
total molar ellipticity (degcm2dmol�1). Spectrograde MeOH (Baker) was
used as solvent.


X-ray diffraction : Crystals of Boc-(�-pGlu)2-OH (6) were grown by vapor
diffusion from EtOAc/petroleum ether. Diffraction data were collected on
a Philips PW 1100 diffractometer. Crystal data and refinement parameters
are summarized in Table 7. The structure was solved by direct methods
using the SHELXS 97 program.[26a] Refinement was carried out on F 2 by
full-matrix block least-squares, using all data, by application of the
SHELXL 97 program,[26b] with all non-hydrogen atoms anisotropic, and
allowing their positional parameters and anisotropic displacement param-
eters to refine at alternate cycles. The position of the hydrogen atom of the
C-terminal -COOH group was recovered from a difference Fourier map,
while the remaining hydrogen atoms were calculated at idealized positions.
All hydrogen atoms were refined as riding on their carrying atom with Uiso


set equal to 1.2 (or 1.5 for the -COOH and methyl groups) times the Ueq of
the parent atom.


CCDC-172246 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).


Computational details : All calculations were carried out using the tools
available in the Gaussian 98[27] package on a SGI Origin 3800 multi-
processor system, using the DFT B3LYP functional (i.e., Becke×s three
parameter hybrid functional with the Lee ±Yang ±Parr correlation func-
tional).[28] For the determination of �C�H ¥ ¥ ¥O�C hydrogen bonds, a mixed
basis set was used: a 6-31�G(d) basis set for the C1A, H1A, O2D, and C2D
atoms, and a 6-31G(d) for all other atoms of Boc-(�-pGlu)2-OH (6). Since
the O2D lone-pairs strongly interact with H1A, the use of diffuse functions
on heavy atoms is fundamental.[29]
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From the structure obtained by X-ray diffraction (Figure 4 and Table 7) we
derived the geometry for the DFT optimization. The starting geometry
used for 6a optimization was obtained by rotating the optimized dimer
system (6) about the C1A�C1 bond (until the two atoms H1A and O1 were
eclipsed). This choice follows from the fact that C1A�C1 is a true single
bond, whilst the C1�N2 bond has a partial double bond character (see bond
lengths reported in Table 3).


Molecular models I and II (Figure 6A and B, respectively) have been used
to estimate the stabilization energy due to the �C�H ¥ ¥ ¥O�C hydrogen
bond interaction. These systems are composed of two separated fragments:
The first fragment contains only the H1A�C1A bond, while the C2D�O2D
bond belongs to the second fragment. In model I, the H1A ¥ ¥ ¥O2D
hydrogen bond length was kept frozen at 2.28 ä, and the bond angle
H1A ¥ ¥ ¥O2D�C2D at 98.5� (this was done to match the values optimized in
6). Values of 10.00 ä and 98.5� were fixed in model II for H1A ¥ ¥ ¥O2D and
H1A ¥ ¥ ¥O2D�C2D, respectively. All of the other variables were left free to
relax in both models I and II. Chemical shift simulation was performed by
using the standard tool available in the Gaussian 98 package.[30] A standard
6-31G(d) basis set was used for all the atoms. The computed data do not
directly yield the chemical shift value, but only a value for the isotropic
magnetic tensor. The chemical shift value is obtained from Equation (1):


�H� 32.18� �H (1)


in which 32.18 is the calculated isotropic magnetic tensor for the protons in
tetramethylsilane, and �H is the calculated isotropic magnetic tensor for the
investigated proton. The coupling constants (3JHH) for H1A and H2Awere
also computed according to the procedure suggested by Bagno.[24] The
value of 3JHH was calculated using Equation (2):


3JHH� 75740.19�BFC (2)


in which BFC is the Fermi contact term, and 75740.19 is a constant for
H ±H coupling.


1H NMR spectra for H1A and H2A were simulated using the Mest-
Re-C 2.3a program.[31]
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An Unusual (10,3)-a Racemic Twofold Interpenetrating Network
Assembled from Isolable Tris(cyclopentadienyl)manganate and Cesocene
Building Blocks


Sohrab Kheradmandan,[a] Helmut W. Schmalle,[a] Heiko Jacobsen,[a] Olivier Blacque,[a]
Thomas Fox,[a] Heinz Berke,*[a] Mathias Gross,[b] and Silvio Decurtins[b]


Abstract: The syntheses and X-ray crys-
tal structures of [([18]crown-6)2Cs]�-
[Cp3Mn]� (1), [([18]crown-6)2Cs]�-
[Cp�3Mn]� (2), [CsCp�] (3), [(CsCp�)2-
([18]crown-6)] (4), and Cs[MnCp3] (5),
and the synthesis of Cs[MnCp�3] (6) are
reported (Cp��C5H4Me). The anions
[Cp3Mn]� (1�) and [Cp�3Mn]� (2�) are
characterized by �2 coordination of all
three Cp or Cp� rings. Measurements of
the magnetic susceptibilities �M resulted


in values of �eff � 6.20�B (300 K), �eff�
6.33�B (301 K), and �eff� 5.83 �B (300 K)
for 1, 2, and 5, respectively, which are
indicative of high-spin d5-Mn2� centers.
Density functional calculations illustrate
that the coordination mode of 1� is


characteristic for its sextet electronic
ground state. Compound 3 forms infin-
ite chains of cesocene-type sandwiches
in the solid state, which are broken up
into small subunits by the addition of
crown ether to form 4. Compound 5 is a
rare example of a (10,3)-a racemic inter-
penetrating network that crystallizes in
the orthorhombic space group Pbca.


Keywords: coordination modes ¥
density functional calculations ¥
magnetic properties ¥metallocenes


Introduction


The first members of the manganocene family, bis(cyclopen-
tadienyl)manganese, [MnCp2], and bis(methylcyclopentadie-
nyl)manganese, [MnCp�2] , have been known for more than 45
years.[1] Their electronic properties, especially their high-spin/
low-spin transition, have attracted a great deal of attention in
the literature, and have been extensively studied by a wide
variety of techniques, including photoelectron (PE),[2]


EPR,[3, 4] and NMR spectroscopy,[3, 5] magnetic measurements
in solution,[3] as well as X-ray structure analysis,[6] and electron
diffraction.[7] Of all the metallocenes of the 3d elements,
manganocenes possess the longest M�C distances. These
complexes undergo facile ring-exchange reactions; a charac-
teristic feature of ionic cyclopentadienyl complexes,[8] which


allows a variety of substitutions of the Cp ligand by two-
electron donors such as CO[9] or P(OR)3.[10] Based on the
easily performed Cp-substitution and adduct-formation
reactions of manganocene derivatives, our synthetic efforts
in the development of maganacumulenes with unusual
magnetic and electronic properties[11] utilize derivatives such
as [Cp�2Mn(dmpe)] (dmpe� 1,2-bis(dimethylphosphanyl)-
ethane)[12] or [Cp�(dmpe)MnI] (Cp��MeC5H4).[13]


Recently, we have found that manganocene complexes are
able to add another Cp ligand,[14] which leads to the formation
of the tris(cyclopentadienyl)manganate anion [Cp3Mn]� . The
structural motif ��MCp3�� is well established in main-group
chemistry with a variety of different coordination geome-
tries,[15] but only a few examples exist in transition-metal
chemistry.[16] The tris(�2-cyclopentadienyl)manganate(��)
anion [Cp3Mn]� can thus be understood as the missing link
in the series Cp3Ti, Cp3V, [Cp3Mn]� , which is characterized by
a low electron count in conjunction with a low degree of
hapticity.


We then set out to devise a rational synthesis for the
previously unknown species tris(cyclopentadienyl)manga-
nate. Since exploratory investigations showed that smaller
cations such as Na� did not allow the formation of the
[Cp3Mn]� ion, it was assumed that for the stabilization of
tris(cyclopentadienyl)manganate complexes, the presence of
a large and presumably less coordinating cation is essential.
The [Cp3Mn]� and [Cp�Mn]� ions could, ultimately, be
isolated and characterized as their cesium salts in the presence


[a] Prof. Dr. H. Berke, Dr. S. Kheradmandan, Dr. H. W. Schmalle,
Dr. H. Jacobsen, Dr. O. Blacque, Dr. T. Fox
Anorganisch-Chemisches Institut der Universit‰t Z¸rich
Winterthurerstrasse 190, 8057 Z¸rich (Switzerland)
Fax: (�41)1-635-6802


[b] Dr. M. Gross, Prof. Dr. S. Decurtins
Departement f¸r Chemie und Biochemie, Universit‰t Bern
Freiestrasse 3, 3012 Bern (Switzerland)


Supporting information for this article is available on the WWW under
http://wiley-vch.de/home/chemistry/ or from the author. This includes
optimized geometries, spin densities, and bonding energies, additional
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of [18]crown-6: [([18]crown-6)2Cs]�[Cp3Mn]� (1) and
[([18]crown-6)2Cs]�[Cp�Mn]� (2). In this work, we report the
syntheses and properties of the first paramagnetic high-spin
complexes of the tris(cyclopentadienyl)manganate family. We
describe the molecular geometry of the anions [Cp3Mn]� (1�)
and [Cp�3Mn]� (2�), and present the results of density
functional calculations on the anionic systems in various spin
states.


During the course of our studies, we further isolated and
characterized the compounds [CsCp�] (3) and
[(CsCp�)2([18]crown-6)] (4). Both represent examples of the
most simple metallocene-sandwich complexes, a class of
compounds for which structural properties,[17] as well as
chemical bonding,[18] are still being investigated. Finally, we
discuss the structure of Cs[MnCp3] (5), a compound that also
contains triangular CpMn units, but forms a three-dimen-
sional, racemic interpenetrating network.[19, 20]


Results and Discussion


Syntheses : The first attempts to prepare the anion [Cp�3Mn]�


(2� ; Cp��MeC5H4) with Cs� as counterion in a stoichiometric
one-pot reaction directly from Cs, MnI2, and Cp� proved to be
unsuccessful. The reaction of three equivalents of methylcy-
clopentadienyl with four equivalents of cesium and one
equivalent of manganese(��) iodide resulted in the polymeric
compound [Cp�Cs]� (3), which is light pink in color and is
comparable in many chemical respects to the related com-
pound [CpCs]� (Scheme 1).[21a] Here, excess cesium reduces


Scheme 1.


MnI2 to give elemental manganese. The polymeric structure
of 3 can be broken up upon addition of [18]crown-6 in THF;
this leads to the formation of [(Cs Cp�)2([18]crown-6)] (4 ;
Scheme 1). Such motifs can indeed be entirely broken up, as
demonstrated for [CsCp([18]crown-6)].[21b]


[Cp�Cs]� or [Cp�Cs], prepared in situ, react with one
equivalent of [Cp�2Mn] in THF to form the light pink, high-
spin complex Cs[Cp�3Mn] (6 ; Scheme 1). In the same fashion,
Cs[Cp3Mn] (5) is accessible from [CpCs] and [Cp2Mn]. It was
not possible to specifically synthesize mixed-ligand com-
plexes, such as Cs[Cp2Cp�Mn] or Cs[CpCp�2Mn], starting from


[CsCp�] and [MnCp2], or from [CsCp] and [MnCp�2] , respec-
tively. In each case, we found complex product mixtures
containing all possible combinations of [MnCpnCp�3�n]�


species (n� 1,2), indicating the possibility of intermolecular
exchanges of the Cp moieties. This may be due to the
relatively small size of the 3d element manganese, since in the
lanthanide series of larger elements the existence and
isolation of mixed tricyclopentadienyl complexes is well
established.[22] Furthermore, the reaction between [MnCp*3 ]
(Cp*� pentamethylcyclopentadienyl) and one equivalent of
the [CsCp], [CsCp�], or [CsCp*] compounds did not provide
access to complexes of the kind Cs[Mn(Cp*2 �L), L�Cp, Cp�,
Cp*. We believe that the steric requirements of the bulky Cp*
ligand are prohibitive to the formation of such compounds.
Lastly, we should mention that the reactions between [CsCp*]
and [MnCp2] or [MnCp�2] are not suitable for the synthesis of
mixed-ligand complexes. In the latter case, a ring-exchange
reaction was observed instead, resulting in [CsCp�] and
[MnCp*2 ], whereas in the former case, not only [MnCp*2 ]
was obtained, but also traces of 5. The [MnCp*2 ] was identified
by 1H NMR spectroscopy, showing a broad resonance at ��
3.3 in C6D6 at room temperature.[23]


Since the light pink salts 5 and 6 show very low, or no
solubility at all in THF or more polar solvents, we tried to
exchange Cs� with other large cations, such as [NBu4]� or
[PPh4]� . The failure of such cation-exchange reactions led us
to speculate that 5 and 6 form network structures in the solid
state. An X-ray crystal structure analysis of 5 later confirmed
our assumption, and, as we shall see later, it revealed unique
structural properties. Only after the addition of the cyclic
ether [18]crown-6 was it possible to obtain the compounds 1
and 2, which were soluble in THF.


NMR properties : The complexes 1, 2, and 5 gave rise to 1H-
NMR spectra; however, owing to the paramagnetic nature of
the compounds, the resonances for the protons of the Cp or
Cp� units were broad and, as determined for 1 and 2,
temperature-dependent. The rather simple observed reso-
nance patterns of the Cp and Cp� protons indicate dynamic
behavior of the five-membered rings under the respective
solvent and temperature conditions. For 6 it was impossible to
obtain a 1H NMR spectrum. The diamagnetic species 3 and 4
displayed distinct 1H and 13C NMR spectra at room temper-
ature. Compound 4 showed signals for the Me groups and the
two symmetry-distinguished types of protons or carbon atoms
in the Cp� rings.


The 133Cs NMR spectra of complexes 1 ± 6 span a wide
range of chemical shifts.[24] The crown ether-embedded Cs�


ions of 1 and 2 show the smallest difference in � indicating
their nearly-identical environment and their almost complete
separation from the Mn centers. The observed Cs chemical
shift difference of the diagmagnetic Cp and Cp� derivatives 3
and 4 is greater than that of 1 versus 2, but still in a range
consistent with the same structural features being present in
both compounds. In 5 and 6, and 3 and 4 the Cs centers are
assumed to have similar coordination spheres, therefore the
chemical shifts of the earlier pair of complexes could in fact be
related to paramagnetic influences.
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Magnetic properties : The magnetic properties of the new
complexes have been investigated by measurements of the
susceptibility �M. From these results, an effective Bohr
magneton of �eff � 6.20 �B (300 K) and �eff� 6.33 �B (301 K)
could be deduced for compounds 1 and 2, respectively. These
values are a clear indication of the paramagnetic nature of
these d5-Mn compounds, possessing a high-spin configuration
with five unpaired electrons. Values greater than the spin-only
value of d5 high-spin (5.92 �B) may arise from an additional
orbital angular moment based on the trigonal symmetry. For
compound 5, effective Bohr magnetons of �eff� 5.83 �B


(300 K), 5.85 �B (200 K), 5.85 �B (100 K), 5.53 �B (10 K),
4.48 �B (2 K) were established. These values once more
indicate a d5 high-spin configuration. In contrast to com-
pounds 1 and 2, we additionally observe a decrease of the
magnetic susceptibility at lower temperatures, as shown in
Figure 1.


Figure 1. Magnetic susceptibility of 5.


This behavior points to antiferromagnetic exchange be-
tween the manganese centers, occuring through the CpCs
bridges. Since the solid-state structures of compounds 1, 2, and
5 could be determined by X-ray single-crystal analyses, we can
relate the different magnetic behavior to structural properties.
In the mononuclear complexes 1 and 2, which possess isolated
[Cp3Mn]� and [Cp�3Mn]� units, respectively, the Mn�Mn
nonbonding distances amount to 13.3 and 14.2 ä. In contrast,
for the network structure of 5, a Mn�Mn bonding distance of
only 10.7 ä has been established. Such close proximity of the
manganese centers, together with the mediation of the CpCs
bridges, cause the observed antiferromagnetic behavior. The
unique solid-state structure of 5 will be discussed in detail
later.


Molecular structures of the anions 1� and 2� : Single crystals of
1 and 2, which were suitable for an X-ray structure analysis,
were obtained from a THF/diethyl ether solution at �40 �C.
The corresponding anions 1� and 2� are displayed in Figure 2.
In compounds 1 and 2, the Cs� counterion is sandwiched
between two molecules of [18]crown-6. In the anion 1�, the
manganese center is coordinated to three cyclopentadienyl
ligands in an �2 fashion. The Mn1�C25, Mn1�C26, Mn1�C30,


Figure 2. PLATON ellipsoid plot of a) 1�, and b) 2�. The probabilities are
set to 30% (a), and 10% (b).


Mn1�C31, Mn1�C35, and Mn1�C36 separations (2.314(3),
2.406(3), 2.355(3), 2.359(3), 2.411(3), and 2.298(3) ä) span a
rather large range of distances, which differ by up to 0.1 ä.
These distances are comparable to those determined for the
parent compound MnCp2,[6] a polymeric high-spin compound
with bridging Cp units.


In the crystal, the anion 2� shows one rotationally
disordered Cp* ligand. This results in two independent
molecular models for 2�, which could be refined with frac-
tional occupations of 0.56 and 0.44, respectively. In model I,
the Mn�C27, Mn�C28, Mn�C34, Mn�C35, Mn�C381, and
Mn�C391 distances are all in the same range (2.348(5),
2.331(5), 2.418(4), 2.356(3), 2.406(7), and 2.374(6) ä), com-
parable to that observed for 1�. This leads to three pairs of C
atoms, which coordinate each Cp� ring in an �2 fashion to the
metal center. For model II, we can deduce from the Mn�C
separations that two �2-Cp� and one �1-Cp� ligands are present.
The only possible carbon atom involved in �1 coordination is
C402, with a distance to the metal center of 2.283(9) ä. The
rotation of the Cp� results in a Mn�C412 separation of
2.550(9) ä, and thus in the loss of one Mn�C bond. To address
in more detail possible coordination modes of the anion
[MnCp3]� , in connection with different spin states, we
performed density functional (DFT) calculations that will be
discussed in the next section.
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DFT studies of [MnCp3]�: We
carried out density functional
calculations on various anionic
d5 complexes of the type n�-
[Mn(�x-Cp)3]� , with hapticities
x� 1, 2, 3, 5, and total spin
densities of n�, n� 1, 3, 5. The
relative energies of the calcu-
lated structures are summar-
ized in Table 1.


We found the most stable
molecule at 0 kJmol�1 to be
the sextet 5�-[Mn(�2-Cp)3]� . The average Mn�C bonding
distance of 2.37 ä falls well within the range of the Mn�C
separations observed in the crystal, and a spin density of 4.7�
at the metal center indicates that the unpaired electrons are
mainly localized in Mn d orbitals. The �2-Cp rings bind to the


metal center in a �-type interaction (Scheme 2a). A similar
bonding mode with almost perpendicular M�C attachment is
achieved by �1-Cp ligands (Scheme 2b), and the structural


alternatives 5�-[Mn(�2-
Cp)2(�1-Cp)]� and 5�-[Mn(�2-
Cp)(�1-Cp)2]� are calculated to
be only 2 or 7 kJmol�1 higher
in energy, respectively.


This finding is in accord with
the two independent molecular
models found for 2� in the
X-ray structure analysis. The
next lowest energy structures


at 78 and 92 kJmol�1 are the intermediate spin cases 3�-
[Mn(�1-Cp)2(�5-Cp)]� and 3�-[Mn(�2-Cp)2(�5-Cp)]� , respec-
tively. Here, one d orbital of Mn is doubly occupied, whereas
another is empty. A typical �/�*-bonding scheme becomes
possible, thus inducing the ring of one Cp ligand slips into �5


coordination. A similar coordination geometry is predicted
for 1�-[Mn(�2-Cp)2(�5-Cp)]� , a low-spin structure. Low-spin
structures without one �5-Cp ligand are higher in energy by
about 100 kJmol�1. Our calculations therefore suggest that
the 3�2 coordination mode as observed in the crystal, is
another manifestion of the electronic structure of complex 1�,
a d5-Mn complex possessing five singly occupied d orbitals.


Crystal structures of [CsCp�] (3) and [(CsCp�)2([18]crown-6)]
(4): The structure of [CsCp�] (3) consists of two distinct one-
dimensional CsCp� chains, differing only in the position of the
methyl groups, which are rotated relative to each other


(Figure 3). This one-dimensional polymeric chain, which
consists of an infinite array of bent sandwiches, has already
been found in the crystal structure of the similar [CsCp]
compound by high-resolution X-ray powder diffraction.[21a] In
one of the chains, Cs1 and Cp� alternate by means of the glide-
plane symmetry along the a axis with methyl-carbon bonds in
anti position along b or per-
pendicular to the glide plane a.
This arrangement is illustrated
in Scheme 3a.


The angle Cg-Cs1-Cg is
132.0� ; Cg is the center of
gravity of the five C atoms of
the Cp ring system. The other CsCp� chain also runs along the
a direction of the unit cell in which two crystallographically
independent Cs and Cp� groups [Cs2-Cp�2-Cs3-Cp�3] are
arranged by a pseudo twofold axis. In this case, the dihedral
angle between the methyl groups is about 45� and represents a
gauche conformation (Scheme 3b). The two distinct Cg-Cs-
Cg angles amount to 133.8� and 129.2�. The three different
angles found in the crystal structure of 3 correspond well to
those of [CsCp] in which the chains are bent with a Cg-Cs-Cg
angle of 129.7�.[21a] On the other hand, the angle found in
[PPh4][Cp3Cs2], for which the local environment of the Cs ions
is similar, is somewhat smaller (115.6�).[25] The �5-coordinated
Cs atoms show Cs�C distances in the range 3.308(7) ±
3.355(6) ä for Cs1, 3.263(6)± 3.423(7) ä for Cs2, and
3.275(7) ± 3.416(6) ä for Cs3. It is noteworthy that the two
distinct polymeric chains are connected by weak interactions
between each Cs atom and two carbon atoms of the closest Cp
ring, resulting in a pseudo �2 coordination. The closest
intermolecular distance Cs ¥¥¥ C of 3.742(7) ä found in 3 is
somewhat longer than 3.699(5) ä as in [PPh4][Cp3Cs2] but
smaller than the shortest distance of 3.765(6) ä in the crystal
structure of [CpCs].


The crystal structure of compound 4 (Figure 4) exhibits a
complex metal-ligand connectivity of an infinite layer, in
which the continuation of a Cp�-Cs-Cp� two-dimensional
network is terminated at both ends by [18]crown-6 molecules.
There are, in addition, two noncoordinating THF molecules in
the asymmetric unit of the cell. We also note that one of the
methylcyclopentadienyl units displays positional disorder of
the CH3 group. The site occupation factors for the atoms of
THF were set to 1³4 due to the high displacement parameters
found. The subunit of the network, which is about 23 ä wide,
consists of an open ellipse formed by the sequence of a
([18]crown-6)-Cs-(Cp�-Cs)5-([18]crown-6) connectivity. One


Table 1. Relative energies [kJmol�1] of various anionic d5 complexes of the
type n�-[Mn(�x-Cp)(�x�-Cp)(�x��-Cp)].


3�2 3�1 2�1�5 2�2�1 �1�2�5 2�2�5


n� 1 215 223 ±[c] ±[d] 113 119
n� 3 ±[a] ±[b] 78 130 ±[c] 92
n� 5 0 7 ±[c] 2 ±[c] ±[a]


[a] No local minimum could be optimized. [b] Converges to 2�1�5


coordination. [c] No optimization attempted. [d] Converges to �1�2�5


coordination.


Scheme 2.


Figure 3. Structure of the two independent polymeric chains of 3 (50% probability PLATON ellipsoid plot).


Scheme 3.
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ellipse shares two Cs-Cp�-Cs segments with two neighboring,
intersecting ellipses that are rotated by 180� to form the
opposite edge. This type of connectivity runs along the b
direction of the cell. The central path of the separated
networks can be interpreted as a sinusoidal connectivity of Cs-
Cp�-Cs units. The network can also be described in a different
way by considering an infinite number of chains of Cs1-Cp�-
Cs2-Cp�-Cs3a-Cp�-Cs4, which are terminated at both ends by
[18]crown-6 molecules. The approximately parallel-running
chains are then connected by means of a ring, each non-
terminal Cs atom having a 3�5-Cp environment. Cs�Cp�
distances vary between 3.291(11) and 3.396(11) ä. The mean
Cs ¥¥¥ Cs distances are 6.299(1) ä. The separated layers are
packed in a herring-bone motif which can be seen in the a,c
projection of the cell.


The interpenetrating network of Cs[MnCp3] (5): Before we
discuss the crystal structure of Cs[MnCp3] (5) in more detail,
we will begin with a few general remarks regarding (10,3) and
(10,3)-a networks. The basic ideas and classification of
multidimensional networks may be traced back to the
classical work of Wells.[19] In this series of papers, he describes
the three-dimensional, three-connected decagonal net. He
assigns the (10,3) net to the cubic space groups I413 and I4/
amd, which are noncentrosymmetric and centrosymmetric,
respectively. The nomenclature (10,3) is such that the first
number describes the number of subunits forming one
independent ring, whereas the second number stands for the
degree of branching at every point of connectivity. The
noncentrosymmetric situation most probably represents the
symmetry for interpenetrating nets of the same chirality,
whereas the centrosymmetric case allows for interpenetration
of nets with opposite chiralities. Wells also postulates that
(10,3)-a interpenetrating-network structures of identical nets
may be observed with the same handedness, which would be
the case for noncentrosymmetric space groups, such as P213,
P4132, or P4332.[20] In centrosymmetric space groups, the
interpenetrating nets may be considered as a three-dimen-
sional racemate of opposite handedness. An even more


complex structure was present-
ed by Abrahams and co-work-
ers,[26] in which four right- and
four left-handed enantiomor-
phic interpenetrating (10,3)-a
networks form a Wellsian
three-dimensional racemate in
the centrosymmetric space
group Fd3≈c.


Keper and Rosseinsky[27]


found quadruple interpenetra-
tion of the (10,3)-a network in
all four nets. In their structure,
hydrogen bonding results in the
separation of nets of the same
handedness. An excellent re-
view in the field of supramolec-
ular chemistry, focussing on in-
terpenetrating one-, two- and
three-dimensional network


structures, was recently presented by Batten and Robson.[28]


A twofold interpenetration of racemic three-dimensional
nets is another rare example where noncovalent interactions
build up a centrosymmetric, three-dimensional structure.[29]


Noninterpenetrating (10,3)-a chiral network structures were
found to crystallize in the noncentrosymmetric cubic space
groups, such as P213, P4132, P4332. Finally, we note that, for a
1,2-dithiooxalate-bridged three-dimensional net, the ortho-
rhombic space group P212121 is appropriate.[30]


Compound 5 is another rare example of a (10,3)-a network,
which crystallizes in the orthorhombic space group Pbca, of
which P212121 is the noncentrosymmetric subgroup. The
three-dimensional structure of 5 exhibits a network of metal
decagons, and still contains triangular [MnCp3] units. It is
connected in an alternating fashion by cesium centers,
possessing a local T-shaped coordination. These two structural
motifs are displayed in Figure 5a and 5b, respectively.


Two neighboring manganese and cesium centers establish
the connection to another fused decagon. This way, the
indefinitely connected manganese and cesium units form
helical strands propagating in all three dimensions. Within
one framework, the helices possess the same helicity, and form
a three-dimensional optical isomer according to the space
group symmetry P212121 (Figure 6a). The superposition of this
substructure and its optical counterpart results in the inter-
penetrating net shown in Figure 6b. Both enantiomers inter-
penetrate each other in the centers of the decagons.


To simplify this complex situation, a stereoview of the
(10,3)-a nets, in which the Cp rings have been replaced by
their centers of gravity, is presented in Figure 7.


We can see that the two networks are interconnected in a
chain- link fashion, in which each decagon is penetrated by
exactly one of its enantiomorphs.


Conclusion


In this work, we have introduced new representatives of main-
group and transition-metal cyclopentadienyl complexes. The


Figure 4. Structure of a representative section of the 2D network of 4 (50% probability PLATON ellipsoid plot;
THF molecules are omitted for clarity).
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Figure 5. PLATON ellipsoid plots of the [-Mn-(�2-Cp)-Cs-(�2-Cp)-]5


decagon (a), and the T-shaped coordination of the Cs centers (b) in the
network strucuture of 5. The probabilities are set to 50% (a), and 30% (b).


anions [Cp3Mn]� (1�) and [Cp�3Mn]� (2�) are characterized by
�2 coordination of all three Cp and Cp� rings, and possess a
high-spin electronic configuration. [Cp�Cs] (3) forms infinite
chains of cesocene-type sandwiches in the solid state, which
are broken up into small subunits by the addition of crown


Figure 6. PLUTON wire model in b,c projection of the unit cell for the
substructure of one network with space group symmetry P212121 (a), and
the full structure of 5 according to the space group Pbca (b).


ether. Combining the two units MnCp3 and CsCp leads to the
formation of an unusual, (10,3)-a racemic interpenetrating
network.


Experimental Section


Synthetic procedures : All operations
were carried out under an atmosphere
of N2, using standard Schlenk and
glovebox techniques. [Cp2Mn] was
prepared according to reference [1]
and CpCs was obtained as described
by Olbrich et al.[21]


[([18]crown-6)2Cs]�[Cp3Mn]� (1):
Compound 5 (0.1 mmol) was suspend-
ed in THF (10 mL) at room temper-
ature, and treated with [18]crown-6
(0.2 mmol). After 20 min, the solvent
was removed and the product washed
with diethyl ether. Recrystallization
from THF/diethyl ether at �30 �C
afforded colorless or light pink crystals


Figure 7. Structure of a section of the 3D network structure of 5 (PLUTON stereoplot; Cp rings are represented
by their centers of gravity).







FULL PAPER H. Berke et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2532 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 112532


in quantitative yields. 1H NMR (300 MHz, [D8]THF, 30 �C, TMS): �� 3.5
(s, 48H; [18]crown-6), 51.6 (br, 15H; C5H5) ppm; 1H NMR(300 MHz,
[D8]THF, 40 �C, TMS): ���3.4 (s, 9H; CH3), 3.6 (s, 48H; [18]crown-6),
25.6 (br, 12H; C5H4) ppm; (300 MHz, [D8]THF, 50 �C, TMS): ���3.0 (s,
9H; CH3), 3.6 (s, 48H; [18]crown-6), 24.8 (br, 12H; C5H4) ppm; 133Cs NMR
(65.615 MHz, [D8]THF, 20 �C, CsI in D2O ext.) ppm: �� 164.4 (s);
elemental analysis calcd (%) for C39H63CsMnO12 (911.764): C 51.38, H
6.96; found: C 51.34, H 6.64; �eff � 6.20 �B (300 K), 6.13 �B (199 K), 6.02 �B


(99 K) 5.81 �B (10 K).


[([18]crown-6)2Cs]�[Cp�Mn]� (2): This compound was prepared from 6
and [18]crown-6 in an analogous procedure to that described for 1. 1H NMR
(300 MHz, [D8]THF, 30 �C, TMS): ���4.12 (br, 9H; CH3C5H4), 3.60 (s,
48H; [18]crown-6), 26.0 (br, 12H; CH3C5H4) ppm; (300 MHz, [D8]THF,
45 �C, TMS): �� 3.5 (s, 48H; [18]crown-6), 54.0 (br, 15H; C5H5) ppm; 133Cs
NMR (65.615 MHz, [D8]THF, 20 �C, CsI in D2O ext.): �� 156.0 (s) ppm;
elemental analysis calcd (%) for C42H69CsMnO12 (953.845): C 52.89, H 7.29;
found: C 52.81, H 7.05; �eff � 6.33 �B (301 K), 6.22 �B (199 K), 6.01 �B (98 K)
5.78 �B (10 K).


[Cp�Cs] (3): Metallic cesium (177.3 mg, 1.33 mmol) was covered with THF
at �40 �C, and Cp�H (82 mg, 1.0 mmol) was added. The resulting
suspension was warmed to room temperature, and then cooled down to
�10 �C, while MnI2 (100 mg, 0.33 mmol) was added. The reaction mixture
was warmed once again to room temperature, and heated under reflux for
15 h. The resulting violet solution was filtered, and the solvent removed
under high vacuum. Recrystallization from THF/pentane at �30 �C
afforded 3 (170 mg) as light pink crystals (80% yield with respect to
Cp�H). 1H NMR (500.23 MHz, C4D8O, 30 �C): �� 2.04 (s, 3H; CH3C5H4),
5.22 (t, JH,H � 2 Hz, 2H; C5H4), 5.29 (t, JH,H � 2Hz, 2H; C5H4) ppm; 13C{1H}
NMR (125.8 MHz, C4D8O, 40 �C): �� 15.5 (s; CH3), 106.5 (s; C5H4), 107.9
(s; C5H4), 116.3 (s; Cipso) ppm; 133Cs NMR (65.615 MHz, C4D8O, 22 �C): ��
312 (s) ppm; elemental analysis calcd (%) for C6H7Cs (212.03): C 33.99, H
3.33; found: 33.84, H 3.16.


[(Cs)2([18]crown-6)] (4): Compound 3 (127.2 mg, 0.2mmol) and [18]crown-
6 (106.0 mg, 0.4 mmol) were mixed in THF (5 mL) at room temperature.
After 20 min the solvent was decanted off. The raw product was washed
with pentane. Recrystallization from THF/pentane at �30 �C yielded light
pink crystals of 4 (135 mg, 98%). 1H NMR (500.23 MHz, C4D8O, 30 �C):


�� 2.1 (s, 3H; C5H4), 3.5 (s, 48H; [18]crown-6), 5.27 (t, JH,H � 2 Hz, 2H;
C5H4), 5.34 (t, JH,H � 2 Hz, 2H; C5H4); 13C{1H} NMR (125.8 MHz, C4D8O,
30 �C): �� 16.2 (s; C5H4), 70.9 (s; [18]crown-6), 105.7 (s; C5H4), 107.1 (s;
CH3C5H4), 115.3 (Cipso) ppm; 133Cs NMR (65.615 MHz, C4D8O, 25 �C): ��
�244.7 (s) ppm; elemental analysis calcd (%) for C24H28O6Cs2 (688.38): C
41.88, H 5.56; found: C 42.08, H 5.18.


[CsMnCp3] (5): A solution of [MnCp2] (185.1 mg, 1.0 mmol) in THF
(10 mL) was mixed with a solution of CsCp (1.0 mmol, 10 mL) in THF.
Immediately, slightly pink microcrystals began to precipitate. After 15 min,
the solvent was decanted off, and the solid washed two or three times with
THF. After further washing with diethyl ether, the product 5 was dried in
vacuo; yield 345 mg (90%). 1H NMR (500.23 MHz, C4D8O, 30 �C): �� 51.6
(br; C5H5) ppm; 133Cs NMR (65.615 MHz, CD3CN, 20 �C): ���3.7
(s) ppm; elemental analysis calcd (%) for C15H15CsMn (383.13): C 47.02,
H 3.95; found: C 46.97, H 3.72; �eff � 5.83 �B (300 K), 5.85 �B (200 K),
5.85 �B (100 K), 5.53 �B (10 K), 4.48 �B (2 K).


[CsMn] (6): A solution of Mn (213.2 mg, 1.0 mmol) in THF (10 mL) was
treated with a solution of Cs (1.0 mmol, 10 mL) in THF. Work-up was
carried out as described for 5. Yield 364 mg (95%); 133Cs NMR
(65.615 MHz, CD3CN, 20 �C): �� 55 (s) ppm; elemental analysis calcd
(%) for C18H21CsMn (425.21): C 50.82, H 4.89; found: C 50.81, H 4.83.


X-ray crystal structure analyses : The X-ray diffraction data were collected
at 183(1) K for compounds 1 to 4, and at 123(1) K for 5, using an imaging
plate detector system (Stoe IPDS) with graphite-monochromated MoK�


radiation. A total of 200, 167, 200, 251, and 167 images were exposed at
constant times of 2.50, 2.50, 6.00, 4.00, and 2.00 min per image for the
structures 1 ± 5, respectively. The crystal-to-image distances were set to
50 mm for all of the five compounds (�-max� 30.31 to 30.34�). �-rotation
for 1, 2, and 5, and oscillation modes for 3 and 4 were used for the
increments of 1.2, 1.2, 1.0, 0.8, and 1.2� per exposure in each case. Total
exposure times were 22, 19, 34, 34, and 17 h. The intensities were integrated
by using a dynamic peak profile analysis, and an estimated mosaic spread
(EMS) check was performed to prevent overlapping intensities. A total of
8000 reflections for 3, 4, and 5, and 7998 reflections for 1 and 2 were
selected out of the whole limiting sphere with intensities I� 6�(I) for the
cell-parameter refinement. A total of 30770, 54775, 23789, 79541, and
30617 reflections were collected, of which 11796, 13011, 5903, 20122, and


Table 2. .Crystallographic data for 1 ± 5.


1 2 3 4 5


formula C39H63CsMnO12 C42H69CsMnO12 C18H21Cs3 C100H160Cs8O25 C15H15MnCs
color light pink pink light pink pink colorless
crystal dimensions [mm] 0.32� 0.24� 0.11 0.32� 0.24� 0.11 0.21� 0.17� 0.05 0.78� 0.56� 0.53 0.51� 0.44� 0.32
crystal system triclinic monoclinic monoclinic orthorhombic orthorhombic
space group (no.) P1≈ (2) P21/n (14) P21/a (14) P212121 (19) Pbca (61)
a [ä] 11.8868(9) 16.6927(9) 11.3746(7) 13.9493(6) 10.7523(6)
b [ä] 13.6526(10) 16.5696(12) 19.7533(12) 18.9321(8) 17.2570(13)
c [ä] 15.6473(12) 17.0119(9) 9.0207(6) 25.5013(17) 14.9678(8)
� [�] 104.484(8) 90 90 90 90
� [�] 107.242(9) 96.351(6) 91.395(8) 90 90
� [�] 106.417(9) 90 90 90 90
V [ä3] 2166.3(3) 4676.5(5) 2026.2(2) 6734.6(6) 2777.3(3)
Z 2 4 4 2 8
Fw 911.74 953.82 636.08 1412.78 383.12
	calcd [gcm�3] 1.398 1.355 2.085 1.393 1.833
absorption coefficient [mm�1] 1.189 1.105 5.362 2.195 3.509
F(000) 946 1988 1176 2800 1480
2� scan range [�] 5.58�2� � 60.62 5.40� 2�� 60.64 5.46� 2�� 60.66 5.26� 2�� 60.68 6.64� 2�� 60.68
no. of unique data 11796 13011 5903 20122 4136
no. of data obsd [I � 2�(I)] 6984 6695 2701 11691 3216
absorption correction numerical,


13 crystal faces
numerical,
16 crystal faces


numerical,
11 crystal faces


numerical,
21 cryst. faces


numerical,
21 cryst. faces


solution method Patterson Patterson Patterson Patterson Patterson
no. of parameters refined 478 490 193 602 154
R1, wR2 (all data) 0.0743, 0.0551 0.0829, 0.0654 0.0912, 0.0701 0.0921, 0.1554 0.0584, 0.1250
R1, (obsd) [a] 3.18 3.59 3.41 5.79 5.20
goodness-of-fit 0.933 1.040 1.014 1.009 1.018


[a] R1��(F0�Fc)/�F0: I� 2
(I); wR2� {�w(F2
0 �F2


c�2/�w(F2
0�2}1/2.
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4136 were unique after data reduction (Rint � 0.0597, 0.0612, 0.0721, 0.0897,
and 0.115%). For the numerical absorption correction 13, 16, 11, 21, and 21
indexed crystal faces were used.


In general, the structures were solved with an incomplete data set while the
measurement was still being performed, just to confirm the proposed
chemical formula, or to find additional solvent molecules that cocrystal-
lized with the compound under investigation. The corrected formula was
then used for the final numerical absorption correction. All these
procedures were calculated by using Stoe IPDS software.[31]


The structures were solved with the merged unique data set after checking
for correct space groups. Patterson methods were used to solve the crystal
structures by applying the software options of the program SHELXS-97.[32]


All structure refinements were performed with the program SHELXL-
97.[33] PLATON[34] and PLUTON were also used in the refinements.[35] The
important crystallographic data are collected in Table 2. While the
structures of 1, 2, 3, and 5 crystallize in centrosymmetric space groups,
the noncentrosymmetric structure of 4 is merohedrically twinned, and
Flack×s x-parameter[36] was refined to 0.34(3).


Computational procedures : The unrestricted density functional calcula-
tions utilized the ADF program package, version 2000.01,[37] and were
based on the local exchange-correlation potential by Vosko[38] et al. ,
augmented in a self-consistent manner with Becke×s[39] exchange gradient
correction and Perdew×s[40] correlation gradient correction. H and C atoms
were described by a double � STO basis including one polarization
function, whereas for Mn a triple � STO basis with one additional 4p
function was used (ADF basis sets III and IV, respectively).


CCDC-167740 (1), CCDC-167741 (2), CCDC-167742 (3), CCDC-167743
(4), CCDC-167744 (5) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or e-mail :deposit@ccdc.cam.uk).
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Mechanism of the Electrochemical Conversion of Aryl Halides to
Arylzinc Compounds by Cobalt Catalysis in DMF/Pyridine


Sylvaine Seka, Olivier Buriez,* Jean-Yves Ne¬de¬ lec, and Jacques Pe¬richon[a]


Abstract: The study of the electrochem-
ical behavior of cobalt bromide, CoBr2,
in the presence of zinc bromide, ZnBr2,
and aryl halides, ArX, in a
dimethylformamide (DMF)/pyridine
(9:1, v/v) mixture allowed us to complete
the study of the mechanism of the
electrochemical conversion of aryl hal-
ides into arylzinc compounds by using
cobalt catalysis. The last step of the
catalytic process has been shown to be a


transmetalation reaction between the
arylcobalt(��) species and zinc ions that
regenerates the cobalt(��) catalyst. The
effect of zinc bromide on each step of
the catalytic cycle has been studied. It is
especially shown that the presence of


ZnBr2 stabilizes the electrogenerated
CoI but has no effect on the rate
constant of the oxidative addition of
aryl halides, ArX, to CoI. Rate constants
for the disproportionation reaction of
CoI and the oxidative addition have
been determined in the presence of
ZnBr2 and compared with the values
obtained in its absence.


Keywords: arylzinc compounds ¥
cobalt ¥ electrochemistry ¥ kinetics
¥ zinc bromide


Introduction


Organozinc compounds have gained a very significant place in
the selective synthesis of carbon ± carbon bonds from highly
functionalized substrates.[1] However, the chemical prepara-
tion of these compounds, especially aryl compounds, is not
easily achieved, notably when the aromatic ring bears a
reactive functional group such as ketone, ester, or nitrile. In
these cases, the preparation of arylzinc compounds from aryl
halides is usually achieved by the preliminary formation of
aryl-lithium compounds followed by transmetalation with
zinc halides. Owing to the low stability of aryl-lithium
compounds, these reactions must be performed at
�100 �C.[2] Alternatively, the Rieke method, which uses
activated zinc obtained by reduction of zinc halide with alkali
metal naphthalenide, is convenient with aromatic bromides,
even those bearing an electron-withdrawing group.[3]


Some years ago we reported a simple electrochemical
preparation of arylzincs using a nickel complex as catalyst
along with a zinc sacrificial anode.[4] Nevertheless, this method
has some limitations because: i) the low-valent nickel catalyst
has to be stabilized by excess bipyridyl ligand, ii) dimethyl-
formamide is the only solvent convenient for these electro-


syntheses, and iii) the use of nickel is now discouraged for
environmental reasons.
Recently, we have discovered that simple cobalt salts


(CoX2, X�Cl, Br) can be advantageously used instead of
nickel complexes as catalysts in the electrochemical conver-
sion of aryl halides to arylzinc compounds.[5] With this new
electrochemical method, reactions can be conducted in
acetonitrile (ACN) or in dimethylformamide (DMF), and
pyridine is used in the place of bipyridine as both ligand and
co-solvent. However, the mechanism leading to the formation
of arylzinc compounds remains to be elucidated. Thus, we
have initiated a program to study this mechanism. In a
preliminary investigation we showed that cobalt(�) species
electrogenerated from CoX2 in DMF/pyridine can be stabi-
lized, on the timescale of cyclic voltammetry, with the use of
excess pyridine.[6] However, on the timescale of slow cyclic
voltammetry or of electrolysis, the cobalt(�) species undergoes
a disproportionation reaction leading to solid cobalt along
with CoII. By comparison, the reduction of cobalt(��) in the
presence of salen, vitamin B12, or bipyridine as ligands leads to
a very stable cobalt(�) species.[7±20] Because of its high stability,
the cobalt(�) species obtained under these conditions reacts
with alkyl and benzylic halides but not with aryl halides. In our
case, we showed that the electrogenerated CoI reacts with aryl
halides leading to arylcobalt(���) complexes that are reduced to
arylcobalt(��) species at the same potential as CoBr2
(Scheme 1). The rate constant for this oxidative addition
mostly depends on the nature of the halogen on the aromatic
ring. Thus, we may have competition between the oxidative
addition and the disproportionation reaction.
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Herein, we report the electrochemical behavior of CoBr2 in
a DMF/pyridine (9:1, v/v) mixture in the presence of zinc
bromide and aryl halides. We especially establish a trans-
metalation reaction between the arylcobalt(��) species and
ZnBr2 leading to the arylzinc compound.


Results and Discussion


Study of the electrochemical behavior of CoBr2 in DMF/
pyridine (9:1, v/v) in the presence of ZnBr2. Evidence for the
stabilization of the electrogenerated CoI : The cyclic voltam-
mogram obtained by reduction of CoBr2 in DMF/pyridine at a
platinum disk electrode and at v� 2 Vs�1 shows a slightly
reversible reduction wave at ER1��1.4 V versus SCE
(saturated calomel electrode). The backward potential scan
exhibits a wave O2, which corresponds to the oxidation of
solid cobalt deposited at the electrode surface, and coming
from the disproportionation reaction of the CoI species
electrogenerated at R1 (Figure 1).[6] When the voltammogram


Figure 1. Cyclic voltammograms of CoBr2 (5 m�) in DMF/pyridine (9:1)
� NBu4BF4 (0.1�) recorded at a platinum disk electrode (0.5 mm
diameter) at v� 2 Vs�1 and at RT. Complex alone (––) and in the
presence of 1 and 2 molar equivalents of zinc bromide (- - - -).


is recorded with zinc bromide added to the solution, several
modifications are observed: i) wave R1 becomes more rever-
sible and ii) the intensity of O2 decreases. These could be due
to a stabilization of CoI by ZnBr2. More interestingly, the
presence of only bromide ions from nBu4NBr does not lead to
a decrease of O2; this indicates a stabilization of CoI mainly by
zinc ions probably through the formation of a bimetallic
™Co�Zn∫ complex.
The rate constant for the disproportionation reaction of CoI


can be determined by studying the reversibility of R1.[21, 22]


Figure 2 shows the variation of the peak-current ratio R� IO1/


IR1 as a function of the scan rate,
in which IO1 and IR1 are the peak
current of the oxidation of CoI


and the reduction of CoII, re-
spectively, obtained in the ab-
sence and the presence of var-
ious amounts of ZnBr2 in the
same sweep rate range and at


the same electrode. A series of voltammograms has been
recorded for 5 m� solutions of CoBr2 containing 1, 2, and
4 molar equivalents of ZnBr2, at scan rates ranging from 0.8 to
25 Vs�1. For each voltammogram, the degree of reversibility
was measured and plotted against the potential scan rate. For
a R value of 0.5, the scan rate v at which the half of CoI has
reacted is easily obtained. From this scan rate, the half life, t1/2 ,
of CoI can be deduced since t1/2��E/v (with �E�
�ER1�Erev � � �EO1�Erev � , Erev being the reverse potential).
Consequently, the rate constant k1 for the disproportionation
reaction can be determined (t1/2� (k1 ¥ [CoI]0)�1). Table 1
shows that the presence of one molar equivalent of ZnBr2
relative to CoBr2 leads to a halving of the rate constant k1. In
the presence of two and four molar equivalents of ZnBr2 the
rate constant keeps decreasing but more slowly.


Figure 2. Variation of the peak current ratio R� IO1/IR1 as a function of
logv (potential scan rate in Vs�1) for CoBr2 (5 m�) in DMF/pyridine (9:1,
v/v) � NBu4BF4 (0.1�); a) complex alone and in the presence of b) one,
c) two, and d) four molar equivalents of zinc bromide.


The stability of CoI in the presence of ZnBr2 was then
studied in preparative-scale electrolyses leading to organozinc
compounds. We decided to use PhCl as the aryl halide
because, in this case, the rate for the disproportionation
reaction of CoI (k1� 2000� 500��1 s�1) is much faster than
the oxidative addition rate of PhCl to CoI (k2� 120�


CoIIX2  +  e


k1


k2


ArX
ArCoIIIX2  +  e ArCoIIX  +  X-


CoIX  +  X-


1/2 Co(s)  +  1/2 CoIIX2


-1.40 V/ SCE


DMF/pyridine


-1.40 V/SCE


Scheme 1. Reaction of electrogenerated CoI with aryl halides.


Table 1. Effect of the zinc bromide amount on the rate constant for the
disproportionation reaction of the electrogenerated CoI in DMF/pyridine
(9:1, v/v) � NBu4BF4 (0.1�); [CoBr2]� 5 m�.
[ZnBr2][m�] k1 [��1 s�1]


0 2000� 500
5 1000� 250
10 700� 150
20 500� 120
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15��1 s�1)[6] and the balance between the two processes can be
easily studied. Experiments were conducted at a constant
current (I� 0.2 A), as described in the Experimental Section.
As shown in Table 2, the presence of increasing amounts of
zinc bromide leads to a larger consumption of PhCl in
agreement with a better stabilization of the catalyst CoI.
However, above 5 molar equivalents of ZnBr2 relative to
CoBr2, the consumption of PhCl does not increase any more.
As expected, increasing amounts of ZnBr2 lead to an increase
in the arylzinc PhZnCl yield. Alternatively, ZnBr2 can be
electrochemically generated from the electroreduction of 1,2-
dibromoethane in the presence of a sacrificial zinc anode. In
this case, the same results were obtained.


Kinetic investigations for the reaction between the electro-
generated CoI and aryl halides in the presence of ZnBr2 : Since
zinc bromide can stabilize the electrogenerated CoI species,
we were interested in a possible effect of ZnBr2 on the rate of
oxidative addition of ArX to CoI. A study by cyclic
voltammetry shows that addition of aryl halides to a solution
containing CoBr2 (5 m�) and ZnBr2 (5 and 10 m�) leads to a
decrease in the intensity of O1 (oxidation wave of CoI); this
indicates a reaction between the electrogenerated CoI and
ArX leading to the corresponding arylcobalt(���) complex.
The efficiency of this oxidative addition has been quantified


from the ratio R�� IArX/I0, where IArX and I0 are the peak
current of the oxidation wave O1 (oxidation of CoI produced
in R1) in the presence and absence of ArX, respectively, at the
same sweep rate and on the same electrode.[21±22] A series of
voltammograms has been recorded for 5 m� solutions of
CoBr2 in the absence and presence of ZnBr2 (5 and 10 m�) at
scan rates ranging from 5 to 30 Vs�1, and at concentrations of
ArX from 2.5 to 145 m�. For each experiment the ratio R�was
measured, and the corresponding set of values plotted against
[ArX]/v (Figure 3 for 2-bromomesitylene). All the experi-
mental data fit onto a single curve; this demonstrates the
absence of any effect of zinc bromide on the oxidative
addition rate of ArX to CoI. Similar results were obtained
with various aryl halides. From a ratio R�� 0.5, the rate
constant for the oxidative addition is determined through the
half-life of the CoI species. The results are summarized in
Table 3.


Evidence of a transmetalation reaction between arylcobalt(��)
species and zinc bromide : As already shown,[6] the arylco-
balt(���) complex resulting from the reaction between CoI and
ArX is reduced at the level of R1 leading to the arylcobalt(��)
complex. Furthermore, the method[23] combining chronoam-
perometry and steady-state voltammetry at a rotating disk
electrode to determine the absolute number of electrons


Figure 3. Efficiency of the oxidative addition from the variation of the
peak current ratio R�� IArX/I0 as a function of log ([ArX]/v), 5� v� 20 Vs�1


and 5� [ArX]� 850 m� for CoBr2 (5 m�) and ArX� 2-bromomesitylene
in DMF/pyridine (9:1, v/v) � NBu4BF4 (0.1�); in the absence (�) and the
presence of one (�) and two (�) molar equivalents of zinc bromide.


n involved in an irreversible wave was applied to the
reduction of CoIIBr2 in the presence of 50 molar equivalents
of ethyl 4-bromobenzoate and in DMF/pyridine. We estab-
lished that wave R1 is bielectronic (n� 2). Thus, the addition
of ArX to a solution containing CoII leads to an increase in the
intensity of R1 up to a limiting current corresponding to two
electrons. Actually, this is not observed at high and low sweep
rates (v� 30 and v� 0.15 Vs�1). Indeed, in the former case,
the oxidative addition and the disproportionation reaction are
both kinetically frozen, and therefore the number of electron
involved in R1 is constant and equal to one. Conversely, in the
second case, the number of electrons involved in R1 is already
close to two before the addition of ArX since the dispropor-
tionation reaction has enough time to operate. In the presence
of ArX and at low sweep rates, the number of electrons
involved in R1 remains constant and equal to two but the
second electron is involved in both the reduction of the
arylcobalt(���) complex and the reduction of the regenerated
CoII via the disproportionation reaction. Because of the
competition between the disproportionation reaction and the
oxidative addition (Scheme 1), the distribution of the second
electron thus depends on the nature of ArX. For instance, in
the presence of excess ethyl 4-bromobenzoate as the aryl
halide, the second electron uptake is due to the reduction of


Table 2. Preparative scale electrolyses. Effect of the zinc bromide amount
on the consumption of PhCl and the formation of PhZnCl in DMF/pyridine
(9:1, v/v); [CoBr2]� 23 m�.
[ZnBr2][m�] PhCl recovered [%] PhZnCl [%]


0 48 25
115 15 45
230 18 60 Table 3. Effect of ZnBr2 on the rate constants for the oxidative addition of


ArX to CoI for various aryl halides in DMF/pyridine (9:1, v/v) � NBu4BF4
(0.1�); [CoBr2]� 5 m�.
ArX k2 [��1 s�1]


In the absence
of ZnBr2


In the presence
of ZnBr2 [10 m�]


7500� 860 6040� 1040


470� 60 530� 40


120� 20 170� 30
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the arylcobalt(���) complex into the arylcobalt(��) complex. In
this case, the oxidative addition reaction is very rapid, and the
disproportionation reaction can be disregarded. Thus, the
addition of ethyl 4-bromobenzoate at low sweep rates does
not lead to an increase of the intensity of R1 whereas the
oxidation wave O2 totally disappears (Figure 4). However, if
under these conditions increasing amounts of ZnBr2 are


Figure 4. Cyclic voltammograms of CoBr2 (5 m�) in DMF/pyridine (9:1)
� NBu4BF4 (0.1�) recorded at a platinum disk electrode (0.5 mm
diameter) at v� 0.2 Vs�1 and at RT. In the absence (––) and in the
presence of ethyl 4-bromobenzoate (50 m�) (- - - -).


added to the solution, the peak current of R1 increases
(Figure 5). We can rule out the possible reduction of ZnBr2,
which would occur at a potential negative to the reduction of
CoBr2 (E��1.7 V). Indeed, this would result in an oxidation
wave located at E��0.8 V on the cyclic voltammogram and
corresponding to the oxidation of solid zinc deposited at the
electrode surface.


Figure 5. Cyclic voltammograms of CoBr2 (5 m�) in the presence of ethyl
4-bromobenzoate (50 m�) in DMF/pyridine (9:1) � NBu4BF4 (0.1�)
recorded at a platinum disk electrode (0.5 mm diameter) at v� 0.2 Vs�1
and at RT. In the absence (- - - -) and in the presence of zinc bromide (10
and 20 m� (––)).


Consequently, the observed catalytic current can only be
due to the regeneration of CoII after a transmetalation
reaction between ArCoIIBr and ZnBr2.
This result allows us to propose a catalytic cycle for the


electrochemical conversion of aryl halides to arylzinc com-
pounds in a DMF/pyridine mixture. The cycle is initiated by
the reduction of CoIIBr2 to CoIBr, which undergoes an
oxidative addition with aryl halides to afford the trivalent
cobalt complex ArCoIIIBr2. This is reduced to ArCoIIBr by a
single electron uptake at the same potential at which CoIIBr2
is reduced. The cycle is closed by a transmetalation reaction
between ArCoIIBr and ZnBr2 that leads to the arylzinc
compound and the starting divalent cobalt (Scheme 2).


CoIIBr2


CoIBr


ArCoIIIBr2


ArCoIIBr


ArBr


ZnBr2


ArZnBr


+ e


+ e


Scheme 2. Proposed mechanism for the electrochemical conversion of aryl
halides to arylzinc species in DMF/pyridine (9:1) in the presence of zinc
bromide and with cobalt bromide as catalyst. All the cobalt species are
supposed to be coordinated by a pyridine ligand, which has been omitted
for simplification.


Conclusion


The electrochemical conversion of aryl halides to arylzinc
compounds by cobalt catalysis proceeds from the reduction of
CoIIBr2 by a chain process involving an ArCoIIIBr2 intermedi-
ate as well as CoIBr and ArCoIIBr complexes. The various
steps allowing the catalytic chain shown in Scheme 2 to
propagate have now been identified. In this paper, we have
especially focused on the electrochemical behavior of CoBr2
in the presence of zinc bromide in a DMF/pyridine mixture,
and thus evidenced the last step of the catalytic cycle as being
a transmetalation reaction between the arylcobalt(��) complex
and ZnBr2 that regenerates the cobalt(��) catalyst precursor.
Furthermore, we have demonstrated that the presence of zinc
bromide stabilizes the electrogenerated CoI species; this leads
to an increase in the catalyst turnover and a decrease in the
catalyst loss through the disproportionation reaction. How-
ever, the presence of zinc bromide has no effect on the
oxidative addition rate of ArX to CoI.


Experimental Section


Chemicals : Dimethylformamide (from SDS) was used without purification.
Pyridine was dried over KOH. Cobalt bromide (Aldrich), 2-bromomesi-
tylene (Aldrich), ethyl 4-bromobenzoate (Aldrich), 4-bromoanisole (Al-
drich), and chlorobenzene (Prolabo) were used as received. nBu4NBF4
(Fluka), used as the supporting electrolyte, was dried at 60 �C under
vacuum. Zinc bromide (Fluka) was used as received or dried at 60 �C under
vacuum. Iodine resublimed (Acros) was used as received.
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Instrumentation : Cyclic voltammetry experiments were performed at room
temperature under argon in a three-electrode cell. The reference electrode
was an SCE (Tacussel), which was separated from the solution by a bridge
compartment filled with the same solvent/supporting electrolyte solution
used in the cell. The counter electrode was a platinum or gold grid of about
1 cm2 apparent surface area. The working electrode was a disk obtained
from a cross section of platinum wire (diameter 500 �m) sealed in glass.


An EG&G model 273A potentiostat or an EG&G PAR175 signal
generator linked to a home-made potentiostat with a positive feedback
loop for ohmic drop compensation was used.[24]


Preparative-scale electrolyses to form PhZnCl compounds were carried out
in an undivided electrochemical cell with a stainless steel cathode (20 cm2)
and a zinc rod (1 cm diameter) as the sacrificial anode. An SCE was used as
the reference. The electrochemical cell was filled with nBu4NBF4
(0.6 mmol) in DMF (45 mL) and pyridine (5 mL). CoBr2 (1.14 mmol) and
PhCl (7.5 mmol) were then added. Electrolyses were performed at constant
current (I� 0.2 A) under argon and at RT. Reactions were run until
complete catalyst loss. The arylzinc species formed was transformed into
aryl iodide by the addition of iodine into the solution. Aryl iodide was
measured by GC with a 5 m DB1 capillary column and tetradecane as the
internal reference.
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Supramolecular Architecture and Magnetic Properties of Copper(��) and
Nickel(��) Porphyrinogen ± TCNQ Electron-Transfer Salts


Loreto Ballester,[a] Ana M. Gil,[a] Angel Gutie¬rrez,*[a] M. Felisa Perpinƒ a¬n,[a]


M. Teresa Azcondo,[b] Ana E. Sa¬nchez,[b] Claude Marzin,[c] Georges Tarrago,[c] and
Carlo Bellitto[d]


Abstract: The compounds [Cu(Tz)-
(MeOH)2](TCNQ)2 (1), [Ni(Tz)-
(MeOH)2](TCNQ)2 (2), [Cu(Tz)2]-
(TCNQ)7 (3) and [Ni(Tz)2](TCNQ)7 (4)
(Tz� 2,7,12,17-tetramethyl-1,6,11,16-tet-
raazaporphyrinogen) were obtained by
metathesis reaction of [M(Tz)](ClO4)2
with LiTCNQ and Et3NH(TCNQ)2, re-
spectively. They were characterized by a
combination of spectroscopic and phys-
ical methods. Compound 1 crystallizes
in the monoclinic space group P21/n
with a� 8.310(2), b� 25.180(4), c�
20.727(4) ä, �� 93.58(2)� ; Z� 4. Com-
pound 3 crystallizes in the triclinic
space group P1≈ with a� 11.244(1), b�
16.700(1), c� 17.321(1) ä, ��
113.47(1), �� 108.52(1), �� 96.12(1)� ;
Z� 2. The asymmetric unit of the com-
pound 1 is formed by cationic
[Cu(Tz)(MeOH)2]2� and by two crystal-
lographically non equivalent TCNQ .�


anions; these anions form dimeric units
by overlap of the � clouds. The dimers
form hydrogen bonds with the metal-
lomacrocyclic cation through the meth-
anol ligands. According to this structure
the compound is paramagnetic and be-
haves as an insulator in the temperature
range studied. The paramagnetism aris-
es only from the metal-complex moiet-
ies. Compound 3 shows an unprecedent-
ed structure due to the steric require-
ments of the macrocycle that favors the
stacking of the TCNQ groups. The
structure consists of infinite stacks of
TCNQ units separated by the metal-
macrocyclic units; there are seven


TCNQ molecules per formula unit, one
of which is formally mono-anionic, while
the other six bear one half of an electron
per molecule. The copper is six-coordi-
nate in a very distorted octahedral
environment. The Tz ligand is located
in the equatorial plane and the apical
nitrogens of the nitrile groups of two
TCNQ molecules complete the coordi-
nation around the copper. The com-
pound is a semiconductor and its mag-
netic behavior can be explained by the
sum of the Curie contribution of the
metal complex and the contribution
arising from the magnetic-exchange in-
teractions of the spins located on the
TCNQ units. The latter is found to be
typical of one-dimensional antiferro-
magnetic distorted chains of S� 1³2 spins
and can be fitted according to a one-
dimensional Heisenberg antiferromag-
netic model.


Keywords: charge transfer ¥
magnetic properties ¥ porphyrinoids
¥ radical ions ¥ supramolecular
chemistry


Introduction


Much effort has been devoted to the study of the correlation
between supramolecular architecture and properties in donor-


acceptor systems in which both units are organic molecules.[1]


On the other hand, new behavior is expected when para-
magnetic transition metal centers are introduced as building
blocks in these supramolecular arrays.[2]


One of the most widely used organic planar acceptors in the
synthesis of electrically conductive molecule-based materials
is the TCNQmolecule (7,7,8,8-tetracyanoquinodimethane). In
combination with a metallic fragment, the metal has proved to
influence greatly the orientation of the TCNQ units in the
stack, since in its reduced form the radical anion [TCNQ .�],
tends to coordinate the transition metals through one of the
nitrogen atoms of the nitrile groups.[3] A common feature
found in these compounds is the presence of the dimeric
dianion [TCNQ]22� formed by the overlap of the �-electron
clouds of adjacent radical anions.[4]


We have recently studied the influence of tetraazamacro-
cyclic complexes of nickel(��) and copper(��) on the electronic
and magnetic properties of MII(macrocyclic) ± TCNQ systems
and four different kinds of supramolecular architectures have
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been observed, depending on the TCNQ oxidation states and
the ability to form � metal ± TCNQ bonds.


If the reaction is carried out in the presence of only the
anionic [TCNQ]� , and the metal complex has labile ligands or
vacant coordinative positions, then the compounds obtained
contain [TCNQ]� anions bonded to the metal in a mono-
dentate fashion. The coordinated anion-radicals are dimer-
ized, leading to the formation of infinite chains with these
[TCNQ]22� dimers bridging consecutive metallic fragments.[4]


However, when the metal ion has a close stable coordinative
environment, thus precluding a direct interaction with the
anion radical, the crystal packing is driven by electrostatic
interactions between the cationic metal moieties and the
dimeric [TCNQ]22� anions which alternate in the solid.[4d, 5]


If the reaction is carried out in the presence of the mixed
valence (Et3NH)[TCNQ]2, two new supramolecular architec-
tures have been observed. In the first case, if the radical anion
can coordinate the metal atom, the previously mentioned
chains ¥¥¥�[M(N4)]�(TCNQ)2�[M(N4)]�(TCNQ)2� ¥ ¥ ¥ are
formed. The difference comes from the presence of neutral
TCNQ molecules, which connect adjacent chains by overlap
with the clouds of the coordinated TCNQ anions. These
neutral molecules thus extend the interactions to a second
direction in the crystal structure.[6] Finally, if no direct
interaction with the metal is present, the TCNQ units show
a greater electronic delocalization, with stacks made of
formally [TCNQ]0.5� or [TCNQ]0.66� separated by rows of
the cationic metal complexes.[7]


With the aim of obtaining novel supramolecular architec-
tures, the macrocycle, 2,7,12,17-tetrametyl-1,6,11,16-tetraaza-
porphyrinogen, Tz (see below), has been chosen. The reason
lies in the flexibility[8] and in the size of cavity of this ligand,
which allows the coordination of different metal ions.[9]


In this paper we report on the
compounds obtained by the reac-
tion of the metal ±macrocycle
[M(Tz)]2�, (M�Cu, Ni) and TCNQ
in different oxidation states.
Radical-ion salts of formula
[M(Tz)(MeOH)2](TCNQ)2 are pre-
pared by reaction of the
perchlorate salt, that is
[M(Tz)](ClO4)2, and of Li[TCNQ],
while radical-ion salts of formula
[M(Tz)]2(TCNQ)7 (M�Cu, Ni) are
obtained by starting from the
mixed-valence (Et3NH)[TCNQ]2
as acceptor.


Results and Discussion


The reaction of [M(Tz)](ClO4)2 with LiTCNQ or
(Et3NH)(TCNQ)2 takes place with displacement of the
counter anion by two organic radicals. No appreciable charge
transfer is observed between the organic acceptor molecule
and the metal ion, which retains the�2 oxidation state. In the
case of the reaction with LiTCNQ, two methanol molecules
complete the metal coordinative environment, leaving the
radical anions out of the coordination sphere. When the
reaction is carried out in the presence of (Et3NH)[TCNQ]2, a
reagent where the TCNQ units are in a formal average charge
of 0.5e, the stoichiometry of the product, that is
[M(Tz)]2(TCNQ)7 (M�Cu, Ni), indicates that, for electro-
neutrality requirements, there must be four anionic TCNQ
and the other three organic acceptors should be neutral.


Crystal structure of [Cu(Tz)(MeOH)2](TCNQ)2 : The com-
pound crystallizes in the monoclinic system, space group P21/
n. An ORTEP view of the molecular unit is shown in Figure 1.


The crystal structure can be described as being formed by
the alternation of cations [Cu(Tz)(MeOH)2]2� and dianions
[TCNQ]22�. The copper(��) ion is six-coordinate in a tetrago-
nally elongated octahedral environment with the four nitro-
gen atoms of the Tz macrocyclic ligand in the equatorial plane
with Cu�N bond lengths in the range 1.91 ± 1.96 ä. The two
methanol molecules complete the coordination environment
in apical positions with bond lengths Cu�O(1), 2.46 and
Cu�O(2), 2.51 ä. Due to the large size of the macrocyclic
cavity, which makes it able to host a second row transition
metal ion,[9] the macrocycle is shrunk to fit around the smaller
copper ion. The [CuN4] moiety is not planar but has the four
nitrogen atoms deviated by an average of 0.02 ä above the
best least-square plane, which contains the copper atom,


Figure 1. ORTEP view (50% probability ellipsoids) of [Cu(Tz)(MeOH)2](TCNQ)2.
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pushing away one coordinated methanol group (Figure 2).
The four pyrazole groups are planar and twisted with respect
to the [CuN4] equatorial plane by an average of 21.5�.


Figure 2. View of the [Cu(Tz)] unit showing the fitting of the macrocycle
to the copper atom in [Cu(Tz)(MeOH)2](TCNQ)2, left, and
[Cu(Tz)]2(TCNQ)7, right.


There are two crystallographically non equivalent TCNQ
molecules in the unit cell, identified as TCNQ A and
TCNQ B. The metallomacrocyclic cation has a 2� charge
and therefore all the TCNQ in the crystal must be mono-
anionic. A linear relation between the carbon ± carbon bond
lengths of the TCNQ and the degree of charge held on this
molecule has previously been observed,[10] but unfortunately
the poor quality of the crystal studied precludes the determi-
nation of this degree of charge from the experimental data.
Each TCNQ is related with an adjacent radical anion by an
inversion center. These two anions overlap their � clouds
forming dimeric dianions. The overlap mode is of the ring-
over-ring mode[3a] for the TCNQ A dimer, while it is of the
ring-over-external-bond mode for the TCNQ B dimer. The
observed intra-dimer distances, that is 3.23(4) and 3.13(4) ä,
respectively, are typical of these dimeric species.[4, 5]


The crystal packing (Figure 3) shows that the cationic
metallomacrocycle and the dianions [TCNQ]22� are joined
together by hydrogen bonds between one of the nitrile groups
of every TCNQ and the hydroxo group of the methanol
ligands. TCNQ A, forms a hydrogen bond with O1, O1�H01
0.94(2), H01 ¥¥¥ N13 2.00(3) ä, angle O1�H01�N13 142(1)�. In
a similar way, TCNQ B is hydrogen bonded to the other
methanol group, O2�H02 1.02(1), H02 ¥¥¥ N9 1.90(3) ä, angle
O2�H02�N9 142(1)�. Due to the centrosymmetric nature of
the [TCNQ]22� dimer each unit forms a hydrogen bond with a


Figure 3. View of the crystal packing in [Cu(Tz)(MeOH)2](TCNQ)2
(� TCNQ A, � TCNQ B atoms).


different metallomacrocyclic cation, originating a zigzag chain
which is extended along the crystal:


¥ ¥ ¥ [(MeOH)Cu(Tz)(MeOH)] ¥¥¥ (TCNQ)2(A) ¥ ¥ ¥ [(MeOH)-
Cu(Tz)(MeOH)] ¥¥¥ (TCNQ)2(B) ¥ ¥ ¥ [(MeOH)Cu(Tz)-
(MeOH)] ¥¥¥


Crystal structure of [Cu(Tz)]2(TCNQ)7: An ORTEP view of
the formula unit is reported in Figure 4. Table 1 shows the
most significant bond lengths and angles. The structure
consists of infinite one-dimensional stacks of TCNQ units,
with the metallomacrocycles located in between the stacks.
The copper atom is six-coordinated in a very distorted
environment. The Tz ligand is located in the equatorial plane
with four Cu�N distances of 1.95 ± 1.97 ä in the usual range
found for sp2 nitrogens.[11] The coordination around the
copper ion is completed by two nitrile groups of two TCNQ
units bonded in apical positions. One Cu�N distance is
2.442(6) ä while the other is much longer, 2.707(4) ä. This
distortion of the coordination environment can be attributed
to steric hindrance of the macrocyclic ligand. In contrast to the
observed shrink in [Cu(Tz)(MeOH)2](TCNQ)2 the macro-
cycle is now folded in one direction (Figure 2) with the copper
atom located 0.138(3) ä above the plane defined by the four


Figure 4. ORTEP view (50% probability ellipsoids) of [Cu(Tz)]2(TCNQ)7.
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macrocyclic nitrogens. This folding allows one TCNQ to get
closer to the copper atom, while the other TCNQ is taken
away from the copper due to the hindrance of the macrocycle
in that direction.


The seven TCNQmolecules found in the unit cell belong to
four crystallographically different types. There is one unique
TCNQ, labeled TCNQ A, located on an inversion center,
while there are two molecules of the other three types,
TCNQ B, C, and D. All the TCNQ molecules are stacked by
overlap of their �-electron clouds. The TCNQ molecules
labeled A and D are coordinat-
ed to the copper(��) ions
through the N atom of the
nitrile group and that of
TCNQ A shows the shortest
bond lengths to the copper
atom. Due to its centrosymme-
try it is also acting as a bridge
between two [CuTz] moieties.
The long Cu�N bond corre-
sponds to TCNQ D, which acts
as a monodentate ligand. This
unit is related by an inversion
center to an adjacent TCNQ D
molecule; both TCNQ groups
overlap in the ring over exter-
nal bond modes with an inter-
planar distance of 3.37(1) ä.
This pair of overlapping TCNQ
is also bridging two different
[CuTz] moieties (Figure 5).


The two TCNQ B molecules
overlap with TCNQ A, above
and below its molecular plane,
in the ring-over-ring mode with
a shortest intermolecular dis-
tance of 3.42(1) ä. TCNQ C


molecules are located between
TCNQ B and D and overlap
with both units in the ring-over-
external bond mode, with dis-
tances of 3.40(1) ä between
TCNQ B and C and 3.37(1) ä
between TCNQ C and D. Both
TCNQ B and C are uncoordi-
nated.


The repeating pattern along
the TCNQ stack is therefore
-A-B-C-D-D-C-B-A- (Figure 5).
All the TCNQ are almost par-
allel with angles between
planes of 3.4(2)� between
TCNQ A and B, 3.4(2)� be-
tween TCNQ B and C, and
1.2(2)� between TCNQ C and
D. The interplanar distances are
slightly longer than those usu-
ally found in dimeric species.[4, 5]


This fact is interpreted in terms
of delocalization of the electron density along the chain,[7]


requiring the presence of TCNQ molecules bearing fractional
charges. As mentioned previously, the charge of the TCNQ
molecules can be related to the variation of the C�C bond
lengths on reduction. The extra electron occupies an anti-
bonding orbital and this is reflected in a lengthening of the
quinoid (c) bond. By using a linear relation between the
electronic charge located in the TCNQ and the variation of
the C�C bond lengths[10b] we have found that TCNQ A is
monoanionic, thus bearing one of the four negative charges


Table 1. Selected bond lengths [ä] and angles [�] for [Cu(Tz)2](TCNQ)7.


Bond lengths Bond angles


Cu�N1 1.976(5) C30�C31 1.423(9) C45�C46 1.434(8) N3-Cu-N7 172.2(2)
Cu�N3 1.963(5) C30�C35 1.430(9) C46�C47 1.346(8) N3-Cu-N1 89.2(2)
Cu�N5 1.988(5) C31�C32 1.348(9) C48�C50 1.429(8) N7-Cu-N1 88.8(2)
Cu�N7 1.970(5) C32�C33 1.422(9) C48�C49 1.430(9) N3-Cu-N5 88.98(2)
Cu�N9 2.442(6) C33�C36 1.380(9) N19�C51 1.149(8) N7-Cu-N5 91.9(2)
Cu�N18 2.707(4) C33�C34 1.437(9) N20�C52 1.143(8) N1-Cu-N5 171.8(2)
N9�C21 1.143(7) C34�C35 1.349(9) N21�C61 1.163(10) N3-Cu-N9 90.83(2)
N10�C23 1.133(8) C36�C37 1.438(10) N22�C62 1.157(10) N7-Cu-N9 96.8(2)
C21�C22 1.429(9) C36�C38 1.441(9) C51�C53 1.435(9) N1-Cu-N9 96.43(2)
C22�C24 1.412(9) N15�C39 1.140(7) C52�C53 1.438(10) N5-Cu-N9 91.6(2)
C22�C23 1.429(10) N16�C40 1.134(8) C53�C54 1.388(8) N2-N1-Cu 124.8(4)
C24�C25 1.430(9) N17�C49 1.144(8) C54�C59 1.437(8) N4-N3-Cu 126.4(4)
C24�C26 1.411(9) N18�C50 1.143(7) C54�C55 1.438(8) N6-N5-Cu 122.7(4)
C25�C26 1.363(9) C39�C41 1.428(8) C55�C56 1.351(9) N8-N7-Cu 126.8(4)
N11�C27 1.139(8) C40�C41 1.434(9) C56�C57 1.432(9) C21-N9-Cu 140.2(5)
N12�C28 1.146(8) C41�C42 1.400(8) C57�C60 1.393(9)
N13�C37 1.139(9) C42�C47 1.434(7) C57�C58 1.400(9)
N14�C38 1.137(8) C42�C43 1.431(7) C58�C59 1.347(9)
C27�C29 1.432(9) C43�C44 1.354(8) C60�C61 1.430(12)
C28�C29 1.441(10) C44�C45 1.424(8) C60�C62 1.433(11)
C29�C30 1.390(9) C45�C48 1.388(8)


Figure 5. View of the TCNQ stack in [Cu(Tz)]2(TCNQ)7.
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distributed between the seven TCNQ in the cell unit
(Table 2). The other six TCNQ have similar parameters and,
within experimental error, they correspond to a formal


average charge of 0.5e, and indicate that the three electrons
are delocalized over the six TCNQ of the chain fragment B-C-
D-D-C-B. TCNQ A, bearing one localized electron, separates
these areas of delocalization.
This picture should correspond
to a good semiconductor with
some electronic delocalization
along the TCNQ stack: the d.c.
electrical conductivity value
measured on a powdered sam-
ple at room temperature was
0.82 Scm�1 and the activation
energy 0.044 eV, in the temper-
ature range 150 ± 300 K, con-
firming this assumption.


Spectroscopic properties : The
IR spectra are a very useful
source of information for
TCNQ radical ion salts: they
give an indication of the pres-
ence of TCNQ in neutral and/or
reduced forms as well as the
coordinative status of these or-
ganic acceptor molecules.[12]


The most characteristic bands
of neutral TCNQ are the
��(CN)� 2228, ��20(b1u)� 1530,
��4(ag)� 1424, and ��50(b3u)�
860 cm�1, the latter assignable
to a C�C stretching and an out-
of-plane bending mode. In the
case of the monoanion
[TCNQ]� these bands are shift-
ed to lower frequencies, appear-
ing at 1507, 1386 and 824 cm�1,
respectively, and a linear rela-
tion between the frequency of
either ��20, ��4 or ��50 and the


charge held on the TCNQ has been proposed.[12b, 13] In the
radical anion the ��(CN) band is also shifted to lower
frequencies (2194/2177 cm�1) and split into two or three
components due to a lowering of symmetry in the nitrile
groups. The IR spectra of [M(Tz)(MeOH)2](TCNQ)2 show
typical bands of the TCNQ in its mono-anionic form with the
above-mentioned bands appearing at 2184, 2155, 1506, and
826 cm�1 for the nickel derivative and at 2191, 2164, 1507, and
823 cm�1 for the copper one, in complete accordance with the
crystallographic results.


The IR spectra of both [M(Tz)]2(TCNQ)7 derivatives are
identical but they show completely different features from
those of the [M(Tz)(MeOH)2](TCNQ)2 compounds. The most
pronounced characteristic is that they show broad vibrational
bands superimposed on an electronic absorption background,
a typical feature of derivatives with a degree of electronic
delocalization along the TCNQ stacks.[14] This electronic
absorption is observed in the visible-NIR spectrum centered
at 5200 cm�1 and can be assigned to the low energy charge-
transfer transition, CT2, between radical anion and neutral
TCNQ.[15]


The most significant bands of [Cu(Tz)]2(TCNQ)7 (Figure 6)
are observed at 2154, 2168, and 2178 with a shoulder at


Table 2. Comparative analysis of the TCNQ bond lengths [ä] in
[Cu(Tz)2](TCNQ)7.


Compound a b c d b�c c�d c/(b�d)


TCNQ0[a] 1.345 1.448 1.374 1.441 0.074 � 0.067 0.476
TCNQ� [a] 1.373 1.423 1.420 1.416 0.003 0.004 0.500
TCNQ0.5� [a] 1.354 1.434 1.396 1.428 0.040 � 0.032 0.488
TCNQ A 1.363 1.421 1.412 1.429 0.009 � 0.017 0.495(6)
TCNQ B 1.348 1.428 1.385 1.438 0.043 � 0.053 0.483(6)
TCNQ C 1.349 1.427 1.391 1.434 0.036 � 0.043 0.486(6)
TCNQ D 1.350 1.431 1.394 1.430 0.037 � 0.036 0.487(6)


[a] Ref. [18].


Figure 6. IR spectrum of [Cu(Tz)]2(TCNQ)7. The expanded regions show the spectra at 300 K (––), 120 K
(�±�±) and 8 K (- - - -).
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2210 cm�1 for the ��(CN) bands, 1505 cm�1 for the ��20 mode
with a weak shoulder at 1524 cm�1, and 834 cm�1 for the ��50
mode. This spectrum is very similar to those of other
derivatives having TCNQ units that bear formal fractional
negative charges,[7c] and the frequency of the ��20 (at 1524 cm�1)
and ��50 vibrational modes agree with the assignment of
0.5 electrons per TCNQ made, as confirmed by the crystal
structure. The ��20 band at 1505 cm�1 is also coherent with the
presence of uninegative TCNQ, as the crystal structure
confirms. The different coordination modes observed in the
crystal would be responsible for the appearance of several
��(CN) bands due to nitrile groups in different environments.


The variation of this IR spectrum with temperature has also
been studied in an attempt to identify possible phase
transitions that would change the TCNQ stack. Figure 6b
shows the regions where changes with the temperature are
observed. For the sake of clarity only the spectra at higher and
lower temperatures and one intermediate are shown.


In the ��(CN) region the band at 2168 cm�1 gradually
disappears while a new band at 2193 cm�1 is observed. In the
��4 region new bands at 1428 and 1423 cm�1 grow between
those previously observed at 1437 and 1408 cm�1. Finally, the
��50 band shows a shoulder at 827 cm�1 along with the primitive
band at 834 cm�1. No appreciable changes are observed in the
��20 region. From the gradual shift in frequencies and
intensities of these bands we can conclude that no sharp
phase transition is observed; rather, a smooth localization of
the electronic charge on some TCNQ units, accompanied or
not by small changes in coordination to the metal, seems more
probable.


The EPR spectra of the four reported compounds have
been recorded on powdered samples at room temperature.
The spectrum of [Ni(Tz)(MeOH)2](TCNQ)2 shows only one
signal centered at g� 2.0027 (�H� 7.7 G); this signal can be
attributed to the unpaired electrons located on TCNQ
molecules. No signal from NiII is observed, as expected, due
to the rapid relaxation of the S� 1 state for six-coordinate
nickel(��).[16]


The EPR spectrum of [Cu(Tz)(MeOH)2](TCNQ)2 (Fig-
ure 7a) shows a broad line due to CuII and a sharp one (g�
2.0032, �H� 1 G) attributed to TCNQ. The copper signal
corresponds to an axial symmetry with hyperfine structure
with the following parameters: g� � 2.18, g�� 2.03, A� �
210 G, A�� 20 G. The pattern and g values are characteristic
of tetragonally elongated octahedral copper(��).[17] The spec-
trum of [Cu(Tz)]2(TCNQ)7 shows similar features (Figure 7b)
and has axial symmetry, but the signals are not resolved for
hyperfine coupling. This fact suggests a very different
environment for the copper atom, also indicated by the
different g values found for this compound: g� � 2.10, g��
2.03. The TCNQ signal appears at g� 2.0025 and shows a
double peak (Figure 7b inset) that could be attributed to a
uniaxial orientation of the TCNQ in the complex. The
analogous nickel derivative shows only the TCNQ radical
signal at g� 2.0028 (�H� 2 G), also split in an axial fashion.


Magnetic properties : The bulk d.c. magnetic susceptibility has
been measured on a polycrystalline sample over the range 2 ±
300 K for the studied compounds. The �T versus temperature


Figure 7. EPR spectra of solid samples of a) [Cu(Tz)(MeOH)2](TCNQ)2,
and b) [Cu(Tz)]2(TCNQ)7 . Inset: the TCNQ signal.


plot of compound [Cu(Tz)(MeOH)2](TCNQ)2 follows the
Curie ±Weiss law (Figure 8), with a Curie constant, C, of
0.393 cm3Kmol�1 and a � value of �1.24 K, corresponding to
an effective magnetic moment of 1.77 	B, thus indicating that
the magnetic behavior originates only from isolated metal
centers, because of the strong antiferromagnetic coupling
inside the TCNQ dimers. The corresponding nickel analog
also exhibits a similar magnetic behavior, arising only from
isolated nickel(��), S� 1 spins. In fact, the data above 50 K fit
the Curie law with a Curie constant of 0.961 cm3Kmol�1,
corresponding to an effective magnetic moment of 2.77 	B.
Below 50 K the data deviate from the Curie law and this
deviation can be ascribed to the presence of zero-field
splitting, which is one of the most important sources of
magnetic anisotropy in nickel(��) octahedral derivatives.[19]


Equation (1) takes into account this single-ion anisotropy
for the average magnetic susceptibility, where x�D/kT, the
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parameter D measures the zero-field splitting for the ground
state:


����C


T


�2� 2 exp	�x
��x� exp	�x

�1� 2 exp	�x
� (1)


The best fit to the experimental data (Figure 8) gives the
parameters C� 0.943 cm3Kmol�1 and D� 12.5 cm�1. The
Curie constant does not differ significantly from the high
temperature value, while the D parameter indicates that
anisotropy is found in the nickel environment.


The magnetic susceptibility of [Cu(Tz)]2(TCNQ)7 has been
measured in the temperature range 5 ± 300 K at an external
field of 5000 Oe. The effective magnetic moment, calculated
from the equation 	eff� 2.83(�T)1/2, steadily increases from
1.82	B at 3 K to 3.12	B at 300 K (Figure 9). These values
suggest that at lower temperatures only the metal ion
contributes to the magnetic susceptibility with the spins on
the TCNQ strongly antiferromagnetically coupled and that at
high temperatures four S� 1³2 spins, together with that of the
CuII, are present in the formula unit. The field dependence of
the magnetization at 5 K is reported in Figure 10. The


experimental data fit well to the
Brillouin function for a S� 1³2 para-
magnet with a g value of 2.094(2), in
good agreement with the EPR data.
Assuming that the copper ions
would follow the Curie law, this g
value corresponds to a Curie con-
stant of 0.4114 cm3Kmol�1.


On the basis of the crystal struc-
ture and the above observations,
the magnetic properties of
[Cu(Tz)]2(TCNQ)7 can be interpret-
ed as the sum of three contributions:


�M� �Cu� �org � N� (2)


where �Cu is the Curie contribution
arising from the uncorrelated CuII


(S� 1³2) spins, �org is the contribution
of the spins located on the TCNQ stacks, and N� is the
temperature-independent paramagnetism (TIP). Now, if the
metal-ion contribution and the TIP are subtracted from the
total magnetic susceptibility, a typical �org versus T plot of one-
dimensional antiferromagnetic chains of S� 1³2 spins is
observed (Figure 11).[20]


The copper contribution has been estimated from the C/T
equation, and by using the value for the Curie constant as
obtained from the fit of the Brillouin function. The TIP
contribution can be estimated by plotting � versus 1/T, and
extrapolating the susceptibility value for T� ; this gives a
value of 2.3� 10�3 cm3mol�1. This relatively high TIP con-
tribution may have different contributions, besides the TIP
contribution of the copper(��) ions (on the order of 6�
10�5 cm3mol�1), a Pauli paramagnetic contribution coming
from the delocalized electrons on the anion-radicals, as has
been observed in other conducting radical-ion salts.[21]


The temperature dependent susceptibility of the organic
part obtained in this way is reported in Figure 11. It shows a
broad maximum centered at Tmax�54 K, a typical signature of
a one-dimensional S� 1³2 spin system. The experimental data


above T� 15 K were then fitted to a
Heisenberg linear chain model with
the Equation (3) derived from Hat-
field et al. :[20]


�org�
N g 2�2


kT


A� Bx� C x2


1�Dx� Ex 2 � F x 2 (3)


where x�� J � /kT and A, B, C, D,
E, and F are functions of �, a
parameter that takes into account
the distortion in the chain and can
vary from �� 0 (corresponding to
isolated TCNQ .� dimers) to �� 1
(corresponding to a uniform chain of
S� 1³2 spins). The best fit of the
experimental results was obtained
by using g� 2.0025, taken from the
EPR spectrum, and affords J�
�37.3(1) cm�1 and �� 0.91, suggest-


Figure 8. Temperature dependence of �T for [M(Tz)(MeOH)2](TCNQ)2, M�Cu, Ni. The solid lines
represent the fitting of the data as discussed in the text.


Figure 9. Temperature dependence of the static molar susceptibility and the effective magnetic moment of
[Cu(Tz)]2(TCNQ)7 in the temperature range 5 ± 300 K.
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Figure 10. Field dependence of the magnetization at T� 5 K for
[Cu(Tz)]2(TCNQ)7. The solid line represents the fit of the data to the
Brillouin function of a S� 1³2 paramagnet with g� 2.094.-


Figure 11. Plot of the magnetic susceptibility of the organic part of
[Cu(Tz)]2(TCNQ)7 as a function of the temperature. The solid line is the fit
to the experimental data (see text).


ing the presence of a slightly dis-
torted magnetic chain, in agree-
ment with the structural data.


The magnetic susceptibility of
[Ni(Tz)2](TCNQ)7 has also been
measured in the temperature
range 2 ± 300 K at an external field
of 0.3 T and is reported in Fig-
ure 12. The effective magnetic mo-
ment, calculated from the equa-
tion 	eff� 2.83(�T)1/2, steadily in-
creases from �1 	B at 2 K to 7 	B


at 300 K. At higher temperatures,
four S� 1³2 spins and one S� 1 spin
are present in the formula unit,
and at low temperatures only that
arising from the nickel(��) ions is
observed. Assuming that only the


nickel ions contribute to the total magnetic susceptibility at
low temperatures and the magnetic anisotropy is present, the
data below 30 K were fitted to Equation (1), obtaining C�
0.921 cm3Kmol�1 and D� 7.8 cm�1. The TIP contribution for
this compound was estimated in the same way to that
mentioned above for the copper derivative, and a value of
1.74� 10�3 cm3mol�1 was found. The magnetic susceptibility
was then assumed to be the sum of the contributions of the
isolated S� 1 nickel(��) ions, the contribution of the spins
located on the TCNQ, and that of the TIP.


�total� �Ni� �org�N� (4)


where �Ni and �org are expressed by Equations (1) and (3),
respectively. After subtraction of the nickel and TIP contri-
butions from the total magnetic susceptibility, the magnetic
susceptibility contribution of the organic part was then
obtained. Unfortunately, the crystal structure of this com-
pound is unknown, and an attempt was made by assuming for
the nickel analogue a similar one-dimensional magnetic chain
structure to that found in the copper analogue. The data were
fitted to Equation (3) and the parameter � varied, but the fit
was poor.


Conclusion


Two different types of metal ± porphyrinogen ±TCNQ radi-
cal-ion salts have been isolated and characterized. The
flexibility of the Tz macrocycle, able to accommodate around
the metal atom, allows the formation of completely different
architectures. Single-valence derivatives of formula
[M(Tz)(MeOH)2](TCNQ)2 were obtained by reaction of
[M(Tz)](ClO4)2 and LiTCNQ, while mixed-valence radical-
ion salts of formula [M(Tz)]2(TCNQ)7 were obtained by
reaction of [M(Tz)](ClO4)2 and (Et3NH)[TCNQ]2. While the
former structure consists of the well known alternating
dimeric dianions [TCNQ]22� and metallomacrocyclic cations,
the crystal structure of the [Cu(Tz)]2(TCNQ)7 consists of
segregated TCNQ stacks with a certain degree of electronic


Figure 12. Temperature dependence of the static molar susceptibility and the effective magnetic moment of
[Ni(Tz)]2(TCNQ)7 in the temperature range 2 ± 300 K.
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delocalization along them separated by [Cu(Tz)] units. The
formula and structure of this species is unprecedented since
the most common architecture found for delocalized TCNQ
stacks corresponds to the overlap of trimeric [TCNQ]32�


anions in derivatives of formula [MLn](TCNQ)3.[7] The
formation of [Cu(Tz)]2(TCNQ)7, with one extra TCNQ every
two metallomacrocyclic units, can be attributed to the large
size of the porphyrinogen macrocycle: in fact the adjacent
[Cu(Tz)] units are separated by only 3.64 ä (distance between
C18 and C19 of adjacent macrocycles). If we keep the same
structural arrangement and remove one TCNQ to form a
hypothetical [Cu(Tz)]2(TCNQ)6, the intermolecular TCNQ-
TCNQ space along the stack would increase excessively to
allow an effective � overlap or, alternatively, if this � overlap
is maintained, it would imply extremely short contacts
between neighboring metallomacocycles. As a consequence
of the new stoichiometry, the electronic delocalization along
this stack is greater than that found previously in other
metallomacrocycle-TCNQ derivatives. The magnetic behav-
ior could be described as the sum of the Curie contribution of
the CuII complex units and the antiferromagnetic exchange
interactions between the nearest-neighbor TCNQ spins along
the chains. This interaction can be fitted using a 1D
Heisenberg alternating chain model: the compound behaves
like a distorted 1D magnetic chain of S� 1³2 spins, in agree-
ment with the structural data. [Ni(Tz)]2(TCNQ)7 has also
been prepared and isolated as microcrystalline powder, but no
structural information is available. The compound is a semi-
conductor, and an attempt to understand the magnetic
behavior by using the same model applied to the copper
analog is not completely satisfactory.


Experimental Section


All the reactions have been carried out under an inert atmosphere. Tz,[22]


LiTCNQ,[23] and (Et3NH)[TCNQ]2[23] were obtained according to published
methods and their purities checked by elemental analyses. Perchlorate
salts, being potentially explosive, were used in small amounts and handled
with care.


[M(Tz)](ClO4)2 (M�Cu, Ni): A MeOH solution (15 mL) of the macro-
cycle (0.38 g, 1 mmol) was added to a stirred solution of M(ClO4)2 ¥ 6H2O
(0.36 g, 1 mmol) in MeOH (30 mL). After ten minutes of stirring, the solid
obtained was filtered off, washed with methanol and dried. Yield: almost
quantitative.


[M(Tz)(MeOH)2](TCNQ)2 (M�Cu, Ni): A MeOH solution (40 mL) of
LiTCNQ (0.07 g, 0.34 mmol) was added dropwise to a stirred solution of
[M(Tz)](ClO4)2 (0.1 g , 0.17 mmol) in acetonitrile (20 mL). The resulting
solution was cooled at �20 �C for two days, and dark green crystals that
formed were filtered off, washed with methanol and dried under vacuum.
Yield: 68%.


[Cu(Tz)(MeOH)2](TCNQ)2 : IR (KBr): �� � 3440 m, 2201 s, 2191 vs, 2164 s,
1578 s, 1507 s, 1478 w, 1364 m, 1332 s, 1225 s, 1181 s, 988 w, 823 m, 720 w,
481 cm�1 w; elemental analysis calcd (%) for CuC46H40N16O2: C 60.6, H 4.4,
N 24.6; found: C 60.3, H 4.4, N 24.6.


[Ni(Tz)(MeOH)2](TCNQ)2 : IR (KBr): �� � 3436 m, 2184 vs, 2176 s, 2155 s,
1582 s, 1506 s, 1434 w, 1403 w, 1357 m, 1339 m, 1280 m, 1183 m, 1175 s, 1058
w, 1029 w, 826 w, 795 cm�1 w; elemental analysis calcd (%) for
NiC46H40N16O2: C 60.9, H 4.4, N 24.7; found: C 60.6, H 4.4, N 24.6.


[M(Tz)]2(TCNQ)7 (M�Cu, Ni): An acetonitrile solution (15 mL) of
(Et3NH)(TCNQ)2 (0.15 g, 0.3 mmol) was added to a solution of
[M(Tz)](ClO4)2 (0.07 g, 0.12 mmol) in acetonitrile (15 mL). The mixture
was cooled for three days; dark blue crystals of the title compound


separated, and were filtered off, washed with methanol and dried in vacuo.
Yield: 74%.


[Cu(Tz)]2(TCNQ)7: IR (KBr): �� � 2178 vs, 2168 vs, 2154 vs, 1560 s, 1526 m,
1505 s, 1437 m, 1408 m, 1322 s, 1287 s, 1113 s, 1058 m, 952 w, 834 m, 805 w,
696 m, 601 w, 482 cm�1 w; elemental analysis calcd (%) for CuC62H38N22: C
64.5, H 3.3 N, 26.7; found: C 64.6, H 3.4, N 26.9.


[Ni(Tz)]2(TCNQ)7: IR (KBr): �� � 2177 vs, 2160 vs, 1562 s, 1505 s, 1435 w,
1406 w, 1324 s, 1111 s, 1054 m, 952 w, 832 w, 801 w, 694 m, 600 w, 483 cm�1 w;
elemental analysis calcd (%) for NiC62H38N22: C 64.8, H 3.3, N 26.8; found:
C 65.1, H, 3.4, N, 26.7.


Single-crystal growth : Good quality single crystals of the copper com-
pounds were obtained by slow diffusion of a LiTCNQ or (Et3NH)(TCNQ)2
methanolic solution into an acetonitrile solution of [Cu(Tz)](ClO4)2.


Physical measurements : Elemental analyses were carried out by the
Servicio de Microana¬lisis of the Universidad Complutense de Madrid. IR
spectra were recorded as KBr pellets on a Nicolet Magna-550 FT-IR
spectrophotometer. Electronic spectra were recorded in the solid state by
rubbering the sample on optical glass using a Cary-5 spectrophotometer.
Magnetic susceptibility experiments were made on polycrystalline samples
using a Quantum Design SQUID magnetometer, Model MPMS-5S in the
temperature range of 2 and 250 K and at constant fields of 0.3 and 0.5 T.
Isothermal magnetization as a function of the field up to 5 T was also
performed. The experimental data have been corrected for the magnet-
ization of the sample holder and for atomic diamagnetism as calculated
from the known Pascal×s constants. X-band powder EPR spectra have been
obtained on a Bruker ESP300 apparatus equipped with a Bruker ER035M
gausometer and an Oxford JTC4 cryostat. Single-crystal electrical con-
ductivity measurements at variable temperature were performed by the
four-points method, using an APD cryogenics INCHC2 helium cryostat.


X-ray Structure determinations : A summary of the fundamental crystal
data is reported in Table 3. A green ([Cu(Tz)(MeOH)2](TCNQ)2) or deep-
blue ([Cu(Tz)]2(TCNQ)7) crystal of prismatic shape was resin epoxy-
coated and mounted on a CAD-4 kappa diffractometer. The cell
dimensions were refined by least squares fitting the 2� values of
25 reflections. The intensities were corrected for Lorentz and polarization
effects. Scattering factors for neutral atoms and anomalous dispersion
corrections for Cu were taken from ref. [24]. The structures were solved by
Patterson and Fourier methods and refined by applying full-matrix least
squares on F 2 with anisotropic thermal parameters for the non-hydrogen
atoms. The hydrogen atoms were included with fixed isotropic contribu-
tions at their calculated positions determined by molecular geometry. The
calculations were carried out with the SHELX97 software package.[25]


CCDC-167164 ([Cu(Tz)]2(TCNQ)7) and CCDC-167165 ([Cu(Tz)-
(MeOH)2](TCNQ)2) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.


Table 3. Crystal data for [Cu(Tz)(MeOH)2](TCNQ)2 and
[Cu(Tz)2](TCNQ)7.


Compound [Cu(Tz)(MeOH)2](TCNQ)2 [Cu(Tz)2](TCNQ)7


empirical formula C46H40CuN16O2 C62H38CuN22


MW 912.47 1154.7
crystal system monoclinic triclinic
space group P21/n P1≈


a [ä] 8.310(2) 11.244(1)
b [ä] 25.180(4) 16.700(1)
c [ä] 20.727(4) 17.321(1)
� [�] 113.47(1)
� [�] 93.58(2) 108.52(1)
� [�] 96.12(1)
Z 4 2
V [ä3] 4329(2) 2725(2)

calcd [Mgm�3] 1.40 1.41
T [K] 293 293
� (MoK�) [ä] 0.71073 0.71073
	 [cm�1] 5.65 4.66
R1


[a] 0.093 0.053
wR2


[b] 0.188 0.150


[a] R1��(�Fo �� �Fc � )2/�F 2
o. [b] wR2� {�[w(Fo


2�F 2
c 
2]/�[w(F 2


o
2]}1/2.
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ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.ac.uk).
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Setting the Stage for New Catalytic Functions in Designed Proteins–
Exploring the Imine Pathway in the Efficient Decarboxylation of
Oxaloacetate by an Arg ±Lys Site in a Four-Helix Bundle Protein Scaffold


Malin Allert[a] and Lars Baltzer*[b]


Abstract: Fourteen 42-residue polypep-
tides have been designed to identify
reactive sites for the catalysis of the
decarboxylation of oxaloacetate, a
chemical transformation that proceeds
through the formation of an imine
intermediate. The sequences fold into
helix ± loop ± helix motifs and dimerise
to four-helix bundles. The catalytically
active lysine residues were incorporated
in several surface exposed positions, but
also in positions characterised by hydro-
phobic properties to reduce their pKa


values. The molecular environments of
the Lys residues were systematically
varied, to find which residues were able
to stabilise and bind the imine inter-
mediate in the decarboxylation reaction.
A two-residue Arg ±Lys site formed the
main component of the reactive site of


the helix ± loop ± helix dimer Decarb-
K34_R33, which obeyed saturation ki-
netics in catalysing the reaction with a
kcat/KM of 0.59��1 s�1. The rate constant
measured was nearly three orders of
magnitude larger than the second-order
rate constant of the butylamine-cata-
lysed reaction (0.0011��1 s�1), and four
orders of magnitude larger than the
pseudo first-order rate constant of the
uncatalysed reaction (1.3� 10�5 s�1).
The sequence of Decarb-K34_R33 con-
tained only a single lysine residue. It was
flanked by an arginine in the preceding
position in the sequence. A flanking Arg


residue provided more efficient catalysis
than a flanking Lys or Gln residue.
Arginines in flanking positions in the
helix, in positions four residues before
or after the Lys in the sequence, are not
as important in catalysis as the Arg of
the Arg ±Lys pair. The effect of pKa on
the catalytic efficiency of the Lys residue
in the decarboxylation reaction is well
known. The identification of the role of
the flanking Arg residue in catalysing
decarboxylation, its optimal position,
and the importance of conformational
stability reported here sets the stage for
developing a number of catalytic sys-
tems that depend on the formation of
imine intermediates, but that lead to
different reaction products.


Keywords: decarboxylation ¥
enzyme catalysis ¥ imines ¥ peptides
¥ protein models


Introduction


The quest for the fundamental principles of enzyme catalysis
is a critical test of our understanding of the interplay between
structure, dynamics, molecular interactions and molecular
recognition in proteins. An understanding at the atomic level
of how substrates, intermediates and transition states are
recognised and bound by the catalyst, while the products are
released, and how the catalytic residues control the chemical
transformations remains elusive. While the study of native


enzymes has provided considerable insights into the mecha-
nisms of catalysis, a comprehensive set of rules for the
construction of new enzymes has not emerged, probably
because of the structural and functional complexity of
naturally occurring proteins. In contrast, in de novo designed
proteins,[1±13] catalytic residues can be introduced according to
reaction mechanistic principles, to probe the relationship
between structure and function in well-defined sites that have
no hereditary biological function. In spite of their simplicity in
comparison with native proteins, de novo designed sequences
can serve as scaffolds of sufficient complexity for the
introduction of multiple functions in variable geometries
and are thus excellent model systems for the study of
biocatalysis. A number of de novo designed proteins have
now been reported, together with their three-dimensional
structures and a variety of designed protein scaffolds have
therefore become available.[4, 14±21]


The introduction of catalytic sites into folded polypeptide
model systems have shown that catalytic efficiencies of three
to four orders of magnitude are achievable in constructs that
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are very simple relative to native enzymes.[22±36] A landmark
achievement in peptide design was that of Johnsson et al. who
reported a 14-residue peptide (oxaldie 1) that folded into a
helical structure and catalysed the decarboxylation of oxa-
loacetate with a kcat/KM of 0.47��1 s�1 in aqueous solution at
pH 7, more than two orders of magnitude more efficiently
than butylamine.[22] The catalysis of the self-replication of 33-
residue peptides, with rate constants (kcat/KM) more than three
orders of magnitude larger than the second-order rate
constants of the corresponding uncatalysed reactions, estab-
lished that it was possible to catalyse bimolecular reactions by
binding both reactants to the surface of a folded polypep-
tide.[23, 25, 29, 30] We have previously reported helix ± loop ± helix
dimers that follow saturation kinetics in the catalysis of the
hydrolysis and transesterification of nitrophenyl esters with
rate enhancements that were more than three orders of
magnitude greater than those of the imidazole-catalysed
reactions.[26, 31] Their catalytic efficiency was based mainly on
cooperative nucleophilic and general acid catalysis by un-
protonated histidine residues flanked by protonated histi-
dines, and supplemented by Arg and Lys residues that gave a
modest degree of substrate selectivity. Catalysts have also
been designed that make use of cofactors introduced into
model protein scaffolds in efforts to mimic the transamination
reaction of amino acid biosynthesis.[37]


The reports of successful designs in which saturation
kinetics and large rate enhancements were achieved in
designed polypeptides and proteins suggest that we now
know how to construct binding sites for small molecules and
peptides with m� affinities or better. The catalytic sites
reported so far lag behind their natural role models consid-
erably in terms of their capacity for efficient chemical
transformations, probably because the number of residues
and geometries that can be introduced and optimised in
reactive sites in designed proteins is too small. Nevertheless,
the observation of efficient catalytic sites in simple protein
scaffolds suggests that these may be considered to be
primitive precursors of en-
zyme-like catalysts that can be
supplemented by groups capa-
ble of native-like recognition
and binding as our understand-
ing of protein structural refine-
ment and folding advances.
In many enzymes the nature


of the chemical reaction to be
catalysed is controlled by a
small number of residues,
whereas other groups in the
active site are mainly involved
in non-covalent binding of in-
termediates and transition
states that depends more on
the character of the substrate
than on the chemical transfor-
mation. For example, the effi-
ciency of the His ±HisH� site in
a helix ± loop ± helix motif was
refined by the incorporation of


groups capable of substrate and transition state binding in a
rational way, but the reaction mechanism remained unal-
tered.[31] Although this is a somewhat superficial view of
enzyme catalysis, it has proven to be of some value in catalyst
design, and the identification of simple sites that determine
and control the pathways of chemical transformations are
therefore central to the development of new catalysts. An
important group of reactions that are of great fundamental
and practical value are those based on the formation of imines
from nucleophilic lysine residues and carbonyl groups. Imines
are key intermediates in racemisation, transamination, de-
carboxylation, Michael addition and aldol condensation
reactions, and control of imine formation opens up a whole
range of chemistries to catalyst design. The search for the
basic catalytic unit required for efficient imine formation is
therefore of great value.
The introduction of a lysine residue into the binding site of


an antibody to depress its pKa value and to provide a chiral
environment proved to be a powerful strategy for the catalysis
of a variety of aldol and decarboxylation reactions.[38±41]


The decarboxylation of oxaloacetate can be catalysed by a
pathway that proceeds through the formation of an imine
from a primary amine and the keto group of the substrate
(Scheme 1).[22, 42±44] The 14-residue sequences oxaldie 1 and
oxaldie 2 (RHN-L-A-K-L-L-K-A-L-A-K-L-L-K-K-CONH in
which R corresponds to a hydrogen for oxaldie 1 and an acetyl
group for oxaldie 2) that catalysed the reaction by almost
three orders of magnitude[22] contained five lysine residues,
and the formation of imines was demonstrated by trapping
with NaBH3CN, although the catalytically active lysines were
never identified. In the folded state the lysine residues of
oxaldie 1 and oxaldie 2 are aligned on one face of the helix.
The CD spectra of the oxaldie sequences were highly
concentration dependent, and under the experimental con-
ditions the helical contents were low. Oxaldie 2 was more
ordered than oxaldie 1 owing to the acetylation of the
N-terminus, and the secondary structures were in both cases
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Scheme 1. The reaction mechanism for the decarboxylation of oxaloacetate catalysed by a primary amine.
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stabilised by aggregation. To determine which residues and
configurations formed the most reactive sites for the decar-
boxylation of oxaloacetate, and to understand better the
molecular basis for catalysis, we have designed fourteen 42-
residue helix ± loop ± helix forming sequences in which the
molecular environment of the lysine residues in the folded
state has been systematically varied. In addition to providing a
better understanding of the mechanism of the decarboxyla-
tion reaction, the purpose of the design was also to probe the
factors that control the formation of imines, which is of
general interest in the development of new catalysts for other
reactions along the imine pathway.We now wish to report that
we have identified a simple two-residue Lys ±Arg site in a
conformationally stable helix that is an efficient catalytic unit
for the transformation of oxaloacetate. When supplemented
by flanking residues capable of binding and recognition of
other imines, several catalytic systems can be envisioned that
are capable of efficiently and selectively transforming carbon-
yl compounds into a vast number of different chemical
structures. This two-residue site is thus a key building block in
the design of new catalysts along the imine pathway that can
be supplemented by residues capable of recognition and
further refined in terms of substrate selectivity.


Results


Design and characterisation of the four-helix bundle motif :
Fourteen 42-residue sequences were designed to form helix ±
loop ± helix motifs and dimerise into four-helix bundle pro-
teins, and lysine residues were incorporated in positions in
which their capacity for catalysing the decarboxylation of
oxaloacetate could be determined. The polypeptides were
synthesised by solid-phase techniques using an automated
peptide synthesiser and the Fmoc protecting group strategy.
The peptides were purified using reversed-phase HPLC and
identified by electrospray mass spectrometry. The design of
the antiparallel helix ± loop ± helix dimer motif is conveniently
discussed in terms of the heptad repeat pattern (a-b-c-d-e-f-
g)n (Figure 1) in which residues in the a- and d-positions form
the hydrophobic core, those in the g- and c-positions form the
exposed surface of the dimer, and the residues in the b- and
e-positions are at the dimer interface and control dimerisa-


Figure 1. Schematic representation of the heptad repeat pattern used in
the design of antiparallel helix ± loop ± helix dimers, in which the residues in
the a- and d-positions form the hydrophobic core; those in the g- and
c-positions form the exposed surface positions of the motif, and the residues
in the b- and e-positions are localised at the dimer interface.


tion. The design of the peptide sequences reported here
(Figure 2) was based on the sequence of SA-42[45, 48] and the
sequences are similar to those of the peptides KO-42,[26] LA-
42b[46] and KA-I[47] that have been described in detail,
previously. These sequences were designed to fold into two
amphiphilic helical segments connected by a four-residue
loop, and to dimerise in an antiparallel mode to form a four-
helix bundle. The a- and d-residues that form the hydrophobic
core of the folded polypeptides were identical among the
parent sequences, as were the b- and e-residues that control
the dimerisation of the helix ± loop ± helix monomers. The �-
amino isobutyric acid (Aib) residues used in SA-42 were
replaced by alanines in later designs. The reactive sites based
on g- and c-residues were modified in each sequence
according to the purpose for which the sequence was
designed. Their solution structures were studied extensively
by NMR and CD spectroscopy and by analytical ultracen-
trifugation (SA-42 and KO-42) and found to fold according to
prediction. High-resolution NMR structures could not be
obtained as the dimers have partly disordered hydrophobic
cores and are in fast exchange on the NMR timescale,
resulting in time-averaged NOEs that cannot be used in
structure calculations. Nevertheless, the helical regions and
the relative positions of the helices were well defined,
according to kinetic measurements of catalysis for which the
introduction of arginine and lysine residues in helix I in-
creased the reactivity of the cooperative HisH� ±His site in
helix II towards esters.[31, 49]


The sequences reported here were designed according to
the same principles, and the hydrophobic core residues
remained essentially the same as those of the peptides
described above, with the exception of sequences in which
single lysine residues were deliberately introduced into the
core to depress their pKa values and to enhance their
reactivities, and with the further exception that norleucines
were replaced by leucine residues in some sequences. All
sequences were approximately 80% homologous to the
template sequence SA-42, and, if replacements of Lys by
Arg are disregarded, the homology is even larger. We
assumed that as a result of the similarity with sequences that
have been subjected to extensive structural characterisation,
the sequences were likely to fold into the same motif.
Under these conditions we considered the mean residue


ellipticity at 222 nm to be a good probe of structure and, in
particular, of dimer formation. A large negative value of the
mean residue ellipticity is strong evidence in favour of helix ±
loop ± helix dimer formation, as the corresponding value of
the monomer is typically very low. This is evident from the
concentration dependence of the CD spectrum, in which at
low peptide concentrations the mean residue ellipticities
commonly have low values as a result of dissociation of the
dimer.[45, 48] At peptide concentrations in the m� range,
further aggregation is possible, as has been observed pre-
viously from the line broadening in the 1H NMR spectrum of
a solution of 5m� SA-42.[45, 48] The CD spectra of all
sequences (Table 1) were recorded at the 0.2m� concentra-
tion used for kinetic measurements and showed the two
minima at 208 and 222 nm that are typical of helical proteins.
The sequences that have low helical content are invariably
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those in which the lysines have been incorporated into a- and
d-positions and are part of the hydrophobic core.
The mean residue ellipticities at 222 nm ranged from�8000


to �23000 degcm2dmol�1 at pH 7.0 and room temperature.
The low helical content of some of the peptides may be a
result of dissociation of the dimers to form monomers, and
since the lowest helical content was recorded for those
peptides (Decarb-K12, Decarb-K16, Decarb-K27 and De-
carb-K31) in which charged lysine residues were incorporated


into a- or d-positions in the hydrophobic core, the most likely
explanation is that the sequence modifications led to de-
creased stability of the folded motif. The negative value of the
mean residue ellipticity of Decarb-K34_R33 at 0.2m�
concentration was large, demonstrating a well developed
structure, but decreased at low �� concentrations, in agree-
ment with a model in which the peptide is involved in a
monomer± dimer equilibrium (Figure 3a).[45, 48] The pH de-
pendence of the mean residue ellipticity of Decarb-K34_R33
indicated that it was fully folded at pH 7, but largely
unstructured at low pH (Figure 3b). The most efficient
catalysts show the largest helical contents, and the least
efficient catalysts have relatively little helical structure, with
some notable exceptions such as NP-42 (K11), Decarb-K26
and Decarb-K34_Q33, that have high helical contents but
only modest activities. The conformational stability of the
catalysts seems to be an important factor in catalysing the
decarboxylation reaction.
Detailed NMR analyses of the solution structures of the


peptides presented here have not been carried out because of
the large sequence homologies with the parent polypeptides,
but the one-dimensional 1H NMR spectra are also informa-
tive. The folded polypeptides are biomacromolecules in
chemical exchange between several conformers at a rate that
is intermediate on the NMR timescale. Unlike the resonances
of native proteins and small molecules, those of partially
disordered proteins are broadened, and the chemical shift
dispersion is intermediate between proteins with well-defined


Figure 2. The sequences of the designed 42-residue peptides in the one-letter code, in which X is used for norleucine. The amino acid residues referred to in
italics are those that have been changed in the sequence relative to that of NP-42.[50] At the top of the Figure, the heptad repeat pattern is given and at the
bottom the relative positions of the amino acids in the sequences are shown.


Table 1. The mean residue ellipticity at 222 nm of the polypeptide catalysts
at 0.2m� concentration in aqueous solution.


Peptide �222 [deg cm2dmol�1][a]


Decarb-K5 � 10300
Decarb-K8 � 20500
NP-42 (K11) � 22500
Decarb-K12 � 8100
Decarb-K16 � 10000
Decarb-K19 � 18400
Decarb-K26 � 20500
Decarb-K27 � 10900
Decarb-K31 � 8200
Decarb-K34_R33 � 23000
Decarb-K34_K33 � 20800
Decarb-K34_Q33 � 18400
Decarb-1 � 14800
Decarb-2 � 19700
Decarb-K � 15300
[a] The estimated experimental accuracy is �500 degcm2dmol�1.
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Figure 3. a) The concentration dependence of �222 , the mean residue
ellipticity at 222 nm, of Decarb-K34_R33 in 50m� Bis-Tris buffer solution
containing 0.15� NaCl at pH 7.0 and room temperature; b) pH dependence
of �222 , the mean residue ellipticity at 222 nm, of 0.4m� Decarb-K34_R33
in H2O at room temperature.


tertiary structures and those of small molecules. The 1H NMR
spectrum of Decarb-K34_R33 shows considerable line broad-
ening and poor shift dispersion suggesting that the sequence
folds into a helix ± loop ± helix dimer under the experimental
conditions (Figure 4).


Figure 4. The 1H NMR spectrum of Decarb-K34_R33 in H2O/D2O (90:10)
at pH 5.4 and 298 K.


In addition, the temperature dependence of the 1H NMR
spectrum of Decarb-K34_R33 was recorded in the interval
278 ± 318 K, and the line broadening as well as the shift
dispersion decreased with temperature. The folded polypep-
tide was therefore in exchange between several conformers at


an intermediate rate (see Supporting Information). The
similarity of the 1H NMR spectra of the polypeptides reported
here suggests that their folds are similar.


Design of reactive sites for decarboxylation : Lysine residues
are required for imine formation, and nine sequences were
designed with a single lysine residue in a position that was
systematically varied (Figures 2, 5) to probe the reactivity of
lysines in various helical positions and to determine the effect
of flanking residues. Previously, the sequence NP-42 was
designed according to the same principle.[50] In the sequences
Decarb-K5, Decarb-K12, Decarb-K16, Decarb-K19, Decarb-
K27, Decarb-K31 and Decarb-K34_R33, lysine residues were


Figure 5. Schematic representation of the helix ± loop ± helix motif show-
ing the relative positions of the ten single lysine residues of the single-lysine
sequences.


introduced in a- or d-positions. It has been shown previously
that the reactivities of Lys and His residues in a- and
d-positions are enhanced as a result of pKa depression
induced by the hydrophobic environment.[32, 47] Flanking
residues in all of these sequences were mainly other hydro-
phobic groups, except in the sequences Decarb-K12, Decarb-
K16, Decarb-K31 and Decarb-K34_R33 in which an Arg
residue was incorporated in the position preceding the Lys in
the sequence, that is, in a g- or c-position with the lysine in an
a-or d-position. Position 34 is a d-position, and the basic
residues placed in that position in closely similar sequences
have been shown to have depressed pKa values; His-34 in the
peptide JNIII[31] has a pKa of 5.4, and Lys-34 in the peptide
KA-I[47] has a pKa of 9.3, both approximately 1.2 pKa units
below their random coil values. In the sequences Decarb-K8,
NP-42 and Decarb-K26, in which the lysines were positioned
in the solvent exposed g- and c-positions, the Lys residues
were flanked by arginines in neighbouring g- and c-positions.
Four sequences were designed where lysines were incor-


porated in pairwise configurations in the sequence to pro-
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vide comparisons with those
where the imine was flanked
by residues in neighbouring
g- and e-positions configura-
tions on the face of a helix. In
Decarb-1, four lysines were in-
corporated in positions 7 and 8,
and in positions 33 and 34;
position 34 is known to depress
the pKa values of charged re-
sidues. In Decarb-K34_K33,
Lys-7 and Lys-8 were replaced
by Arg-7 and His-8, since this
combination of lysine residues
appears to destabilise the four-
helix bundle motif. The mean
residue ellipticity of Decarb-1
was only two thirds of that of
Decarb-K34_K33 (Table 1). In
Decarb-2, four lysines were introduced in pairwise configu-
rations in positions 14, 15, 29 and 30, that is, in positions that
were not expected to induce pKa depression in lysine side
chains. In this sequence, Lys-15 and Lys-30 were expected to
be close in space in the folded state and provide the
opportunity for an interhelical reactive site, by analogy with
His ±HisH� sites that were able to span both helices.[35] In
Decarb-2, the pairwise lysine residues were flanked by
arginines in g- and c-positions on the solvent exposed face
of the helix, and the helical content was approximately equal
to that of Decarb-K34_K33 (Table 1). Decarb-1, Decarb-
K34_K33 and Decarb-K all have lysine pairs in positions 33
and 34, but different flanking groups. In Decarb-1, two Arg
residues were incorporated into positions 30 and 37. In
Decarb-K34_K33, an Arg was introduced into position 30,
but a glutamic acid was incorporated into position 37. Decarb-
K mimics some of the properties of oxaldie 1 for comparison
between scaffolds of different conformational stability, since
lysines 7, 11, 15 and 19 are lined up in a configuration that is
similar to that of the lysine residues in oxaldie 1. They form a
lysine-rich face in the folded helical form, as do lysines 26, 30,
33 and 37 in helix II. In Decarb-K, two lysine residues flank
the lysine pair in positions 33 and 34. Decarb-K was expected
to have a more ordered structure than the oxaldie sequences
as a result of the more stable structure of helix ± loop ± helix
dimer. Decarb-K34_Q33 is a reference peptide with a Lys in
position 34 and a Gln in position 33 to compare directly the
reactivity of the Lys ±Lys and the Lys ±Arg pairs with a single
Lys in the same position flanked by a neutral hydrogen bond
donor.


Kinetic measurements : The reactivities of the designed
helix ± loop ± helix dimers were screened by measuring the
initial rates of pyruvate formation by 1H NMR spectroscopy
as a function of time at 298 K and 20m� concentration of
oxaloacetate at a catalyst concentration of 0.2m� (Figure 6).
The measured rate constants, after subtraction of background
decarboxylation rates, followed by division by the substrate
and peptide concentrations, correspond to the second-order
rate constants for reactions that do not follow saturation


kinetics. When saturation kinetics are obeyed, kcat/(KM�[S]) is
obtained instead, in which [S] is the concentration of substrate
(Table 2).


The second-order rate constants are directly comparable
and the identification of the most reactive catalyst follows
directly from their relative magnitudes. An efficient catalyst
that follows saturation kinetics with very low values of kcat and
KM, but a high value of kcat/KM, may be saturated with
substrate at 20m� concentration and may, in principle, avoid
detection under these conditions. For that reason, we have
also screened the library by UV spectroscopy by following the
decrease in absorbance at 285 nm as described by Johnsson
et al.[22, 53] The measurements are not accurate enough for rate
constant measurements, since at 285 nm at least two species
absorb, one of which increases in concentration and one of
which decreases with time. They are also inaccurate because
the first phase is a rapid increase in absorbance owing to imine
formation that makes the initial slope of the decrease in
absorbance difficult to estimate. These difficulties are clearly
manifested in the spread of initial rate values observed upon
attempts to determine the steady-state parameters by UV
spectroscopy. Nevertheless, it is a good technique for identi-
fying catalysts with low dissociation constants because the


Table 2. Rate constants of peptide-catalysed decarboxylation obtained
frommeasurements of initial rates. Reported values are initial rates divided
by peptide and substrate concentrations after subtraction of rate constants
of back-ground decarboxylation.


Peptide Rate constant [��1s�1]


Decarb-K5 0.036
Decarb-K8 0.15
NP-42 (K11) 0.015
Decarb-K12 0.071
Decarb-K16 0.11
Decarb-K19 0.14
Decarb-K26 0.058
Decarb-K27 0.034
Decarb-K31 0.050
Decarb-K34_R33 0.22


Figure 6. Part of the 1H NMR spectrum of Decarb-K34_R33 under reaction conditions showing the growth of
pyruvate at 2.38 ppm and the disappearance of oxaloacetate at 3.68 ppm with time. Chemical shifts are given
relative to TSP.
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absorbance at 285 nm reflects the amount of imine formed at
the side chain of the catalytically active Lys residue. Initial
rate constants determined by 1H NMR spectroscopy were
obtained that approached 0.15��1 s�1 and the values of kcat
and KM were estimated from the Michaelis ±Menten equa-
tion. Since the concentration of substrate ([S]) is 20m�� an
analysis of the possible values of kcat and KM that satisfy the
equation indicated that in order for the catalyst to have a
higher value of kcat/KM than Decarb-K34_R33,KM would have
to be less than approximately 5m�, that is, four times lower
than Decarb-K34_R33. No evidence was obtained from UV
spectroscopy that any catalyst had a distinctly lower dissoci-
ation constant than Decarb-K34_R33. Consequently, it is
unlikely that efficient catalysts remained undetected in the
screening process.
In the 1H NMR screening of single-lysine peptides, the


initial rates were determined and compared, and the two most
efficient peptides (Decarb-K34_R33 and Decarb-K8) were
selected and subjected to steady-state kinetic analysis
(Figure 7).


Figure 7. The modelled structure of Decarb-K34_R33 showing the side
chains of the residues in the catalytic site and in neighbouring positions.
Hydrophobic core residues are also presented since they control folding
and pKa depression. Only the monomer is shown for the sake of clarity.


Steady-state kinetics were also recorded for all peptides
with Lys�Lys pairs and for Decarb-K34_Q33 (Table 3). The
steady-state parameters were determined by fitting an ex-
pression describing the dependence of the initial rate (v) on
the concentration of substrate. Three polypeptides were
found to follow saturation kinetics with large rate enhance-
ments relative to the second-order rate constant (k2) for the
butylamine-catalysed reaction, 0.0011��1 s�1 (Figure 8).
The value of the steady-state rate constant kcat/KM of the


Decarb-K34_R33-catalysed reaction divided by k2 for the
butylamine-catalysed reaction, approaches three orders of
magnitude. However, the second-order rate constants of the
catalysts that do not follow saturation kinetics are more than
two orders of magnitude larger than that of the butylamine-


Figure 8. A plot of initial rate (v) for the formation of pyruvate catalysed
by Decarb-K34_R33 at a peptide concentration of 0.2m� versus different
concentrations of oxaloacetate (5 ± 25m�). The solid line represents the
best-fit of the Michaelis ±Menten equation to the experimental data giving
a kcat of 0.013 s�1 and a KM of 22m�.


catalysed reaction. The most efficient catalysts have the most
developed structures, whereas several of the less efficient
catalysts have low or high helical contents under the reaction
conditions.


Kinetics at low peptide concentrations : To probe the role of
conformational stability, the reaction rate was determined in
aqueous solution at low concentration of polypeptide in which
there is considerable dissociation of dimer to form the less
ordered monomer. The plot of the initial rate of the Decarb-
K34_K33-catalysed reaction versus peptide concentration
indicates that the reactivity decreases with peptide concen-
tration, and is therefore dependent on structure (see Support-
ing Information).


Discussion


The design of new enzymes that catalyse chemical reactions
not catalysed by nature remains the ultimate goal in de novo
catalyst design. Achievements, so far, include the demonstra-
tion of folded polypeptides capable of substrate recognition
and binding,[22±25, 28±36, 49] non-covalent binding of both reac-
tants in bimolecular reactions,[23±25, 27±30] cooperative nucleo-
philic and general acid catalysis[26, 31±36] and rate enhancements
in turnover reactions that surpass three orders of magni-
tude.[22±36] Our understanding of biomolecular interactions has
reached a level where binding sites for small molecules and
peptides can be constructed with affinities that are compara-


Table 3. Steady-state kinetic parameters of peptide-catalysed decarbox-
ylation of oxaloacetate in aqueous solution at pH 7.0 and 298 K.


Peptide kcat [s�1] KM [m�] kcat/KM [��1 s�1] k2 [��1 s�1]


Decarb-K34_R33 0.013 22 0.59
Decarb-K34_K33 0.013 52 0.25
Decarb-K34_Q33 0.079
Decarb-1 0.18
Decarb-2 0.14
Decarb-K 0.013 23 0.57
Butylamine[a] 0.0011
Spontaneous[a] 0.000013


[a] Data from Johnsson et al.[22]
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ble to those of native enzymes. The organisation of reactive
residues in proteins is considerably more difficult as revealed
by the modest values of kcat reported for de novo designed
catalysts, and the problem of refinement of structure and
function is perhaps best handled by the tools of molecular
biology, in strategies that mimic the evolution of competent
enzymes from primitive precursors. The key question is what
stage in development the primitive catalysts must reach
before they can be subjected to evolution in the test tube, and
whether de novo design can bridge the gap between reaction
mechanistic concepts and new enzymes. Catalytic efficiencies
in model catalysts have approached and surpassed three
orders of magnitude, in reactive sites based on only a few
amino acid residues, and in polypeptide scaffolds of surprising
simplicity. The results suggest that much larger rate enhance-
ments can be obtained by the further introduction into such
sites of groups capable of substrate, intermediate and
transition state binding, preferably with differential affinity.
The availability of more sophisticated protein scaffolds that
allow the introduction of several residues beyond those that
are involved in the making and breaking of bonds, at optimal
distances, should therefore make it possible to bring new
catalysts that originate from de novo design into the range of
efficiencies and selectivities of the least efficient, but com-
petent enzymes that are found in nature. The refinements of
designed catalysts at that level of performance by molecular
biological techniques are thus likely to succeed. The search for
new chemical reactions to be introduced into manmade
proteins is therefore timely and one of the most promising
pathways that can be explored is that which follows the
pathway of imine formation.
Primary amines and carbonyl groups reversibly form imines


in aqueous solution with release of water, with equilibrium
constants that disfavour imine formation because of the high
concentration of solvent. The resulting low concentrations
make it prohibitively difficult to carry out chemical trans-
formations between imines and other reactants unless they
are bound in an active site, or, unless the concentration of
imine is increased by interactions with stabilising groups that
drive the equilibrium towards completion. To open up the
imine pathway to polypeptide catalysis and subsequently to
enzyme design, a protein scaffold will have to be engineered
that drives the equilibrium between the amine and the
carbonyl compound towards the imine to counteract the
unfavourable mass balance effect. The imine forming residues
in proteins are the side chains of lysine residues which, owing
to their high pKa values in solvent exposed positions, are not
very reactive at neutral pH.[51] Catalysts capable of lysine pKa


depression and binding and stabilisation of the imine inter-
mediate are thus a prerequisite for efficient catalysis. The
oxaloacetate decarboxylation, which is a reaction that pro-
ceeds via an imine intermediate, is an excellent model
reaction for identifying sequences and conformations that
favour imine formation. The decarboxylation reaction has
therefore now been studied in fifteen designed helix ± loop ±
helix motifs in which the position of the lysine has been
systematically varied in terms of its position and the config-
urations of flanking residues that will optimise the reactivity
of the catalyst.


Based upon reaction mechanistic principles, lysines flanked
by positively charged Arg or Lys residues were expected to
catalyse the decarboxylation of oxaloacetate more efficiently
than unperturbed primary amines, as a result of pKa depres-
sion that arises from charge ± charge repulsion. In addition,
stabilisation of the negatively charged intermediate was
expected owing to charge ± charge attraction.[52] These expect-
ations were born out as all polypeptide catalysts were more
efficient than butylamine in catalysing oxaloacetate decar-
boxylation (Tables 2 and 3). The introduction of lysine
residues in positions that according to the heptad repeat
pattern are hydrophobic, was expected to depress pKa values
even more than flanking arginines and to enhance the
catalytic capacity further. The rate constants obtained from
the screening experiments were unfortunately unimpressive
for most catalysts in which Lys residues were incorporated
into hydrophobic a- or d-positions. Decarb-K5, Decarb-K12,
Decarb-K27 and Decarb-K31 have rate constants in the range
0.036 ± 0.071��1 s�1, corresponding to 30- to 70-fold rate
enhancements over that of the butylamine-catalysed reaction.
The observed rate enhancements were probably a result of a
combination of factors, mainly pKa depression and imine
stabilisation. The helical contents of the polypeptides were
low, and a reason for the poor reactivity may be that the
structures were partially unfolded and that the effect on pKa


was much less than anticipated as there are no charge ± charge
repulsions to depress pKa values in the unfolded peptide. Two
single-lysine catalysts (Decarb-K16 and Decarb-K19) had
considerably higher reactivity with rate constants that were
factors of 100 and 140-times larger than that of the butyl-
amine-catalysed reaction. This is particularly interesting in the
case of Decarb-K16 that has a poorly developed helical
structure with a mean residue ellipticity under the reaction
conditions of only �10000 degcm2dmol�1. In a more ordered
structure, the reactivity might have been much higher.
However, none of them were as reactive as Decarb-
K34_R33 (Figure 7) in which Lys-34 is in a d-position that
gives rise to pKa values that are depressed by more than a pKa


unit relative to solvent exposed lysine side chains.[47] In spite
of the fact that Lys-34 was located in the hydrophobic core,
Decarb-K34_R33 had a high helical content with a mean
residue ellipticity of �23000 degcm2dmol�1. In addition to
being partially embedded in the hydrophobic core, Lys-34 was
flanked by three Arg residues to further lower its pKa and to
provide an opportunity for imine stabilisation by binding of
the carboxylate substituents. A low pKa value of the primary
amine is clearly an important catalytic factor in the decar-
boxylation of oxaloacetate, and thus in imine formation. A
reactive primary amine is especially efficient in combination
with flanking positively charged residues that can stabilise the
imine intermediate. However, conformational stability is also
central to efficient catalysis, as there appears to be a rough
correlation between helical content and catalytic efficiency.
The screening of single lysine catalysts made it possible to


design a set of more complex polypeptides in the search for
the optimal reactive sites, and to compare the effects of
flanking groups on the reactivity of lysines in the decarbox-
ylation reaction (Tables 2 and 3). Three peptides were
efficient catalysts and followed saturation kinetics; the kcat/
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KM of Decarb-K34_R33, De-
carb-K34_K33 and Decarb-K
was 0.59, 0.25 and 0.57��1 s�1,
respectively. It was particularly
gratifying to find that the ™sim-
plest∫ site–belonging to De-
carb-K34_R33–with a single
lysine residue flanked by argi-
nines was the most efficient in
catalysing the decarboxylation
reaction. Oxaldie 1 catalysed
the reaction with a kcat/KM of
0.47��1 s�1,[22] but this was to a
large degree a result of the reactivity of the free amino
terminus with a pKa of 7.2, and when the amino terminus was
acylated to form the catalyst oxaldie 2, kcat/KM dropped to
0.15��1 s�1, which is nevertheless an impressive rate constant
for a small peptide. There are five lysines in the sequences of
these catalysts, and the reactive site of Decarb-K34_R33 is
almost four times as efficient as oxaldie 2, although there is
only a single lysine residue in the sequence. Decarb-K34_K33
is less efficient than Decarb-K34_R33, although the sequen-
ces are very similar and they both have a lysine in position 34.
The main difference seems to be that Lys-34 is flanked by
Arg-33 in the latter, whereas it is flanked by Lys-33 in the
former (Figure 9).
This observation makes it likely that the reactivity, to a


large degree, resides in the interplay between the residues in
positions 33 and 34. The replacement of Arg by Gln led to the
sequence Decarb-K34_Q33 that was almost an order of
magnitude less reactive than Decarb-K34_R33. The Decarb-
K34_Q33-catalysed reaction does not follow saturation ki-
netics and the removal of Arg and Lys appears to diminish the
capacity of the catalyst to interact with the imine intermedi-
ate. KM of Decarb-K34_Q33 is not observable; in Decarb-
K34_K33 it is 52m� and in Decarb-K34_R33 it is 22m�. The
formation of the Michaelis ±Menten complex in this case is
most likely the formation of the imine from the lysine side
chain and the substrate, and the reason that they obeyed
saturation kinetics was perhaps that the imine was stabilised
by groups that flanked the catalytically active Lys residue
(Figure 10).
In the case of Decarb-K34_R33, the flanking groups were


arginines in positions 30, 33 and 37; in the case of Decarb-
K34_K33, Lys-34 was flanked by Arg-30, Lys-33 and Glu-37.
The results suggest an important role of a positively charged
residue in position 33, since the two-residue sites Lys-33 ±Lys-
34 and Arg-33 ±Lys-34 were present in all of the most efficient
catalysts, and because the replacement of Lys-33 by Gln-33
reduced the catalytic efficiency by a factor of three, and
because the replacement of Arg-33 by Gln-33 reduced the
reactivity by a factor of 7.5. We conclude that the catalytic
efficiency of Lys-34, enhanced by pKa depression, was
strongly increased by the presence of Arg-33 to form an
efficient two-residue site for imine formation. Arg-33 is
clearly a better stabiliser of the imine intermediate than Lys-
33. The modelled structure of a helical segment in which an
imine has been formed by the reaction between a lysine side
chain and oxaloacetate is shown in Figure 10, in which the


flanking residue is Lys, Gln or Arg, to illustrate the
interactions that stabilise the intermediate. The contribution
to the overall catalysis attributable to pKa depression can be
estimated from the Br˘nsted equation.[54] Although the
Br˘nsted coefficient (�) for the imine-catalysed decarboxyla-
tion of oxaloacetate is not known, it can be estimated from the
second-order rate constants of the glycine amide- and butyl-
amine-catalysed reactions at pH 7, which are 0.011 and
0.0011��1 s�1, respectively.[53] From the pKa value of glycine
amide (7.93) and butylamine (10.6), a very approximate value
of � of 0.6 can be estimated. A calculated value of the second-
order rate constant for the reaction catalysed by an amine
with a pKa of 9.3 is 3.6� 10�3��1 s�1 at pH 7 using a Br˘nsted
coefficient of 0.6, whereas the observed rate constant kcat/KM


was 0.59��1 s�1. The overall rate enhancement of the Decarb-
K34_R33-catalysed reaction as a result of pKa depression was
thus only a factor of 3.2, if kcat/KM is compared to the second-


Figure 9. Modelled peptide segments showing the different environments surrounding Lys-34 in the peptides
Decarb-K34_R33, Decarb-K34_K33 and Decarb-K34_Q33.


Figure 10. Modelled peptide segments showing the different environments
surrounding the imine formed at the side chain of Lys-34 in the peptides
Decarb-K34_R33, Decarb-K34_K33 and Decarb-K34_Q33.
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order rate constant. The dominant contribution arose from
the catalytic efficiency of the Arg ±Lys pair.
Decarb-K mimics the catalyst oxaldie 2[22] and included the


same active site as Decarb-K34_R33, except that the arginines
were replaced by lysines, and that many more lysines were
incorporated in the sequence, all of which contributed to the
observed overall reactivity towards oxaloacetate. The ob-
served rate constant in the oxaldie 2-catalysed reaction was
the sum of those of several competing catalytic lysine residues,
all of which must be lower than the observed one. The rate
constant kcat was 0.013 s�1 for all the sequences that followed
saturation kinetics, that is, Decarb-K, Decarb-K34_R33 and
Decarb-K34_K33. The binding of the intermediate was
stronger in Decarb-K34_R33 and Decarb-K, although in the
latter several binding constants probably contributed, as there
were many lysine residues in the sequence. The binding of the
imine intermediate by Decarb-K34_R33 must be due to
interactions with Arg-30, Arg-33 and/or Arg-37. Arg-30 was
present in several sequences in which Lys-34 was also present
and appeared to be inefficient or have a very small contribu-
tion. Arg-37 was also not likely to contribute substantially to
imine binding. It was present in the sequence Decarb-1
without enhancing the reactivity of the Lys-33 ±Lys-34 pair,
although the helical content of Decarb-1 was low and the
comparison is possibly unfair at 0.2m� concentration. To
further probe the role of the helical content of Decarb-1 in
catalysis, the reaction was also carried out at 0.5m� concen-
tration at which the mean residue ellipticity was
�18000 degcm2dmol�1 rather than �14800 degcm2dmol�1


that was the measured value at 0.2m� concentration. The
reactivity of Decarb-1 was the same at the two concentrations,
within the experimental error, and therefore Arg-37 does not
play an important role in supplementing the Arg ±Lys pair.
Arg-37 may well contribute to a lesser extent by non-specific
charge ± charge interactions with the intermediate, but Arg-33
is clearly the most important of the flanking residues, and the
Arg-33 ±Lys-34 pair is the key component of the catalytic
machinery.
Decarb-K34_R33, Decarb-K34_K33, Decarb-K34_Q33


and Decarb-2 all had high helical contents, whereas those of
Decarb-1 and Decarb-K were low with mean residue elliptic-
ities of approximately �15000 degcm2dmol�1. Again, there is
a correlation between catalytic efficiency and conformational
freedom as Decarb-1, which has a reactive site that is
essentially identical to that of Decarb-K34_K33, has only
modest catalytic efficiency and does not follow saturation
kinetics. The peptide catalysts oxaldie 1 and oxaldie 2 were
only helical to a limited extent, and the introduction into a
four-helix bundle scaffold of lysine residues in a configuration
that mimics those of the oxaldie catalysts enhanced the
reactivities. Decarb-K was 20% more efficient than oxaldie 1
and almost four-fold more efficient than oxaldie 2 which is a
more fair comparison, since Decarb-K had an acetylated
amino-terminus. The reason that Decarb-K was as efficient as
Decarb-K34_R33 may be that it reacts through many reactive
sites, and that their reactivities add up to that of Decarb-
K34_R33. The fact that Decarb-K34_K33 and Decarb-
K34_R33 are both efficient catalysts that follow saturation
kinetics support the conclusion that the active sites are


improved by conformational stability. The design of a reac-
tive site with a single Lys residue that is more efficient
than sequences with several lysine residues therefore amounts
to an important development in catalyst design. It also
provides the opportunity to design catalysts for comparable
but more complex substrates by the incorporation of further
binding residues that enhance the capacity for substrate
discrimination and intermediate and transition state stabilisa-
tion.
While the Arg ±Lys site is very efficient in the decarbox-


ylation of oxaloacetate, obviously a flanking Arg specifically
binds imines formed from negatively charged carbonyl
containing substrates. Nevertheless, the stage has been set
for the exploration of reactions along the imine pathway.
Positively charged substrates are most likely going to be
recognised by reactive sites that contain lysine residues and
flanking negatively charged aspartates or glutamates. Hydro-
phobic substrates may be recognised by residues with hydro-
phobic side chains and hydrophobic pockets. A number of
reactions that follow the imine pathway are therefore now
open to catalyst design and their further refinement into
mature biocatalysts in more complex protein scaffolds may
take us one step further towards the goal of tailor-made
enzymes for reactions not catalysed by nature.


Conclusion


The progress in protein and catalyst design to date, has set the
stage for the further refinement of manmade biocatalysts, in
terms of controlling the function of individual amino acid
residues and expanding the chemical repertoire. It is fair to
say that we now know how to bind small molecules and
peptides by non-covalent forces, and how to control pKa


values of ionisable residues to bring about efficient catalysis.
The key to efficient catalysis is to introduce cooperativity
between residues that are only poorly reactive by themselves.
To that end, the Arg ±Lys two-residue site has been shown to
be an efficient and cooperative catalyst for oxaloacetate
decarboxylation, a reaction along the imine pathway. Cata-
lysts for other reactions along this pathway may now be
developed. The identification of the Arg ±Lys site reported
here therefore sets the stage for the further development of
catalysts for imine-mediated chemical reactions.


Experimental Section


Peptide synthesis, purification and identification : The peptides were
synthesised on an automated peptide synthesiser (Pioneer, Applied
Biosystems) using standard Fmoc protection strategies on a 0.1 mmol
scale. The Fmoc-protected amino acids were activated in situ by using
TBTU [O-(7-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoro-
borate] (0.5� in DMF) and DIPEA (N,N-diisopropylethylamine) (1.0� in
DMF). The Fmoc protecting group was removed by treatment with
piperidine (20% v/v in DMF). For side chain protection, tert-butoxy
(OtBu) was used for Asp and Glu, trityl (Trt) for His, Asn and Gln, tert-
butyl (tBu) for Tyr, tert-butoxycarbonyl (Boc) for Lys and 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for Arg. Standard cou-
pling times were 60 minutes, except for Arg and difficult parts in the
sequence for which 90 minutes were used. At the end of the synthesis, the
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amino-terminus was capped by acetic anhydride (0.3� in DMF). The ten
single-lysine peptides were synthesised on an Fmoc-Gly-PEG-PS polymer
(Applied Biosystems) with a substitution level of 0.16 ± 0.23 mmolg�1, and
the free carboxylic acid was obtained upon cleavage from the resin. The
carboxy termini of the remaining peptides were amidated upon cleavage
from the resin using an Fmoc-PAL-PEG-PS polymer (Applied Biosystems)
with a substitution level of 0.18 ± 0.22 mmolg�1. The peptide was cleaved
from the resin and deprotected by treatment with a mixture contain-
ing trifluoroacetic acid (TFA)/ethanedithiol/H2O/triisopropylsilane
(94:2.5:2.5:1, 20 mLg�1 resin), for two hours at room temperature. After
filtration and concentration of the mixture, the peptides were precipitated
by the addition of cold diethyl ether, centrifuged and lyophilised. The
peptides were purified by reversed-phase HPLC on a semi-preparative C-8
column (HICHROM), eluated isocratically with propan-2-ol (30 ± 38% v/v
in TFA (0.1% v/v) at a flow rate of 8 mLmin�1 under UV detection at
229 nm. The purity of the peptides were determined by reversed-phase
analytical HPLC. No peaks other than the desired peptides were present in
the chromatogram. The identities of the peptides were determined by
electrospray mass spectrometry (ES-MS) on a magnetic sector instrument
(VGZabSpec). The obtained molecular weights were within 1 a.u. from the
calculated weight and no high molecular weight impurities could be
detected.


Circular dichroism spectroscopy: CD spectra were recorded on a spec-
tropolarimeter (Jasco J-270), calibrated with (�)-camphor-10-sulfonic acid.
The spectra were measured at room temperature in the interval 280 ±
190 nm in 0.1, 0.5 or 1 mm cuvettes. The concentration of peptide was
determined by quantitative amino acid analysis. Stock solutions of the
peptides were used for better inter-experimental accuracy. Oxaloacetate
was purchased from Sigma ±Aldrich and its purity was checked by NMR
spectroscopy. The stock solutions of peptides and oxaloacetate were
prepared in Bis-Tris buffer solution (50m�) that contained NaCl (0.15�)
and the pH was adjusted with NaOH and HCl. In the pH titration
experiment, no buffer was used.


NMR spectroscopy: The 1H NMR spectroscopic measurements of the
temperature dependence of the structure of Decarb-K34_R33 in the
temperature interval 278 ± 318 K were performed using a 600 MHz
spectrometer (Varian Inova). Decarb-K34_R33 was dissolved in H2O/
D2O (90:10) at pH 5.4 to a final concentration of 0.5m�.


Kinetic measurements followed by NMR spectroscopy: The 1H NMR
spectroscopic measurements of reaction rates were performed using a
400 MHz spectrometer (Varian Unity). The decarboxylation reaction was
studied in 90% Bis-Tris propane (50m�)/10% D2O, containing NaCl
(150m�) at pH 7.0 and 298 K, with peptide concentrations of 0.2m� and
oxaloacetate concentrations of 20m�. The reaction rate was determined by
following the decrease of the oxaloacetate peak at �� 3.68 and the increase
of the pyruvate intensity at �� 2.38 with time. The chemical shifts were
measured relative to TSP. In a typical kinetic experiment, 0.2m� peptide
solution was thermally equilibrated for at least 30 minutes before an
aliquot of oxaloacetate was added from a freshly prepared solution. The
measurements were started within 2 min after briefly shaking the NMR
tube, and the reactions were followed for a least five hours. The initial rates
were obtained from the first five percent of the reaction from the plots of
integrals versus time of the growth of pyruvate. Pyruvate integrals were
converted to pyruvate concentrations, under the assumption that the
concentrations of other intermediates and by-products were negligible and
that therefore the sum of the concentrations of oxaloacetate and pyruvate
throughout the reaction was 20m� as reported previously,[50] by dividing
the integral of the pyruvate peak by the sum of the integrals of pyruvate
and oxaloacetate. The concentration of pyruvate was plotted against time,
and the initial rate was determined by fitting a straight line to the
experimental results (see Supporting Information). For the screening
experiments, oxaloacetate concentrations of 20m� were used. For the
peptides Decarb-K8, Decarb-K34_R33, Decarb-K34_K33, Decarb-
K34_Q33, Decarb-1, Decarb-2 and Decarb-K the initial rates for a number
of different concentrations of oxaloacetate (5 ± 25m�) were determined.
The initial rates were plotted against the oxaloacetate concentrations, and
for the peptides that followed saturation kinetics the equation v�
kcat[E]0[S]/(KM�[S]) was fitted to the experimental results.
Kinetic measurements followed by UV: The kinetic experiments were
carried out with spectrophotometers (Varian Cary 1 or 5) equipped with
temperature controllers (Varian). The reaction was followed by measuring


the absorbance at 285 nm as a function of time.[53] Stock solutions of
peptides and oxaloacetate were prepared in Bis-Tris buffer solution
(50m�) containing NaCl (150m�) and the pH was adjusted when
necessary. The concentrations of the peptide stock solutions were
determined by quantitative amino acid analysis. In a typical kinetic
experiment, 275 �L of solution was used in a 1 mm quartz cuvette. The
peptide solution (0.2m�) was thermally equilibrated for at least 30 minutes
before adding an aliquot from a freshly prepared oxaloacetate solution.
The measurements were started after briefly shaking the cuvette and
reintroduction into the thermostated cell compartment, and the reactions
were followed for twelve hours. The initial rates were determined by fitting
the equation for a straight line to the experimental data using an extinction
coefficient of 0.36m��1 s�1.[53]


The initial rates for different Decarb-K34_K33 concentrations (5�� ±
0.5m�) were determined under the same reaction conditions as described
above with an oxaloacetate concentration of 20m�.
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Abstract: Poly(propylene imine) den-
drimers that are modified with long
alkyl chains self-assemble to form well-
defined aggregates. The geometry and
surface chemistry of the dendrimer as-
semblies can be varied through the
addition of surfactants. These dendrim-
er/surfactant aggregates can be tuned to
template the formation of the different
phases of calcium carbonate. The use of
octadecylamine results in the formation


of polyhedral aggregates that become
embedded within an amorphous calcium
carbonate phase that persists in compe-
tition with the thermodynamic product,
calcite. In combination with hexadecyl-


trimethylammonium bromide, small
spherical aggregates are formed that
induce the formation of vaterite. The
use of the negatively charged surfactant
SDS results in growth retardation by the
Ca2�-induced agglomeration of den-
drimer/surfactant aggregates into giant
spherical particles. Eventually these par-
ticles become overgrown by rhombohe-
dral calcite.


Keywords: amorphous materials ¥
biomimetic synthesis ¥ calcium
carbonate ¥ dendrimers ¥ self-
assembly


Control over Calcium Carbonate Phase Formation by
Dendrimer/Surfactant Templates


Jack J. J. M. Donners,[a] Brigid R. Heywood,[b] E. W. Meijer,[a, c]
Roeland J. M. Nolte,[a, c] and Nico A. J. M. Sommerdijk*[a]


Introduction


Templates that consist of organized biomacromolecules are
known to direct the formation of most biominerals, in many
cases leading to materials with unique shapes and proper-
ties.[1] For synthetic polymers, however, it has been difficult to
unambiguously assign structure ± function relationships in the
context of their activity in crystallization assays, since they
mostly occur in random-coil conformations. In contrast, the
use of ordered supramolecular assemblies, such as micelles,[2]


monolayers,[3] vesicles,[4] inverted micelles,[5] and lyotropic
liquid crystalline systems,[6] allows for the controlled nuclea-
tion of inorganic materials on molecular templates with well-
defined structure and surface chemistry.


One of the most abundant biological minerals is calcium
carbonate, the main constituent of mollusk shells, for exam-
ple.[7] In nature, four crystalline calcium carbonate poly-


morphs, calcite, aragonite and the metastable forms vaterite
and monohydrocalcite, are observed. In addition, amorphous
calcium carbonate (ACC), which is normally unstable at room
temperature and pressure, has been reported.[8] It has been
demonstrated that in vitro experiments with proteins extract-
ed from biogenic ACC result in the formation of stable
ACC.[8c] The use of synthetic macromolecules generally
results in the formation of habit-modified calcite and occa-
sionally vaterite. Only a few examples are known in which
aragonite was formed without the addition of metal ions,[9]


whereas the amorphous phase is only observed as a short-
lived transient phase.[10]


Here we report on a synthetic system in which aggregates
consisting of assemblies of poly(propylene imine) dendrimers
modified with long hydrocarbon chains and single-chain
surfactants are used to control calcium carbonate formation.
The surface chemistry of these dendrimer/surfactant aggre-
gates can easily be varied by the choice of surfactant. In this
way, different phases of calcium carbonate, including ACC,[11]


as well as composites can be obtained by using a single
dendrimer scaffold.


Results and Discussion


Dendrimer/surfactant aggregates : Poly(propylene imine)
dendrimers modified with long aliphatic chains (1) are a
new class of amphiphiles that have a variety of aggregation
states due to their conformational flexibility.[12] In organic
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solvents they are present as inverted unimolecular micelles
with a radial structure, whereas they adopt a conformation in
which all alkyl chains are oriented away from the aqueous
phase when localized at an air/water interface. Globular
aggregates are formed when 1 is dispersed in aqueous media
(Figure 1a).[13] In the present work, we have modified the
outer surface of this dendrimer assembly by the addition of
single chain surfactants (Scheme 1) containing an amine
functionality (octadecylamine, OA), a quaternary ammonium
group (hexadecyltrimethylammonium bromide, CTAB), or a
sulfate head-group (sodium dodecylsulfate, SDS).[14] This was
achieved by the injection of a solution of 1 and the elected
surfactant in THF/EtOH (2:1, v/v) into hot water, followed by
sonication for 1 hour. In the resulting solutions, the surfac-
tants are at concentrations below their critical micelle
concentration. In the case of SDS, the aggregates imme-
diately precipitated. This precipitation process was attributed
to electrostatic interactions between the negatively charged
surfactant head-groups and the nitrogens of the dendritic
core, resulting in an aggregate with an apolar periphery. In
this case, stable aggregates could be obtained by first
dissolving the surfactant in the hot water followed by injection
of 1. Best results (stable, well-defined aggregates) were
obtained when the alkyl chain length of the surfactant did
not differ by more than two carbon atoms from the length of
the palmitoyl chain of the dendrimer.[15] In this way we were
able to generate solid self-reinforced aggregates of varying
shape, size, and surface chemistry depending on the choice of
surfactant.


It was found that aggregates arising from the interaction of
1 and OA expressed a persistent polyhedral shape (Fig-
ure 1b)[16] as well as a narrow size distribution around 250 nm
(dynamic light scattering, DLS). Electron microscopy on
microtomed samples of 1/OA based aggregates (Figure 1c)
showed large regions with no specific morphology and small


Figure 1. Transmission electron micrographs of a) an aqueous dispersion
of 1, b) an aqueous dispersion of 1/OA, c) a microtomed sample of
aggregates of 1/OA showing phase separated regions (arrows) in an
amorphous matrix, d) an annealed thin film of 1, e) an aqueous dispersion
of 1/CTAB, and f) an aqueous dispersion of 1/SDS.


Scheme 1. Effect of the addition of surfactant to the surface of an
aggregate.


regions with a morphology similar to the structure found in
annealed films of 1 (Figure 1d) wherein the dendrimers are
microphase separated. Moreover, powder X-ray diffraction
(PXRD) and electron diffraction on the 1/OA aggregates
demonstrated the absence of long-range order. In addition,
fluorescence depolarization experiments were carried out in
order to study the microviscosity and phase transitions of the
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aggregates (Figure 2a). The extremely high anisotropy value
found at room temperature (r� 0.32) indicates that they have
a very rigid structure.[17] Aggregates prepared from 1 alone
showed a single phase transition at 38 �C with this technique,
whereas differential scanning calorimetry revealed a Tm of
76 �C for thin films of neat 1. The observation, by using
fluorescence-depolarization spectroscopy, of two phase tran-
sitions at 38 and 60 �C is consistent with our proposed model,
wherein a core, which consists of small domains of micro-
phase-separated dendrimers in semi-crystalline packing and
large amorphous regions, is solubilized by a surrounding layer
of surfactant molecules (Figure 2b).


Figure 2. a) Fluorescence depolarization curves for aqueous dispersions of
1/OA (�), 1/CTAB (�) and 1/SDS (�). b) Schematic representation of the
proposed structure of the aggregates consisting of 1 and OA.


When the dendrimer was mixed with CTAB, spherical
aggregates with a narrow distribution and an average size of
20 nm (determined by DLS) were formed (Figure 1e). The
smaller size of these aggregates was attributed to the higher
surface charge (�1) relative to the 1/OA aggregates. A pKa


value of 6.1 was observed in the latter case; this indicates that
approximately 50% of the amino groups are protonated
under the conditions used. The higher surface charge for
1/CTAB favors more curved surfaces and hence smaller
aggregates. Fluorescence-depolarization measurements
showed that these aggregates are less rigid (r� 0.24) with
respect to the 1/OA aggregates (Figure 2a). In addition, two
phase transitions are again observed (although they are less
pronounced); this suggests an internal structure similar to that
of 1/OA.


Aggregates of 1/SDS were 140 nm in size on average and
displayed a spherical but often imperfect morphology (Fig-
ure 1f). This, and the larger size compared with the 1/CTAB
aggregates (which have a similar surface charge), was
attributed to the different preparation method. Since 1 is
added to a solution already containing the surfactant, the local
concentration of surfactant is lower than when both compo-


nents are simultaneously added. Under these conditions,
larger core structures may be formed before the formation of
a terminating surfactant layer takes place. Notably, similar
size aggregates were observed for 1 alone.[13] Fluorescence-
depolarization studies showed that the microviscosity and
phase behavior of these systems was similar to those of
aggregates of 1/CTAB (Figure 2a).


Crystallization experiments : The remarkable rigidity and the
well-defined size and shape of the aggregates consisting of 1
and OA prompted us to exploit them as 3D templates in
calcium carbonate crystallization assays.[18] The addition of
these novel templates to such an assay resulted in the
formation of amorphous calcium carbonate. Indeed, calcified
aggregates that had retained their polyhedral shape were
isolated after only 15 minutes (Figure 3a). Selected-area


Figure 3. Transmission electron micrograph of the crystallization assay
doped with 1/OA showing the ACC particles after a) 15 min, b) 1 day,
c) and d) 4 days, e) 14 days, and f) 1 h (surface particles).


electron-diffraction analyses confirmed that the vast majority
of these particles consisted of amorphous material. Spherical
particles isolated after 1 day were amorphous according to
PXRD. IR microscopy showed peaks characteristic for
hydrated ACC at 1455 and 1425 cm�1 (double band),
1072 cm�1, and 873 cm�1 (Figure 4a).[8c] In addition, absorp-
tions originating from the organic component were present.
The peak at 712 cm�1, typical for calcite, was not observed.
Raman microscopy of the spheres also showed that the typical
calcite peak (at 714 cm�1) was absent. The peak at 1086 cm�1


corresponding to ACC could not unequivocally be identified,
since it was masked by vibrations originating from the
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Figure 4. a) IR microscopy spectrum and b) Raman spectrum of a particle
isolated after 1 day. c) EDX spectrum of an ACC sphere.


aggregates (Figure 4b). In addition, energy-dispersive X-ray
analysis demonstrated the presence of CaCO3 (Figure 4c).


Over the course of four days, a discrete population of {10.4}
rhombohedral calcite crystals was also identified in the bulk
solution of 1/OA doped assays (Figure 5a), together with large
isolated ACC particles (diameter �10 �m; Figure 3b), of
which a small portion still possessed a polyhedral shape


Figure 5. a) Powder diffraction patterns recorded from composites har-
vested from assays doped with 1/OA showing the development of calcite
and the persistence of ACC over the course of 14 days; b) Histograms
indicating the size distributions of ACC spheres in bulk solution after 1 day
(red) and 14 days (blue). Over the course of 14 days the population shifts
toward larger particles, while the total amount of spheres is reduced to
approximately 10% of the initial population


(Figure 3c). It is notable that 80% of these rhombohedra were
associated intimately with ACC spheres, that is, these
spherical particles were found to be enveloped by the
crystalline form (Figure 3d, e). The spatial juxtaposition of
the two CaCO3 phases argues strongly for a critical role of the
hybrid organic/inorganic spheres in fostering the nucleation
and growth of the crystalline form. Another notable feature of
the 1/OA-doped crystallization assays was the persistent
formation of ACC spheres at the air/solution interface


(Figure 3f). It is our contention that the continuous formation
of spheres at this location was linked to the surface activity of
the surfactant/dendrimer complex. More specifically, that the
active adsorption of the 1/OA aggregates at the air/solution
interface catalyzed the formation of ACC. It is significant that
particle-size analysis of spheres harvested from this location
over a fourteen-day period revealed a population of ACC
spheres with diameters consistently in the range of 1 ± 10 �m.
In contrast, the particle-size profile of ACC spheres recovered
from bulk solution over the same time period (Figure 5b)
showed a gradual shift in size to larger dimensions (�10 �m).
This was accompanied by a decrease in the total number of
isolated spheres and an increase in the proportion of spheres,
which were associated with calcite. The ACC spheres allied
with calcite were very uniform in size, having diameters of
8 �m, but comprised only 10% of the population.


Aggregates prepared of 1 alone also templated the for-
mation of ACC spheres (Figure 6a). However, in this case the
amount of ACC was reduced, and the transformation to
calcite was more rapid than observed previously with the OA-
modified aggregates: the ACC content of the sample after
24 hours was estimated to be only 10% (Figure 6b).


Figure 6. a) ± c), f) Scanning electron micrographs of the crystallization
assay doped with a) and b) 1, c) and f) 1/CTAB. Samples were collected
after a) 5 h (surface particles), b) 4 days, c) 1 day, and f) 4 days. d) FTIR
spectrum of crystals grown in the presence of 1/CTAB recorded after 24 h.
e) PXRD spectrum of 1/CTAB recorded after 24 h; calcite reflections are
marked ™c∫, vaterite reflections ™v∫.
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The use of aggregates prepared from 1 and CTAB did not
lead to the generation of ACC. Instead, the formation of
rhombohedral calcite covered with disc-shaped crystals (Fig-
ure 6c), which according to FTIR (Figure 6d) and PXRD
(Figure 6e) consisted of vaterite, was observed. Similar
crystals have been observed when monolayers of stearic acid
were used as template.[19] Over a period of five days, these
vaterite discs were transformed into calcite (Figure 6f).


Addition of aggregates of 1/SDS to the crystallization
assay[20] resulted in the formation of spheres with diameters of
1 ± 20 �m(Figure 7a). In addition, only a few calcite crystals


Figure 7. a), e) Scanning electron micrographs of assays doped with 1/SDS
of samples collected after a) 1 day and e) 4 days. b) FTIR spectrum of 1/
SDS assays recorded after 24 h (lower trace) and 4 days (upper trace).
c) EDX spectrum of 1/SDS spheres isolated after 1 day. d) Transmission
electron micrograph of 1/SDS in 9 m� CaCl2.


were observed. PXRD and electron diffraction did not
provide evidence for any long-range order. FTIR (Figure 7b,
lower trace) showed only weak carbonate signals character-
istic for calcite. However, strong peaks that could be
attributed to the injected aggregates were observed. In
addition, energy-dispersive X-ray (EDX) analysis of the
spherical particles showed the presence of only minor
amounts of calcium (Figure 7c). From this it was concluded
that the spherical particles consist mainly of organic material.
Indeed, aggregate preparation in a 9 m� CaCl2 solution also


resulted in the formation of giant spheres, in contrast to the
much smaller aggregates observed in pure water (Figure 7d).
Over the course of four days, calcite crystals were observed,
into which the organic spheres had been incorporated (Fig-
ure 7e). As expected, at this stage, calcite vibrations domi-
nated the FTIR spectrum (Figure 7b, upper trace), and PXRD
also showed the development of the nonoriented crystalline
phase.


Mechanistic Considerations : Although amorphous phases are
generally kinetic products, it has been proposed that the
formation of ACC follows from the inhibition of nucleation of
the crystalline forms.[21, 8c, g] Under the crystallization condi-
tions used in the present system only half of the surfactant
molecules in the 1/OA aggregates are protonated; this allows
the formation of hydrogen bonds between neutral and
protonated OA molecules. This, in combination with the
extremely high rigidity of the aggregates, will limit the
possibilities of the templates to adapt themselves so as to
match a specific crystal face, and could possibly account for
the formation of ACC rather than a crystalline phase. In the
absence of surfactants, the template surface consists of
molecules of 1, which may be regarded as an assembly of
head-group-polymerized surfactants. Consequently, the polar
groups on the surface of these aggregates will also, in this case,
exhibit a limited translational mobility.


The low charge density of the aggregates obtained from
pure 1 and from 1/OA (� � 0.5 per surface amino group) most
probably also relates to the inhibition of nucleation and
growth of the crystalline polymorphs.


The stabilization of ACC is probably due to the presence of
surface-adsorbed organic material that prevents dissolution of
the ACC. However, at this stage it cannot be excluded that a
continuous distribution of organic material throughout the
ACC phase is needed to prevent crystallization from within
the particles. The gradual dissolution of the small ACC
particles and maturation of larger ones can be attributed to
the process of Ostwald ripening, wherein particles with a high
surface-to-volume ratio provide a continuous source of
materials for those with lower surface activity.[22] In the
present case, this process also effects the gradual release of the
1/OA aggregates originally associated with the calcium
carbonate spheres (Scheme 2). Thus, the depletion of macro-
molecular complex that accompanies ACC formation at the
air/solution interface will be offset by the dynamic adsorption
of surfactant/dendrimer aggregates released into bulk solu-
tion from the proportion of small ACC spheres that dissolves.
One outcome of this activity will be the iterative formation of
an active organic additive, capable of inducing the kinetic
precipitation of calcium carbonate at the air/solution inter-
face, which leads to a high local nucleation density of ACC.
Another effect is the gradual decrease in the bulk of the
solution of the additive concentration; this, may account for
the increasing significance of the thermodynamically con-
trolled precipitation of calcite, which results in the encapsu-
lation of ACC particles.


The high positive surface charge of the CTAB-based
aggregates (�1 per surfactant) may be expected to lead to
the deposition of an initial layer of carbonate ions. It has been
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Scheme 2. Schematic representation of the proposed aging mechanism in
crystallization assays doped with 1/OA.


proposed that accumulation of carbonate ions at the template
surface preferentially stabilizes the formation of negatively
charged nuclei and, hence, vaterite formation.[23, 19a] Although,
the initially generated phase is again the kinetically favored
polymorph rather than the thermodynamic most stable form,
it is only a transient phase, and transformation into calcite is
completed within four days when the material is in contact
with water. This is in agreement with the generally observed
lifetime of vaterite (60 hours) in synthetic systems.


The introduction of the 1/SDS aggregates into a medium
containing Ca2� induces the agglomeration of the aggregates
into giant spheres. This process depletes the solution of Ca2�


ions, therefore lowering the level of supersaturation.[23] This,
in turn, leads to retardation in the formation of calcium
carbonate. In time, the thermodynamically favored rhombo-
hedral calcite nucleates and incorporates the organic spheres
floating in solution, yielding a organic/inorganic composite.


Conclusion


The mixing of amphiphilic dendrimers and single-chain
surfactants leads to stable shape-persistent aggregates with
tunable surface chemistry. It has been demonstrated that the
use of amine-derived surfactants results in the generation and
(temporary) stabilization of different metastable phases of
calcium carbonate, whereas the use of a surfactant with a
sulfate head group leads to retardation of calcium carbonate
growth due to the very strong interaction with calcium ions.
The use of a single scaffold able to complex a variety of
surfactants opens a way to a combinatorial approach toward
the synthesis of different calcium carbonate polymorphs and
crystal habits by combination of this scaffold with the large
variety of surfactants that is commercially available.


The self-reinforcing combination of 1 and OA was able to
significantly stabilize ACC particles. Although ACC has been
observed as a short-living intermediate in the presence of
various scale prevention agents, to our knowledge only
templates from biological origin allow the coexistence of
amorphous and crystalline calcium carbonate for extended
periods of time.[8] The durability of ACC in this system
suggests a key role for the organic component in first favoring


the formation of the kinetic product at the expense of the
thermodynamically stable form, calcite, and secondly in
stabilizing the amorphous phase against transformation
resulting in the formation of a unique inorganic/organic
hybrid. Indeed there are numerous examples where the
synchronous stabilization of amorphous and crystalline phas-
es leads to remarkable materials properties. As the blending
of amorphous and crystalline phases has been demonstrated
to significantly enhance the toughness of materials, the
present results open the way for the generation of new
composites with improved materials properties.


Experimental Section


Calcium carbonate (precipitated, p.a.) was purchased from Merck,
hexadecyltrimethylammonium bromide (�99%) and sodium dodecylsul-
fate (�99%) were purchased from Sigma and octadecylamine (99%) from
Fluka. THF (AR–analytical reagent) and ethanol (AR) were purchased
from Biosolve Ltd. All reagents and solvents were used as received.
Ultrapure water was generated by using a Barnstead Easypure LF water-
purification system. Fluorescence spectra were recorded on a Perkin ±
Elmer LS50B spectrometer. Transmission electron microscopy was per-
formed on a Jeol 100CX or Philips EM201 microscope at an accelerating
voltage of 60 kV. Scanning electron microscopy studies on gold-sputtered
samples were performed on a Philips SEM-500 microscope at an
accelerating voltage of 15 kV. PXRD measurements were performed on
a Philips PW1710 diffractometer equipped with a Cu LF X-ray tube
operating at 40 kV and 55 mA. Raman microscopy was performed on a
Dilor Labram Raman microscope in reflection mode. IR microscopy was
performed on a BIO-RAD UMA500 IR microscope in transmission mode
with a ZnSe sample holder.


Aggregate preparation : Typically, a solution of 1 (0.83 mmol) and
surfactant (58 mmol) in THF/EtOH (2:1, v/v, 100 �L) was injected into
ultrapure water (7.0 mL) at 60 �C and sonicated for 1 hour. In the case of
the negatively charged surfactant SDS, the surfactant was dissolved directly
in the ultrapure water before the injection of a solution of 1 in THF/EtOH.
For characterization of the aggregates the suspension (1.0 mL) was injected
into ultrapure water (25.0 mL) at room temperature.


Crystallization setup : The aggregate dispersion (1.0 mL) was injected into a
supersaturated solution of calcium carbonate (25.0 mL) prepared by the
Kitano method ([Ca2�]� 9 m� ; [1]� 5.3 �� ; [surfactant]� 0.37 m�).[20]


The crystals, which had grown in the bulk of the solution and at the air/
water interface, were collected on glass microscope cover slips.[18] Blank
experiments performed to investigate the role of air-drying of artifacts only
showed the formation of calcite and vaterite.[24]


Fluorescence depolarization experiments : Aggregate dispersions contain-
ing all-trans-1,6-diphenyl-1,3,5-hexatriene (DPH) as fluorescent probe
were prepared as described above. Concentrations were [dendrimer]�
68 �� and [DPH]� 34 ��. Fluorescence-emission spectra were recorded
at �ex� 382 nm. The anisotropy was measured over a temperature range of
20 ± 75 �C with steps of 5 �C and 15 min equilibration periods.


Electron microscopy: TEM samples were obtained by placing a drop of
solution onto a carbon-covered, formvar-coated copper grid followed by
immediate drainage. Aggregate samples were platinum shadowed.


Microtomy experiments : Microtomy was performed on a sample of
lyophilized 1/OA aggregates embedded in LRWhite Resin (London Resin
Company) followed by polymerization at 60 �C for 24 hours. Subsequently,
thin coupes were cut by using a diamond knife. After staining, the coupes
were evaluated by using transmission electron microscopy at an accelerat-
ing voltage of 60 kV.


Powder X-ray diffraction : PXRD was performed by mounting the cover
slips on a silicon wafer. Experiments were carried out in the range 2�� 10 ±
100� with a step width of 0.02 and a step time of 25 s.
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Experimental Evidence for Multiple Oxidation Pathways
in the (salen)Mn-Catalyzed Epoxidation of Alkenes


Christian Linde,*[a] Nordine KoliaÔ,[a] Per-Ola Norrby,[b] and Bjˆrn äkermark[c]


Abstract: The substrate electronic ef-
fects on the selectivity in the catalytic
epoxidation of para-substituted cis stil-
benes 2a ± i were investigated by using
(R,R)-[N,N�-bis(3,5-di-tBu-salicylidene)-
1,2-cyclohexanediamine]manganese(���)
chloride 1 in benzene as the catalyst with
iodosobenzene as the terminal oxidant.
A Hammett study of the selectivity
results reveals a stronger electrophilic
character than previously assumed in
the (salen)Mn-catalyzed reaction. In


general, the best correlations with the
experimental values were obtained by
using the Hammett �� values, which
gave ���1.37 for the rate of cis-
epoxide formation and ���0.43 for
the rate of the stepwise process leading


to the corresponding trans product. The
reaction involves two separate pathways
as indicated also by the competitive
breakdown of the intermediate on the
path to trans epoxide for methoxy-sub-
stituted substrates. The asynchronicity in
the concerted pathway leading to cis ep-
oxide is apparent for 4-methoxy-4�-nitro-
stilbene, which yields cis epoxide with
75% ee entirely as a result of electronic
effects.


Keywords: asymmetric catalysis ¥
epoxidation ¥ linear free energy
relationships ¥ manganese ¥
reaction mechanisms


Introduction


The selective epoxidation of unfunctionalized alkenes has
been a major challenge in organic synthesis for many years.[1, 2]


The successful development of optically active (salen)Mn
catalysts has provided a useful tool for this transformation.[2, 3]


In particular, conjugated cis-1,2-disubstituted alkenes are
epoxidized with high to excellent enantioselectivity. The high
degree of asymmetric induction displayed by (salen)Mn-
based catalysts has initiated extensive mechanistic studies of
the reaction,[2±4] which, to a large extent, parallels earlier
investigations of porphyrin-based systems.[5]


Isolated alkenes are believed to react in a concerted
manner (Scheme 1, path A).[6] On the other hand, the
formation of a mixture of cis and trans epoxides in the
(salen)Mn-catalyzed epoxidation of conjugated cis alkenes,[7]


as well as nonlinear behavior in Eyring-type plots of the
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Scheme 1. Previously proposed reaction paths for (salen)Mn-catalyzed
epoxidation.


enantioselectivity ± temperature relationship,[8, 9] indicate a
stepwise process. One proposal for a stepwise mechanism
involves an irreversibly formed radical intermediate that
collapses to syn and anti products (Scheme 1, path B).[3a]


Another proposal involves a manganaoxetane that undergoes
reductive elimination to the syn product or is opened to a
radical intermediate that is transformed into the anti product
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(Scheme 1, path C).[8, 10] However, experimental evidence has
been presented that cannot be rationalized unambiguously by
any of these mechanistic models. The results from a study of
kinetic isotope effects are not consistent with the manganaox-
etane pathway,[3a] but strong indications that syn-product
formation does not proceed via a radical intermediate were
found in another study by using cyclopropyl-substituted
conjugated alkenes as radical traps.[11] An alternate model is
needed to solve the conflict between the experimental results
and these mechanistic proposals. Based upon a computational
study, we presented instead a model, in which the timing of
spin change along the reaction coordinate determines the
choice of reaction path and, thus, the syn ± anti-product
distribution in the reaction.[12] This model provides a rationale
for the contradictory experimental observations. It also
accommodates the suggestion of Jacobsen and co-workers
that the cis and trans epoxides are formed following a
common selectivity-determining first step (Scheme 1, path
B�),[3a] since the results from our study suggest that the spin
change might occur either before or after the rate-limiting
step.


Results and Discussion


We have undertaken an experimental study of the electronic
effects in the title reaction as part of our ongoing effort to
elucidate the mechanism of the reaction. We have chosen
para-substituted cis-stilbenes as model substrates in our study.
These are ideal substrates since the electronic properties at
both carbons of the double bond can be modified by the para-
substituents, while similar steric influence is maintained at
both ends. Furthermore, the gross electronic properties of the
two carbons are similar and allow the formation of a benzylic
radical intermediate irrespective of the regioselectivity in the
attack of the active oxidant. Separate Hammett expressions
for the relative rates of cis- and trans-epoxide formation from
these substrates can be obtained through competitive experi-
ments. Conclusions can be drawn about the asynchronicity of
the attack as well as the timing of the bifurcation to syn and
anti-addition products along the reaction path, for example, if
the common transition state postulate is feasible (Scheme 1,
path B�). The substrate electronic effects on the title reaction
have been investigated in previous Hammett studies. How-
ever, none of the studies include both competitive experi-
ments with a reference substrate and determination of relative
formation rates of syn- and anti-addition products individu-
ally.[7, 13] Our study proves this information to be critical for a
detailed investigation of the mechanism of the reaction.


The reagents utilized in the study are shown in Scheme 2.[14]


The substituents were chosen to cover a wide range of
electronic properties and include symmetrically disubstituted
compounds (2a and 2 i) as well as push ± pull systems (2 f). The
observed rates of formation of epoxide relative to that of the
unsubstituted product, 3c, as well as yields and selectivities,
are shown in Table 1. The relative overall rate constants for
epoxide formation are within the same order of magnitude for
all substrates, in agreement with previous reports by Kochi
et al.[7] Qualitatively, the electronic influence on the reaction
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Scheme 2. Reagents and products in the Hammett study.


rates fits into a general reaction mechanism, in which the
alkene reacts with an electrophilic oxidation reagent.[15]


We have performed a systematic analysis of the results in
Table 1 by using the Hammett equation for linear free energy
relationships [Eq. (1)]. Several � scales have been tested, but


log(kX/k0)���X (1)


all conclusions in this work are based on the �� values since
they consistently gave the best correlation with the exper-
imental data.[16] The better fit could be obtained intuitively by
considering the similarity in magnitude of the changes in the
overall rates of epoxide formation krel for the symmetrically
substituted substrates 2 i and 2a versus 2c (Table 1, entries 1,
3, and 9). These rate changes require the � values to be similar
in magnitude, but opposite in sign, for the methoxy and nitro
substituents. This is the case for the �� values (�0.78 and
�0.79, respectively), but not for the other � scales.[16]


Table 1. Epoxidation of para-substituted cis-stilbenes by using (R,R)-1 and
PhIO in benzene.[14]


Substrate krel
[a, b] yield[b, c] cis :trans[b] ee cis[d] [%] ee trans[d] [%]


1 2a 0.4 nd[e] 4:96 [f] 85
2 2b 0.7 96 14:86 nd[e] 81
3 2c 1.0 99 25:75 [f] 75
4 2d 1.0 98 27:73 25 77
5 2e 1.1 98 29:71 23 76
6 2 f 1.5 84 59:41 75 75
7 2g 1.7 85 58:42 61 68
8 2h 1.7 72 69:31 48 65
9 2 i 2.9 64 86:14 [f] 26


[a] The relative rate constants for epoxidation were determined in
competing experiments by using 0.2 equiv of PhIO with 0.5 equiv each of
the substituted and unsubstituted cis stilbenes. [b] Determined by 1H NMR
spectroscopy and chiral HPLC on a Daicel ChiralcelOD column.
[c] Determined after addition of 1 equiv of oxidant. [d] Determined
by chiral HPLC on a Daicel ChiralcelOD column. [e] Not determined.
[f] Not chiral.
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We first made the simple assumption that the reaction rates
of formation of the individual cis- and trans-epoxide isomers
both vary with the average of the Hammett constants of the
two substituents, that is, that the transition state is perfectly
synchronous, and the two possible alkene face attacks are
influenced equally by the two substituents [Eq. (2)].[16] The
relative rates of formation of the isomeric epoxides [(kXY/k0)cis


and (kXY/k0)trans] are plotted against the average �� values in
Figure 1.[17] The rates are presented also in Table 2 together
with the �� values employed.


log(kXY/k0)� �(�X� �Y)/2 (2)


Figure 1. Hammett plot based on average �� substituent constants
[Eq. (2)].


It is shown in Figure 1 that formation of the cis epoxides is
strongly dependent on the substituents, whereas no clear
effect can be seen on the formation of trans epoxide. We
interpreted these observations as a first indication that cis-
and trans-epoxide formation might occur following separate
pathways. It is clear that the rate of cis-product formation is
not influenced equally by the two substituents in cis-3 f as it is
formed 3.5 times faster than cis-3c, although the average
�� values for the two substrates are similar (Table 2, entries 3
and 6). Apparently, the formation of cis-3 f follows a path that
maximizes the effect of the activating methoxy substituent,
and this gives a higher relative rate of formation than would
be expected from the simplified expression in Equation (2).


To analyze the rate variations in more detail, we postulated
a kinetic model involving a concerted and a stepwise pathway
as shown in Scheme 3. We assumed that the first step of the
radical process is irreversible and rate determining since no
isomerized alkene was observed in the reaction after partial
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Scheme 3. Postulated paths and constants employed in the kinetic model.


conversion. We also ignored the formation of cis product in
the radical process since the equilibrium for C�C bond
rotation is shifted far toward the intermediate leading to
trans product (Table 1, entry 1). Our previous radical trapping
study provided additional support for this assumption.[11] The
complete suppression of anti-addition products from such
traps strongly indicates that the ring closure of the inter-
mediate radical to epoxide is substantially slower than trap
opening. The high yields of nonisomerized epoxides in the
same study show that the syn addition does not go through a
radical intermediate. Thus, cis product is formed only by
concerted addition (rate constant kc), and the rate of trans-
product formation is determined by the initial formation of
the radical intermediate (rate constant kr). Thereby, the rate
ratio between the concerted and stepwise processes (kc/kr) is
proportional to the cis ± trans-epoxide product ratio since the
two products are formed from the same alkene reactant. Note
that no assumption was made at this point whether syn and
anti products are formed via a common transition state
(Scheme 1, path B or B�).


The simplified description of the electronic effects by using
an effective Hammett constant expressed as the average of
the two para-substituents [Eq. (2)] is valid only for a perfectly
synchronous transition state. Perfect synchronicity is possible
in a concerted process but unequal influence from the
substituents would be expected in an asynchronous process,
which could be either stepwise or concerted. Therefore, the
regular Hammett expression was modified to describe a
reaction with nonequal influence from the para-substituents
of an unsymmetrical alkene. The possibility of two sterically
identical but electronically dissimilar regiochemical attacks
leads to the bis-exponential in Equation (3),[16] in which the


log(kXY/k0)� log[(10�[f�X�(1�f)�Y]� 10�[f�Y�(1�f)�X])/2] (3)


Table 2. Hammett constants and relative rates of formation of single
products.[17]


Product X Y ��
X ��


Y (��
X ���


Y�/2 (k/k0)cis (k/k0)trans


1 3a NO2 NO2 0.79 0.79 0.79 0.064 0.512
2 3b NO2 H 0.79 0 0.395 0.392 0.803
3 3c H H 0 0 0 1 1
4 3d Br H 0.15 0 0.075 1.080 0.973
5 3e Cl H 0.11 0 0.055 1.276 1.041
6 3f NO2 MeO 0.79 � 0.78 0.005 3.540 0.820
7 3g Br MeO 0.15 � 0.78 � 0.315 3.944 0.952
8 3h H MeO 0 � 0.78 � 0.39 4.692 0.703
9 3 i MeO MeO � 0.78 � 0.78 � 0.78 9.976 0.541
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fraction f describes the relative influence of each substituent
in each regiochemical attack. This value is to be determined in
nonlinear fitting together with the reactivity coefficient �.


Equation (3) is solved easily for the two unknowns (� and f)
by standard numerical methods for over-determined non-
linear equation systems.[18] The experimental log(kXY/k0) val-
ues for cis-epoxide formation were reproduced within exper-
imental error (r2� 0.98, Table 3) by using the �� values,
whereas an attempted fit to other � scales resulted in much


worse correlation. The adjusted parameters indicate a sub-
stantial influence of the substituents on the rate of formation
of cis-stilbene oxide (���1.37) and a stronger electrophilic
character than has been assumed before in the (salen)Mn-
catalyzed reaction.[19] It is clear that the formation of
cis epoxide is an asynchronous process (f� 0.87), with the
dominant influence coming from the more electron-donating
substituent. Analysis of the push ± pull system 2 f provides an
additional confirmation about the asynchronicity of the
reaction. The electronic effects of the two substituents in this
substrate would be cancelled in a symmetric transition state
(equal magnitude but opposite sign of the �� values). How-
ever, the asynchronicity of the transition state allows the more
activating substituent to dominate the reactivity in cis-epoxide
formation, and thus it explains the high relative rate of cis-3 f
formation (Table 2, entry 6). Interestingly, high enantioselec-
tivity is observed in the formation of this product even though
the substituents are sterically similar (Table 1, entry 6), and
the selectivity indicates that electronic effects play an
important role in determining the alkene face selectivity in
syn addition.


The analysis of the experimental rates of trans-epoxide
formation is less tractable, and the rates could not be
reproduced by using Equation (3).[16] It is evident from the
data in Table 2, and also from Figure 1, that the rates of trans-
epoxide formation show a nonlinear Hammett behavior, for
which all substituents have a negative influence on the rates.
This trend is opposite to what had been expected if substantial


radical character were developed in the transition state as all
substituents stabilize a radical better than hydrogen. Non-
linear behavior could also be indicative of a change in the
rate-determining step. In our case, such a change would imply
reversible formation of the intermediate radical (Scheme 3)
and would result in cis ± trans isomerization of the alkene.
However, no stilbene isomerization was observed during the
reactions. We recognized instead that the mass balance in
Table 1 is incomplete for the methoxy-substituted stilbenes,
and this implies that the rate of stilbene conversion is
substantially faster than the rate of epoxide formation. The
decrease in epoxide yields for electron-rich stilbenes was
interpreted as an indication of a competing pathway leading
to decomposition of the radical intermediate to non-epoxide
products for these substrates.[20] To test this idea, we postu-
lated that the rate of formation of the radical intermediate is
equal to the rate of disappearance of stilbene, corrected for
the rate of formation of cis epoxide, which was assumed to be
formed following the concerted pathway (Scheme 3).[17] The
resulting data are presented in Table 3. Now a fair fit was
achieved between experimental and calculated rate constants,
again using the �� values. The � value is low, only �0.43, and
the degree of asynchronicity is strong (f� 0.91).


The nonlinear enantioselectivity ± temperature dependence
observed by Katsuki et al. ,[8] as well as the results from the
study of radical traps,[11] are accommodated by the reaction
mechanism in Scheme 3. In the study of Katsuki et al., the
amounts of epoxides formed via a radical intermediate cannot
be estimated since either C�C bond rotation is not permitted
due to the cyclic structures (1,2-dihydronaphthalene and 1,3-
cyclooctadiene), or the alkenes are monosubstituted (styrene
and p-nitrostyrene). On the other hand, it is predicted from
the reaction mechanism in Scheme 3 that nonlinear diaste-
reoselectivity ± temperature dependence and nonlinear enan-
tioselectivity ± temperature dependence for the anti-addition
product would be expected in a system, in which the rates of
the competing pathways are similar but with different
temperature dependence.


The results obtained in this study are not easily depicted in
a classical Hammett sense, since they depend on two
interacting substituents for each stilbene. For illustration
purposes, we have plotted in Figure 2 the experimental
relative rates of cis- and trans-epoxide formation and the
postulated rate of radical intermediate formation against an
™effective Hammett substitution constant∫, �Eff [Eq. (4)]. The
constant is calculated from Equation (3) as log(kXY/k0)calcd/�
for the two successful fits in Table 3 by using f� 0.87 for
cis epoxide and f� 0.91 for trans epoxide and radical forma-
tion.


log(kXY/k0)� ��Eff {�Eff� log(kXY/k0)calcd/� [from Eq. (3)]} (4)


The rate of concerted syn addition and the rate of the
postulated radical intermediate formation both correlate well
with the Hammett �� values. The transition states for both
processes are highly asynchronous where the buildup of
charge on one carbon of the alkene in the rate-determining
step is stabilized by through resonance from the closest para-
substituent. The concerted pathway shows a large electronic


Table 3. The logarithmic values (log(kXY/k0)), calculated based on �� for
the experimental and calculated relative rates of epoxide formation and
radical intermediate formation.[a]


cis trans rad
Product exp Eq. (3) �Eff exp exp Eq. (3) �Eff


3a � 1.194 � 1.082 0.790 � 0.291 � 0.297 � 0.338 0.790
3b � 0.407 � 0.376 0.274 � 0.095 � 0.081 � 0.147 0.344
3c 0 0 0 0 0 0 0
3d 0.033 � 0.096 0.070 � 0.012 � 0.006 � 0.031 0.073
3e 0.106 � 0.072 0.052 0.018 0.024 � 0.023 0.054
3f 0.549 0.504 � 0.368 � 0.086 0.074 0.079 � 0.186
3g 0.596 0.651 � 0.476 � 0.021 0.125 0.165 � 0.385
3h 0.671 0.696 � 0.508 � 0.153 0.194 0.188 � 0.439
3 i 0.999 1.068 � 0.780 � 0.267 0.428 0.334 � 0.780
� � 1.37 ±[b] � 0.43
f 0.87 ± 0.91


r2 0.98 ± 0.94


[a] In this analysis, it is postulated that a radical intermediate is formed
from the fraction of the alkene that is not converted to cis epoxide. This
radical intermediate is only partly converted to trans epoxide; see text.
[b] No positive correlation was obtained.
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Figure 2. Experimental rates versus effective substituent
constants [Eq. (4)].


dependence (���1.37) indicative of a late transition state.
The transition state of the radical pathway is much earlier
(���0.43) and has no significant radical character as
indicated by the influence from the para-substituents. The
stepwise anti-addition process displays a nonlinear behavior,
interpreted as a competitive breakdown of the radical
intermediate into non-epoxide products when electron-do-
nating substituents are present on the stilbene.


Apparently cis- and trans-epoxide formation in the title
reaction follow separate pathways. We cannot exclude the
possibility of multiple oxidizing species in the reaction
mixture, in which each species follows preferentially one of
the reaction pathways.[21] These oxidants would show reaction
rates, which have very different electronic dependence. In
such a case the oxidants must be in rapid equilibrium under
catalytic conditions, since the product distribution is affected
significantly by the electronic properties of the substrate. The
current results could be interpreted also as an attack on the
alkene of a common electrophilic oxidizing species, but with
subsequent branching to a radical intermediate before the
transition state for the concerted syn addition, for example, by
spin-surface crossing. In any case the common transition state
hypothesis (Scheme 1, path B�) is excluded, and the fate of the
alkene is sealed already in the first irreversible step.


Experimental Section


Experimental details and analytical data are available in the Supporting
information. General procedure for epoxidation: (R,R)-1 (12 mg,
0.02 mmol, 4 mol%), para-substituted stilbene 2 (0.5 mmol, 1 equiv), and
iodosobenzene (110 mg, 0.5 mmol, 1 equiv) were stirred in benzene (4 mL)
for 12 hours at room temperature. The catalyst residues were separated on
a short silica column. The cis ± trans ratio and enantiomeric purity were
determined by 1H NMR spectroscopy and chiral HPLC on a Daicel
Chiralcel-OD column by using IPA/IB (isopropanol/hexanes). Competi-
tion experiments were performed starting with a 1:1 mixture of unsub-
stituted and substituted cis-stilbenes with oxidant (0.2 equiv).
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Abstract: The use of lithium and a
catalytic amount of an arene is a well-
established methodology for the prepa-
ration of organolithium reagents that
manifest greater reactivity than the
classical lithium ± arene solutions. In
order to rationalize this conduct, the
participation of a highly reduced species,
the dianion, is proposed and its reactiv-
ity explored. Studies of kinetics and of
distribution of products reveal that the
electron-transfer (ET) reactivity profile
of dilithium naphthalenide in its reac-


tion with organic chlorides excludes
alternative mechanisms of halogen ±
lithium exchange. The process generates
organolithium compounds. The dianion
thus emerges along with the radical
anion as a suitable candidate for cata-
lytic cycles in certain processes. Endow-
ed with a higher redox potential than its


radical anion counterpart, dilithium
naphthalene displays a broader spec-
trum of reactivity and so increases the
range of substrates suitable for lithia-
tion. The reaction of dilithium naphtha-
lene with THF is one example of the
divergent reactivity of the radical anion
and the dianion, which has been the
source of apparent misinterpretation of
results in the past and has now been
appropriately addressed.


Keywords: arene ligands ¥ electron
transfer ¥ lithiation ¥ radical ions ¥
reduction


Introduction


The use of lithium and a catalytic amount of an arene as
electron carrier has become a well-established and widely
used protocol for the preparation of organolithium com-
pounds.[1] It represents an important improvement over the
former stoichiometric version, that is the use of lithium radical
anion solutions,[2] since only small amounts of arene need to
be removed in the purification steps, but, even more
importantly, because the newer system has higher lithiation
reactivity in some processes, to the extent of being the only
system reactive enough to perform certain transformations.[3]


It appears that different species might be playing an active
part in the catalytic version of the process along with the
lithium radical anion, at least when the latter is not reactive
enough to perform a specific transformation alone. However,
so far no systematic studies have been reported confirming
these facts.[4] The electron carrier plays a central role in the
reaction, acting as a homogeneous catalytic species. Among


electron carriers, naphthalene and 4,4�-di-tert-butylbiphenyl
(DTBB) are the most frequently used catalysts. Former
interpretations of the mechanism of arene-catalyzed lithia-
tions posited arene radical anions as the very active species
performing redox catalytic cycles. These radical anions,
including lithium salts LiC10H8 or LiDTBB, are well-known
species; their physical and spectroscopic properties as well as
chemical reactivity have been widely reported.[5] They act as
powerful electron-transfer (ET) reagents versus a number of
organic halides, generating high yields of organolithium
compounds.[6] Overreduction of these paramagnetic species
to give the dianion has been achieved in several ways. These
highly reduced species have received far less attention,
perhaps owing to their elusiveness, in spite of the manifest
interest concerning electronic configuration ± reactivity and
structure ± reactivity relationships. Dipotassium naphthalene
has apparently been obtained by condensation of potassium
and naphthalene vapors, even though no electronic spectra of
the dianion could be recorded.[7] Solutions containing an
unknown amount of dianion were apparently obtained by
prolonged exposure of naphthalene to an excess of lithium
metal in THF at room temperature.[8] However, unequivocal
preparation of the naphthalene dianion is achieved through
an entirely different approach. Double deprotonation of 1,4-
dihydronaphthalene using butyllithium and two equivalents
of N,N,N�,N�-tetramethylethylenediamine (TMEDA) in hex-
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ane affords Li2C10H8 ¥ 2TMEDA as purple crystals, for which
structural data in the solid state could be obtained.[9] To date,
the spectrum of reactivity of these highly reduced diamagnetic
species remains mostly unexplored. Potentially they could act
as: a) bisallylbenzyllithium reagents, predicted to be reactive
as strong bases or nucleophiles;[10] b) ET reagents, imitating
their radical anion counterparts; or c) perhaps as both,[11]


drawing attention to the long-standing issue of the mecha-
nistic dichotomy between ET and nucleophilic substitution
(Scheme 1).


Scheme 1. Likely mechanisms in reactions of naphthalene radical anion
and naphthalene dianion.


In this work we undertake the beginning of an extensive
study that will cover the reactivity displayed by dianions
derived from high-reduction-potential arenes and their role in
the arene-catalyzed lithiation reactions, focusing on naphtha-
lene as a starting point.


Results and Discussion


Reactivity profiles : A reactivity profile for both kinds of
reagents, radical anion and dianion lithium salts, has been


constructed with organic chlorides as substrates and naph-
thalene as arene. Competitive kinetic techniques[12] allow
accurate measurement of the relative rates of reaction of the
radical anion (I) and dianion (III, and presumably II and IV,
see below) as they react simultaneously with two organic
chlorides. As substrates we include primary, secondary, and
tertiary alkyl and aryl chlorides (1- and 2-chlorooctane,
2-chloro-2-methylheptane and chlorobenzene; for simplicity,
the former three will also be referred to as n- or 1-, sec- or 2-,
and tert-octyl chloride in this paper). In a representative
example, a solution of I (LiC10H8) in THFat 0 �C was added in
small fractions to a mixture of 1-chlorooctane, 2-chlorooctane,
and a carefully weighed amount of dodecane as internal
standard (ca. 1:1:0.5, 0.01� in THF at 0 �C). A sample of the
reacting mixture was obtained after every addition, these
aliquots being immediately hydrolyzed (ice-cold 0.5� phos-
phate buffer/pentane) and submitted to quantitative GLC
analysis. The simultaneous determination of the remaining
concentration of these two organic chlorides in solution that
react with I permits the evaluation of their relative reaction
rates,[13] k2-octylCl/k1-octylCl� 0.91 in this case. The same proce-
dure was repeated for all pairs of organic chlorides submitted
to test, the resulting relative rates being arbitrarily referred to
1-octyl chloride. Reactivity profiles were constructed in this
way for I (radical anion, Li � C10H8 1:1.1, green solution), II
(Li excess � C10H8 ca. 5:1, purple solution when fresh), III
(Li2C10H8 ¥ 2TMEDA, synthesized from 1,4-dihydronaphtha-
lene, purple when fresh), and IV (Li excess � C10H8 �
2TMEDA, i.e. II� 2TMEDA, purple when fresh). Only clear
solutions of I ± IV (in the absence of Li metal) were used, all
the determinations being carried out in THF at 0 �C. The
results are collected and represented in Figure 1.


Reactivity profiles for all four reagents are essentially
identical, and to a great extent so is the distribution of major
and most minor products obtained.[14] According to this data,
dilithium naphthalenide behaves as an ET reagent in its
reaction with organic chlorides in that it becomes indistin-
guishable from lithium naphthalenide as far as reactivity
profiles are concerned. Regarding the mechanism of the
lithiation, there is no selectivity for the structure of the
organic halide in the process, as would be expected from an
outer-sphere ET in the determining step of the reaction.[13]


This is the mechanism of reaction for most radical anions, such
as I, with organic halides. The resulting flat profiles displayed
rule out other possible metalation mechanistic pathways for
the dianion, such as a back approach to the halide in an SN2-
like transition state (e.g. ferrates[15] or CoI reagents[16]) or an
™ate∫ transition state or intermediate (e.g. alkyllithiums,[17]


and perhaps dialkylmagnesium reagents[18]). These two
alternative mechanisms of metallation result in totally
different structure ± reactivity profiles. An SN2-like transi-
tion state would display rates of reaction following the
pattern primary� secondary� tertiary alkyl or aryl
chlorides, whereas an ™ate∫ transition state would be of the
type aryl� primary� secondary� tertiary alkyl chlorides,
none of them matching the observed reactivity profile.
Tentative structures for these high-energy transition states/
intermediates can be easily drawn with the aid of canonical
forms.


Abstract in Spanish: La utilizacio¬n de litio y una cantidad
catalÌtica de un areno es una metodologÌa ampliamente
establecida para la preparacio¬n de compuestos organolÌticos,
presentando una mayor reactividad que las correspondientes
soluciones de litio-arenos. Para explicar este comportamiento
se propone la participacio¬n de especies altamente reducidas,
como son los correspondientes dianiones, estudia¬ndose su
reactividad. Estudios cine¬ticos y de distribucio¬n de productos
indican que el dilitionaftaleno muestra un perfil de reaccio¬n
tÌpico correspondiente a un agente de transferencia electro¬nica
en su reaccio¬n con derivados clorados, pudiendo excluirse
mecanismos alternativos para el intercambio cloro-litio, gene-
ra¬ndose compuestos organolÌticos. Debido al mayor potencial
redox de esta especie, comparado con el correspondiente
radical-anio¬n, se amplÌa su reactividad frente a un mayor
conjunto de sustratos a litiar. Un ejemplo de esta reactividad
divergente es el comportamiento de ambos agentes de litiacio¬n,
radical-anio¬n y dianio¬n, frente a THF, que ha sido objeto de
aparente debate en el pasado y que en este artÌculo se clarifica
definitivamente.
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It is not likely that the radical anion present in the reaction
media can compete with the dianion for RCl when both are
present in similar concentrations,[19] because of both a) less
favorable reduction potentials[20] and b) dissimilar electronic
configurations of reactants.[21] As long as the former assump-
tion holds, the generally accepted mechanism for the reaction
of arene radical anions (e.g. C10H8


.�) with RX applies, in
principle, to the naphthalene dianion [Eqs. (1) ± (3)]. Nucle-
ophilic attack of the naphthalene dianion on RCl does not


�1�


�2�


�3�


represent a competitive pathway for ET, as can be inferred
from the reactivity profiles [Eq. (1)]. Neither does the
reactivity as a base of the dianion versus RCl. Even in the
case of tert-octyl chloride, more prone to act as a source of
protons, the elimination products (isooctenes) are hardly


detectable.[22] In the subsequent
step, both reducing agents can
in principle participate
[Eq. (2)], the coupling of R .


and the radical anion being
most likely the source of cou-
pling by-products (mostly iso-
meric RC10H9, see below, but
also R2C10H8 and alkylated
naphthalene, from GC-MS)
[Eq. (3)]. The k2/k3 ratio [also
expressed as the dimensionless
competition parameter k2/
(k2�k3)][23] is a key parameter
of the process when the aim is
to maximize the formation of
R�. For radical anions, the k2/k3


ratio seems to be dependent on
the standard reduction poten-
tial of the arene, the more
negative ones having the higher
k2/k3 ratios, resulting in higher
yields of carbanionic species.[24]


This trend is manifested by the
dianion as slightly but reprodu-
cibly better yields in the lithia-
tion process using II compared
to that with I.


Ion pairing and electron trans-
fer (ET) rates : Depending on
the nature of the solvent, the
counterion, and the tempera-
ture, radical anions and di-


anions of arenes may exist as different entities that differ in
the degree of association between the anionic and cationic
part of the molecule.[25] The nature of these species in solution
has been better described as a dynamic model, an equilibrium
consisting of contact (or tight) ion pairs and solvent-separated
(or loose) ion pairs, the occurrence of free ions being rather
unusual in ethereal solvents (Scheme 2). The thermodynamics
of these equilibria in general follows uniform trends governed
by solvating effects. While generally �Ho�solv� is positive as we
move toward the right of the equilibrium (due to loss of


Scheme 2. Equilibrium representing the dynamic model for I and the
structure of the contact ion pairs I (calculated) and II (from X-ray structure
and calculated).


Figure 1. Reactivity profiles of naphthalene radical anion (I) and dianions (III and presumably II and IV) in their
reactions with organic chlorides. Each relative rate has been obtained by evaluation of the slope by linear
regression analysis of plots representing the decay of the concentration of both chlorides (refs. [12, 13]) and is
arbitrarily referred to 1-chlorooctane. Each of these plots contained 5 ± 8 points and were linear to greater than
90% consumption of the reacting chlorides (first-order reactions with respect to the alkyl chloride), the
regression coefficients being �0.995 in all cases. Species III and IV have been drawn differently simply with the
purpose of emphasizing that only the structure of Li2C10H8 ¥ 2TMEDA obtained by deprotonation has been
elucidated.
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enthalpy of solvation), so is �So�solv�, which sees its value
become more positive as an increased number of solvent
molecules are released from their coordination sites. The
overall effect is a temperature-dependent equilibrium that
shifts toward contact ion pairs as the temperature is increased
and shifts toward free or loose ion pairs at low temperatures.
The naphthalene radical anion is no exception to this general
scenario. As for the cation, lithium has higher coordinating
ability with the solvent than other alkaline cations, favoring
loose ion pairs in the ion-pairing equilibrium.[26] Lithium
naphthalene (I) in THF at room temperature has about 60 ±
80% solvent-separated ion pair in equilibrium with 40 ± 20%
of contact ion pairs, as seen by UV/Vis spectroscopy.[25] As
expected, the amount of solvent-separated ion pairing in-
creases with decreasing temperature. In contrast, dianion (II)
is expected to be a robust contact ion triple in ether solvents
even at temperatures as low as �78 �C, as the result of
strengthened coulombic interactions.[27] The structures of the
contact ion pairs or triples for I and II are represented in
Scheme 2. The structure of I was calculated;[28] II is part of a
structure determined by X-ray crystallography,[9] and has also
been calculated.[27, 28] Each one of these ion-pair species in the
dynamic model differs to some extent from the others in their
properties and reactivity. In the case of arene radical anions,
this has been confirmed in a large number of experiments
dealing with conductivity,[7] line widening,[29] and hyperfine
constants in ESR,[30] hyperfine splittings in NMR,[31] and UV/
Vis spectroscopy.[25] For ET reactions of naphthalene radical
anions, in self-exchange ET[29] and reductive cleavage of alkyl
halides,[32] loose ion pairs react about 1 ± 2 orders of magni-
tude faster than tight ion pairs. This trend is maintained as we
move toward less associated ions in the equilibrium of
Scheme 2, in other words the smaller the association between
ions, the faster the ET rates observed. Another important
piece of information emerging from these studies is that the
structures of ion pairs of hydrocarbon anions are relatively
insensitive to the concentration. The formation of higher
aggregates does not seem to be important for alkali metal
naphthalene radical anions[31] and dianions[33] in coordinating
ethereal solvents.


Distribution of products : According to the profiles displayed
in Figure 1, the determining step of the reaction of II with
organic chlorides is an ET process [Eq. (1)]. Strictly, this does
not necessarily mean that II will carry out Cl ±Li exchange
and generate organolithium reagents [Eq. (2)], since the
radical generated (R .) could react in a variety of ways. At this
stage, a study of the distribution of products was undertaken
to obtain information about the fate of the radical species
resulting from the ET step [Eqs. (2) and (3)]. As expected,
further reduction of R . to afford organolithium compounds is
the main reaction outcome for dianions as well as for the
radical anion when primary alkyl chlorides are used as
substrates. To demonstrate this, the reactions of I ± IV with
1-chlorooctane were carried out in THF at �60 �C, the
temperature at which solubility of crystalline III is adequate.
Yields of the organolithium reagent formed, 1-octyllithium,
were determined after the reaction with trimethylchlorosilane
and pivalaldehyde as electrophilic reagents. The first step was


carried out with an excess of the lithiating reagent (4:1 molar
ratio) and was monitored until the concentration of the
starting material dropped below detection limits (�0.01%),
then an excess of the electrophilic reagent was added, and the
reaction was allowed to warm up slowly to 0 �C and was
hydrolyzed as before. Quantitative analysis of the reaction
products showed a similar distribution of major products for I
and II (reactions in the absence of TMEDA), with II
invariably giving slightly better yields than I. In the case of
III and IV (reactions in the presence of TMEDA) the
distribution of main products obtained was nearly identical
(Table 1). These last results confirm the similarity among the
species generated after exposure of naphthalene to an excess
of lithium, and pure dilithium naphthalene.


The scenario is slightly different for other alkyl chlorides.
The reaction of lithium naphthalene radical anion with a
variety of structurally different alkyl chlorides in THF has
been described elsewhere.[34] We have re-examined this
reaction in order to compare any differences in the distribu-
tion of products obtained when dilithium naphthalene,
Li2C10H8 (II), is used instead of the classical LiC10H8 (I)
reducing agent. We have also attempted to isolate by-products
(i.e., coupling products) originating in the reactions of lithium
naphthalene and dilithium naphthalene with a primary, a
secondary, and a tertiary alkyl chloride, followed by hydrolysis
with water. These products have been largely overlooked
because of the difficulty of their separation from the reaction
crude and their readiness to decay. In some instances, silica gel
impregnated with AgNO3 proved to be the stationary phase of
choice for the chromatographic purification of isomeric
mixtures of alkyldihydronaphthalenes when ordinary flash
chromatography failed.[35] To minimize polymerization/oxida-
tion during handling and storage, 5 ± 10% of hydroquinone
was added to the crude mixtures and purified compounds.
Even with these precautions, some of the reaction products
turned into intractable mixtures shortly after their isolation.
In particular, 1-octyl-1,2-dihydronaphthalenes (6b, 8b) slowly


Table 1. Distribution of products corresponding to the reaction of
1-chlorooctane with the lithiating reagents I ± IV and capture of 1-octyl-
lithium with a) TMSCl or b) tBuCHO.


a) E��TMSCl Products [%][a]


Lithiating agent n-Octyl-SiMe3 n-Octane n-OctylCl


I (LiC10H8)[b] 75 9.8 � 0.01
II (Li2C10H8)[b] 81 9.8 � 0.01
III (Li2C10H8 ¥ 2TMEDA)[c] 62 22 � 0.01
IV(Li2C10H8 ¥ 2TMEDA)[b] 59 20 � 0.01


b) E�� tBuCHO Products [%][a]


Lithiating agent n-Octyl-CHOHtBu n-Octane n-OctylCl


I (LiC10H8)[b] 41 45 � 0.01
II (Li2C10H8)[b] 52 41 � 0.01
III (Li2C10H8 ¥ 2TMEDA)[c] 52 23 � 0.01
IV (Li2C10H8 ¥ 2TMEDA)[b] 53 24 � 0.01


[a] Yields of the products were determined by quantitative GLC using pure
isolated products in the determination of response factors, and were
averaged for 4 ± 5 runs, �sd�� 3%. [b] From Li(s) � C10H8 in THF.
[c] Crystals obtained by double deprotonation of 1,4-dihydronaphthalene
(C10H10) with 2 equiv nBuLi.
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evolve towards intractable mixtures, while the 2-octyl-1,2-
dihydronaphthalenes (8c) mainly rearomatize to 2-octylnaph-
thalenes. 1-Octyl-1,4-dihydronaphthalenes (6a, 8a) are appa-
rently slightly more stable species that can be rearomatized
using chloranyl. By means of these chromatographic techni-
ques, separation of the isomers was achieved in the reactions
of 1-chlorooctane and 2-chloro-2-methylheptane. Quantifica-
tion of all these compounds was carried out using pure
isolated samples for the determination of the response factors
with a FID detector, the results gathered in Table 2 being the
average of 4 ± 6 determinations. Unfortunately, in the case of
2-chlorooctane, complex mixtures of regioisomers and dia-
stereoisomers (7) prevented adequate separation and identi-
fication of the coupling products other than by GC-MS. For
the overall quantification of these 2-octyldihydronaphthalene
derivatives, all regio and diastereoisomers were supposed to
have the same response factor. Products account for�90% of
the starting material in most cases except in the reaction of II
with tert-octyl chloride (71%). What constitutes the remain-
ing 29% is uncertain. A number of potential by-products
including R2, R2C10H8, or isooctenes were sought but not
found in significant amounts in the reaction mixture. The
extremely basic/ET character of II might have initiated an
anionic or radical polymerization of initially formed 8b ;
however, this hypothesis was not verified.


Several points should be noticed from the results in Table 2.
First, while both lithium naphthalene and dilithium naphtha-
lene react with n-octyl chloride to afford high yields of
octyllithium, the reaction is not likewise effective for sec- or
tert-octyl chloride (i.e. , 2-chloro-2-methylheptane in our
study). Yields for the corresponding secondary or tertiary
organolithium reagents drop, whereas the proportion of
coupling derivatives of the type RC10H9 increases, becoming
quite abundant or even dominant.[36] The origin of this
behavior probably lies in the relative readiness of R . to be
further reduced to R� (primary, secondary, or tertiary R . ,
originated after electron transfer to the halide from I or II). In
cyclic voltammetry, a simple two-electron wave is obtained for
the reduction of n-butyl iodide, but for tert- and sec-butyl
iodides a second peak has been observed which enables the
determination of an effective reduction potential for tertiary
and secondary alkyl radicals. In the latter two cases, the


radical is not reduced at the potential at which the reductive
cleavage of the halide occurs; R . is reduced at a more negative
potential than the halide, giving rise to a second wave and
setting a relative experimental order for the ease of reduction
of alkyl radicals as n-R� sec-R� tert-R . .[37] In our case, the
more negative reduction potential of R . is manifested as a
closer competition of coupling reactions [Eq. (3)] with
reduction [Eq. (2)] and therefore a drop in RLi yields
(Table 2). Secondly, it should be noticed in Table 2 that the
yield of octanes (directly related to octyllithium yields)
increases only slightly when Li2C10H8 is used, even though it
is a much stronger reducing agent that LiC10H8. This may be
for several reasons: a) We may have reached the ™flat∫ or
even the ™Marcus inverted region∫ where activation free
energy and the driving force for an ET process no longer
move together.[38] Since, to the best of our knowledge, no
thermodynamic or electrochemical values corresponding to a
double-electron reduction of naphthalene are available,[39] the
weight of this hypothesis cannot be evaluated and remains
uncertain. b) Interaction of configurations might be favored
for the radical/radical-anion pair (doubletR ./doubletAr.�) rather
than for the radical/dianion pair (doubletR ./singletAr�2). If this was
the case, most of the second electron transfer (responsible for
the process R . � e�	R� and subsequent generation of the
alkyllithium reagent) would be carried out by the naphthalene
radical anion I instead of II. If this were the case, no improved
yields would be observed. An experiment designed to clarify
this point is currently under consideration. Definitive evi-
dence should be obtained from the reduction rates of R . when
II is compared with I as a reducing agent. A priori, these rates
should be available through kinetic experiments using suit-
able radical clocks.[40] c) Finally, another factor should be kept
in mind if we try to compare reactivities for both species: as
we mentioned before, the nature of the ion pairing in I (and
likewise in II) significantly affects the corresponding rates of
ET to substrates. Dianions are expected to be contact ion
triples even at �78 �C. Instead, at low temperatures lithium
naphthalene in THF is in an equilibrium shifted towards loose
ion pairs, which have lower activation barriers in the ET
process than tight ion pairs. The ion pairing nature of I and II
should affect ET rates to a lesser extent than reduction
potentials, but this is only true if we are far from the Marcus


Table 2. Reaction of I and II with structurally different octyl chlorides, and analysis of the by-products.


C18H18 [%]
% total


quantified


n-C8H17Cl 82 6 88 6a, 3.7 6b, 2.3 ±
s-C8H17Cl 55 38 (7) 93 ± ± ±
t-C8H17Cl 37 61 98 8a, 29 8b, 36 8c, 1.6[b]


n-C8H17Cl 89 7 96 6a, 4.1 6b, 2.9 ±
s-C8H17Cl 57 32 (7) 89 ± ± ±
t-C8H17Cl 41 30 71 8a, 20 8b, 7.0 8c, 3.0[b]


[a] Reactions performed by addition of the halide to a 0.4� solution of I or II in THF at �78 �C and subsequent hydrolysis with water. Molar ratio: halide/
(I or II)� 1/4. Yields determined by quantitative GLC using pure isolated products and decane/dodecane as internal standard, corresponding to the average
of 4 ± 6 experiments, �sd�� 5%. tert-Octyl chloride� 2-chloro-2-methylheptane. [b] Isolated as the corresponding aromatized compound, i.e., 2-(1,1-
dimethylhexyl)naphthalene (8d).
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flat region. In the proximity of the
Marcus flat region, an increased ex-
ergonicity of the ET reaction does
not bring about enlarged ET reac-
tion rates any more. For the aforesaid
reasons, this cannot be rigorously
evaluated here.


The lithium salts of naphthalene
radical anion or dianion are not the
reagents of choice for the preparation
of secondary and especially tertiary
alkyllithium reagents. This is a well-
known drawback of lithium naphtha-
lene solution as a lithiation agent. In
an effort to overcome this problem
from a synthetic point of view, steri-
cally hindered electron carriers en-
dowed with more negative reduction
potentials than naphthalene were in-
troduced.[41] These arenes settled the
problem of extensive coupling of
secondary and tertiary halides most
satisfactorily;[34a] 4,4�-di-tert-butylbi-
phenyl (DTBB) is the most represen-
tative arene electron carrier used for
this purpose. We can state now that
the success of these reagents is based
mainly on steric factors rather than
reduction potentials, regardless of the
fact that both factors cooperate in the
final goal.[42]


The advantages of arene dianions
versus arene radical anions in lithiation processes inevitably
come from the higher reduction potential of the correspond-
ing redox pairs. We expect that this will broaden the scope of
current lithiating agents to include functional groups reduci-
ble only with difficulty. A number of studies implementing
this suggestion are currently underway. In connection with
these studies, a case that deserves special attention is the
reaction of dilithium naphthalene (II) with unstrained cyclic
ethers. In particular we have focused our attention on the
reactions of tetrahydrofuran (THF) and tetrahydropyran
(THP) with lithium naphthalene (I) and dilithium naphtha-
lene (II). The first set of results is quite revealing (Scheme 3,
Figure 2).


We quantitatively monitored the stability of the lithium
naphthalene radical anion (I) and dianion (II) in THFat room
temperature for 24 h by GLC. The advance of the reaction is
represented in Figure 2 as the decrease in the overall
concentration of naphthalene (1) and 1,2- and 1,4-dihydro-
naphthalenes (3 and 2) (these are the products that would be
obtained by hydrolysis of I and II, provided that no reaction
with the solvent has taken place, i.e., at time� 0).[43] Plots in
Figure 2 display a significant difference in the rate of reaction
of lithium naphthalene (I) and dilithium naphthalene (II) with
THF at 25 �C. While a solution of LiC10H8 (I, 0.5�) is fairly
stable in THF at room temperature (�96% 1 ± 3 recovered
after 24 h), the dilithium naphthalene solution (II, 0.5�)
slowly reacts with THF affording mixtures of 4-(1,4-dihydro-


naphthyl)-1-butanol (9a, 24%), 4-(1,2-dihydronaphthyl)-1-
butanol (9b, 11%), 1-ethyl-1,4-dihydronaphthalene (10a,
4%) and 1-ethyl-1,2-dihydronaphthalene (10b, 5%), accom-
panied by small amounts of the corresponding aromatized
products (9c, 9%; 10c, 2%, which have arisen in the course of
the reaction) and 8% of n-butanol (11). The structures were
elucidated by 500 MHz 1H NMR on the basis of HMBC and
NOESY experiments. HMBC turned out to be decisive in
rejecting isomeric 2-substituted dihydronaphthalenes as ma-
jor products. The plateau is reached when approximately 60%
of the starting dilithium naphthalene has given rise to coupled
products 9 and 10 in its reaction with the solvent. An
approximate half-life of 2.8 h is obtained by applying pseudo-
first-order kinetics to this decay. The remaining 40% of
naphthalene-reduced products probably originated from
accumulated dihydronaphthalenyllithium (LiC10H9), an appa-
rently unreactive species towards THF under these exper-
imental conditions. Again, addition of hydroquinone is critical
in order to preserve intact the reaction crudes for further
analysis and quantification, and to isolate the corresponding
reaction products, which readily polymerize upon exposure to
air.


Cleavage of THF mediated by lithium naphthalene has
been the cause of some widespread misleading results found
in the literature. Fujita and co-workers reported a photo-
chemical reaction of naphthalene radical anion with THF at
room temperature under a mercury arc lamp, which gave


Scheme 3. The reaction of dilithium naphthalene with THF at room temperature affords the products
9a ± c and 10a ± c along with 11, while lithium naphthalene is essentially unreactive. Under THF reflux,
dilithium naphthalene yields only aromatized products 9c,d and 10c.


Figure 2. Plot of the reactions of lithium naphthalene (I, 0.5�) and dilithium naphthalene (II, 0.5�) with
THF at 25 �C. The advance of the reaction was monitored as the decrease in the total amount of
naphthalene � dihydronaphthalenes� ™recovered naphthalene∫. For the reaction of II, a half-life of 2.8 h
in the activity of the mixture was measured, whereas for I, the concentration of recovered naphthalene
remained almost constant after 24 h.
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mixtures of 9a (30%) and apparently 9e [4-(1,2-dihydro-2-
naphthyl)-1-butanol, 5%].[44] Thermal decomposition of lith-
ium naphthalenide in THF at 65 �C was later reported by the
same authors to afford mixtures of 9a and 9e (4% and 46%
yield, respectively).[45] The relative amount of products seems
to be reversed depending on the kind of activation used.
Interestingly, while the authors refer to the reagent as
™lithium naphthalenide∫ or ™lithium naphthalene∫, these
reagents were prepared from a 2:1 mixture of lithium and
naphthalene in the thermal case. No mention of the stoichi-
ometry of the reagents was made in the earlier communica-
tion.[44] Later in a full paper the experiment was described as
using Li/naphthalene in a 2:1 molar ratio.[46] We have repeated
the photochemical experiment using lithium naphthalene 1:1
(I, green) in THF in a thermostatted quartz cell at 25 �C under
a 400 W high-pressure Hg lamp. After 8 h of irradiation, 97%
of the original naphthalene was recovered as mixtures of
naphthalene and dihydronaphthalenes (1 ± 3). Increasing the
temperature to 65 �C in two new experiments with I, neither
the photochemical process nor the dark (thermal) one
changed the composition of the crude mixture noticeably.
Interestingly, the reaction we carried out at 65 �C in THF
using dilithium naphthalene (II) afforded the regioisomers 9c
and 9d in 71% and 7% yield, respectively, along with 6%
10c. No mention of the ethylated products 10 was made in
these papers. On the other hand, the formation of the
ethylated products 10 has been described previously, where
alcohols 9 were overlooked.[47]


The former set of reactions is an example of a process in
which different reactivity is found for the dianion and radical
anion of naphthalene. Among the isolated products, some can
be explained by considering Li2C10H8 (II) as a strong base
capable of THF deprotonation followed by THF cleavage,
incorporation of the ethylene released, and hydrolysis. This is
the case for products 10a and 10b, this reactivity being
reminiscent of THF cleavage promoted by alkyllithium
reagents (� cleavage).[48] Other products are better viewed
as the result of reductive cleavage of the solvent promoted by
II and subsequent coupling with I followed by hydrolysis (9a,
9b). On paper, nucleophilic substitution on THF would afford
the same kind of products. Since little is known about the
reactivity of the naphthalene dianion (II), we cannot rule out
this (from intuition apparently) rather less likely reaction
pathway, for now. Finally, 1-butanol (11) is satisfactorily
accounted for as the result of an ET process (reductive
cleavage followed by further reduction of the n-butoxy �-
radical thus formed and protonation). 3-Butenol (12, from �-
cleavage of THF) was not detected in the reaction mixture.
The occurrence of 11, and probably 9a and 9b, is evidence of a
unique high-energy reaction pathway for naphthalene dianion
that is not accessible to naphthalene radical anion under
identical reaction conditions (Scheme 4).


Unlike THF, THP showed almost no signs of reaction after
one day at room temperature in the presence of II (�94% of
naphthalene, dihydronaphthalenes, and dihydronaphthalene
dimers recovered after four days at room temperature; no
traces of 1-pentanol were detected). As expected, I is also
unreactive with THP. An explanation for the underlying
differences in reactivity between THF and THP has to be


Scheme 4. Proposed mechanism for the cleavage of THF mediated by
dilithium naphthalene (II) a) reacting as a ETreagent; b) reacting as a base.


sought on several fronts: firstly, in their action as the very
reagents in the reaction, and secondly as the solvents in which
the reaction takes place. Considered as reagents, the com-
pounds only undergo reductive cleavage at a reasonable rate
at room or higher temperatures, where the conformational
equilibrium is open to more conformations. The THF frame-
work has little preference for any particular conformation.
Besides the half-chair conformation, which is less than
1.0 kcalmol�1 above the envelope, there are a number of
additional conformations of nearly the same energy, the
barriers being also very low (e.g. 1.3 kcalmol�1 between Cs


and C2 , nearly free pseudorotation of 0.14 kcalmol�1).
Occupancy of these fairly accessible states should be signifi-
cant at room or higher temperatures. Some of them are
expected to be reactive. Instead, for THP, the chair is located
in a deep energy well, reminiscent of the cyclohexane
conformation. The chair is �5 kcalmol�1 below the next
energy minimum, the energy barrier being more than
10 kcalmol�1. It appears to us that the origins of the difference
in reactivity should be sought in these differences in the
conformational equilibria of the ethers themselves.[49]


Focusing on the absolute minimum conformations of these
cyclic ethers alone, that is the THF envelope and the THP
chair, we have calculated a number of parameters in
connection to the ET and basic reaction pathways (Scheme 4,
Table 3). The vertical electron affinity (VEA) is the energy
difference between the radical anion and the neutral molecule
at the fixed geometry of the neutral molecule. The adiabatic
electron affinity (AEA) is the energy difference between the
two in their most stable states. In the gas phase, the most
stable state of the radical anion entails bond breaking and
corresponds to the extended conformation of the alkoxy �-
radical (�O-CH2-CH2-CH2-CH2


.). By convention, negative


Table 3. Comparison of some physical and calculated properties of THF and
THP.


Physical constants THF THP Ref.


� [D][a] 1.75 1.74 [50]
�s


[b] 7.56 5.66 [51]
�op


[c] 1.9796 2.0164 [52]


calcd minimum[d] [e]


VEA[d, f] � 96.1 � 97.3 [e]


AEA[d, g] � 56.4 � 62.2 [e]


Mulliken charges on �-H 0.102(He) 0.083(Ha) 0.099 (He) 0.075 (Ha) [e]


[a] Dipole moment in the gas phase from MW spectroscopy. [b] Static dielectric
constant at 20 �C. [c] Optical dielectric constant at 20 �C, �op�n2 (squared
refractive index). [d] UB3LYP 6± 31G(d, p), isolated molecule. [e] This
work. [f] Vertical electron affinity [kcalmol�1]. [g] Adiabatic electron affinity
[kcalmol�1].
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EA indicates that the reaction (CH2)nO � e�	 [(CH2)nO] .�


is endoergic. Little difference is found between the VEA
values for the two ethers in their conformational minima
(Table 3). We think that this would probably not be the case if
other accessible conformations of the THF were to be
considered. Such states are numerous and an exhaustive
study is not being considered here. As expected, the AEA
does show some difference in magnitude, �5.8 kcalmol�1,
which is consistent with the release of ring strain.[53] Alter-
natively, interaction of THF or THP with a base might result
in deprotonation and subsequent �-cleavage (Scheme 4).
Again, when only the envelope and the chair conformations
are considered, the differences in the Mulliken charges on the
�-hydrogens are negligible (� � 0.10 for both He in THF and
THP). Apparently the origins of the reactivity difference are
more likely to be found in the differences in the type of
conformational equilibrium rather than in the reactivity of the
most representative conformation of THF and THP.


As solvents, THF and THP also have slightly different
properties that may affect the ET rates of I and II. A rough
approach to this complex problem can be made from the
Marcus treatment of the outer-sphere ET reactions. Accord-
ing to this theory, the activation energy �G� in an ETreaction
depends quadratically on the standard free energy �Go and
linearly on the reorganization energy, � [Eq. (4)]. The
reorganization energy � can be divided into two contributions,
the solvent-independent inner term, �in , which arises from
structural differences between the equilibrium configuration
of the reactant and product states (or bond contribution), and
the outer term, �out , also called solvent reorganization energy,
because it arises from differences between orientation and
polarization of solvent molecules through the transition state
(solvent contribution) [Eq. (5)]. Considering the surrounding
solvent as a dielectric continuum and applying any suitable
model for the reagents (e.g. the spherical reagent model) it
can be demonstrated that the effect of the solvent can be
approximated by a term depending on �op and �s, that is, the
optical and static dielectric constants of the solvent, param-
eters depending on the solvent alone [Eq. (6)].[54] We find that
�out(THF)/�out(THP)� 1.17, slightly favoring the reaction in
THP. The effect is quite small and other factors such as larger
coordinating stabilization of the products by THF presumably
prevails.[55]


�G���� � �G o�2
�


(4)


�� �in� �out (5)


�out

1


�op


� 1


�s


� �
(6)


Application of Equation (4) would certainly be of the
highest interest for the evaluation of ET reaction rates in our
system. Unfortunately, obtaining accurate values for the
driving force of the reaction is not trivial, particularly if we
are dealing with irreversible steps. �G o is the difference in
free energy between the successor complex (donor� ¥
acceptor�) and the precursor complex (donor ¥ acceptor) in
an outer-sphere ET reaction. In other comparable reaction


systems, such as the reaction of arene radical anions with alkyl
halides, estimated �G o and � values have been obtained from
experimental electrochemical methods and other techniques.
The irreversible nature of these reactions makes it a difficult
task to obtain reliable thermodynamic data such as a standard
reduction potential, E o. Our ET to alkyl ethers is in this sense
comparable to the dissociative ET to alkyl halides, which
presumably also passes through an irreversible ET bond-
breaking concerted step.[56] An added difficulty that appears
at this point is the lack of experimental electrochemical data
on reduction potentials for alkyl ethers. This information is,
however, available for alkyl halides, owing to their accessible
reduction potentials in solution, from which a rough estimate
of free energies can be made. Of somewhat limited reliability,
calculations may emerge at this point as another resort to
obtain a rough estimate of the thermodynamics of the process.
From the adiabatic electron affinities of THF and THP
(Table 3), in principle, it appears that the reaction will be
faster for THF than for THP on thermodynamic grounds and
straightforward (and nonrigorous) application of the Marcus
equation [Eq. (4), Table 3],[57] reproducing at least qualita-
tively the experimental results.


Conclusion


A number of conclusions can be drawn from the present work.
The original question as to whether dianions do or do not play
an active part in the mechanism of the lithiation catalyzed by
arenes for which organic chlorides are the natural substrates is
now answered. Dilithium naphthalene arises as a formal
lithiating agent in its reaction with organic chlorides, and
presumably with other functional groups,[1, 58] displaying an
outer-sphere ET reactivity profile in its interaction with these
acceptors. Since it is endowed with a higher redox potential
than its radical anion counterpart, its reactivity spectrum is
broadened and so is the range of substrates suitable for
lithiation. That is the case for the reaction of dilithium
naphthalene with THF, which has been the source of apparent
misinterpretation of results in the past and which has now
been re-examined and unambiguously addressed. The study
of the dianions of high-reduction-potential arenes is still a
barely explored area, which will certainly afford significant
fruits, not only in the synthetic field but also conceptually and
mechanistically.


Experimental Section


General aspects : All reactions were carried out under an atmosphere of
nitrogen in oven-dried glassware. THF was distilled from sodium/benzo-
phenone. THP was distilled from Na/K. IR spectra were measured with a
Nicolet Impact 400 D-FT spectrometer. NMR spectra were recorded with a
Bruker AC-300 or a Bruker Avance-500 at room temperature and with
TMS as the reference. LRMS and HRMS were measured with Shimadzu
GC/HS QP-5000 and Finnigan MAT95S spectrometers, respectively. Gas-
chromatographic analyses (GLC) were determined with a Hewlett ±
Packard HP-5890 instrument equipped with a flame ionization detector
and a 12 m capillary column (0.2 mm diam, 0.33 �m film thickness),
nitrogen (2 mLmin�1) as carrier gas, Tinjector� 275 �C, Tdetector� 300 �C,
Tcolumn� 80 �C (3 min) and 80 ± 270 �C (15 �Cmin�1), p� 40 kPa, as routine
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working conditions. Lithium naphthalene and dilithium naphthalene were
prepared by standard methods of manipulation under Ar atmosphere from
naphthalene and a stoichiometric amount or an excess of mechanically
activated lithium powder at 0 �C. The lithium granules (Aldrich) were
mechanically activated by milling under mineral oil in a rotary mill.
Activated lithium in the form of thin powder was necessary to obtain
solutions of II at 0 �C fast enough to ensure that decomposition of the
solvent did not occur extensively and the kinetics studies could be carried
out thereafter.


1,4-Dihydronaphthalene (2):[59] A mixture of naphthalene (38 g, 0.3 mol)
and Na (28 g, 1.2 mol) was stirred for 2 h at 140 ± 145 �C. After cooling
down to 90 ± 100 �C, benzene (100 mL) was added and reflux was
maintained for three hours while ethanol (150 mL) was slowly added at
the same temperature. Then benzene (150 mL) and ethanol (150 mL) were
added and the resulting reaction crude was dropped into a stirred mixture
of HCl (12�, 130 mL) and ice (100 g). The organic phase was extracted
with benzene (3� 50 mL), washed with sat. NaHCO3 (50 mL), and dried
over Na2SO4, and the solvents were evaporated in vacuo. A solution of
Hg(AcO)2 (64 g, 200 mmol) in water (200 mL) and Et2O (200 mL) was
added to the resulting oil with stirring at room temperature. The mixture
was allowed to stand for one day, and gave a mass of crystals. The crystals
were filtered and dissolved in a mixture of HCl (12�, 25 mL) and hexane
(100 mL). The resulting solution was extracted with hexane (3� 50 mL),
the organic phase dried over Na2SO4, the solvents evaporated in vacuo, and
the remaining oil distilled under vacuum (15 Torr). The portion that
distilled at 120 �C consisted of pure 1,4-dihydronaphthalene (25.7 g, 66%
yield). Rf� 0.53 (hexane); 1H NMR (300 MHz, CDCl3): �� 3.40 (apparent
d, J� 1.2 Hz, 4H, 2�CH2), 5.93 (apparent t, J� 1.5 Hz, 2H, CH�CH),
7.05 ± 7.20 (m, 4H, 4�Harom); 13C NMR (75 MHz, CDCl3): �� 29.75 (2�
CH2), 124.75, 125.85 (4�CHarom), 128.4 (CH�CH), 134.2 (2�Carom); IR
(film): �	 � 3062, 3030, 1666, 1496, 1456, 745 cm�1 (C�CH); MS (70 eV, EI):
m/z (%): 132 (�1) [M�2]� , 131 (11) [M�2]� , 130 (100) [M]� , 129 (99), 128
(61), 127 (28), 115 (53), 77 (12), 65 (10), 64 (41), 63 (26), 51 (34), 50 (15).


2-Chlorooctane :[60] PPh3 (40 g, 150 mmol) was added to a solution of
2-octanol (16 mL, 100 mmol) in CCl4 (200 mL), and the mixture was
refluxed for 4 days. The resulting solution was filtered and the residue
washed with hexane at 0 �C. The solvents were evaporated in vacuo and the
residue was distilled (60 �C, 15 Torr) yielding pure 2-chlorooctane (12.5 g,
85%). Rf� 0.92 (hexane); 1H NMR (300 MHz, CDCl3): �� 0.89 (t, J�
6.7 Hz, 3H, CH3CH2), 1.20 ± 1.35 (m, 8H, 4�CH2), 1.50 (d, J� 6.7 Hz, 3H,
CH3CHCl), 1.62 ± 1.78 (m, 2H, CH2CHCl), 4.03 (sextet, J� 6.7, 1H, CHCl);
13C NMR (75 MHz, CDCl3): �� 14.05 (CH3CH2), 22.55, 26.6, 28.8, 31.7, 40.4
(5�CH2), 25.35 (CH3CHCl), 58.95 (CHCl); IR (film): �	 � 673 cm�1 (CCl);
MS (70 eV, EI): m/z (%): 113 (�1) [M�Cl]� , 112 (5) [M�HCl]� , 84 (21),
83 (39), 82 (11), 71 (11), 70 (61), 69 (32), 57 (30), 56 (59), 55 (73), 43 (84), 42
(57), 41 (100).


2-Chloro-2-methylheptane :[61] 2-Heptanone (14 mL, 100 mmol) in Et2O
(20 mL) was added to a solution of methylmagnesium bromide (85 mL of a
1.4� toluene/THF (75/25) solution, 120 mmol) in Et2O (70 mL), and the
mixture was stirred for 1 h at 0 �C. The resulting mixture was hydrolyzed
with water (40 mL), extracted with hexane (3� 30 mL) and shaken with
HCl (12�, 100 mL) for 5 min. It was then extracted with hexane (3�
30 mL), the organic phase was dried over CaCl2, and the solvent was
evaporated in vacuo. The resulting residue was purified by distillation at
reduced pressure (50 �C, 15 Torr) to yield pure 2-chloro-2-methylheptane
(13.3 g, 90%). Rf� 0.70 (hexane); 1H NMR (300 MHz, CDCl3): �� 0.90 (t,
J� 6.7 Hz, 3H, CH3CH2), 1.22 ± 1.40 (m, 4H, CH3CH2CH2), 1.41 ± 1.52 (m,
2H, CH2CH2CCl), 1.57 (s, 6H, (CH3)2CCl), 1.69 ± 1.79 (m, 2H, CH2CCl);
13C NMR (75 MHz, CDCl3): �� 14.0 (CH3CH2), 22.55, 24.8, 31.9 (3�CH2),
32.4 (2�CH3C), 46.05 (CH2CCl), 71.35 (CCl); IR (film): �	 � 630 cm�1


(CCl); MS (70 eV, EI): m/z (%): 133 (�1) [M�CH3]� , 97 (10), 84 (16),
79 (10), 77 (32), 76 (18), 71 (20), 70 (19), 69 (40), 57 (62), 56 (100), 55 (62),
43 (64), 42 (14), 41 (94).


Trimethyloctylsilane (4):[62] 1-Chlorooctane (1.7 mL, 10 mmol) was added
dropwise at �78 �C to a blue suspension of lithium powder (210 mg,
30 mmol) and 4,4�-di-tert-butylbiphenyl (DTBB, 270 mg, 1 mmol) in THF
(10 mL) previously stirred for 15 min at room temperature. Once the
solution recovered the blue color, trimethylchlorosilane (2 mL, 16 mmol)
was added and the temperature was allowed to rise to room temperature.
The resulting mixture was hydrolyzed with water (5 mL) and was extracted
with hexane (3� 20 mL). The organic phase was dried over Na2SO4, the


solvents were evaporated in vacuo, and the remaining oil was distilled
under reduced pressure (50 �C, 15 Torr) in a Kugelrohr, yielding pure
trimethyloctylsilane (1.4 g, 75%). 1H NMR (300 MHz, CDCl3): ���0.03
(s, 9H, 3�SiCH3), 0.43 ± 0.53 (m, 2H, CH2Si), 0.88 (t, J� 6.7 Hz, 3H,
CH3CH2), 1.20 ± 1.40 (m, 12H, 6�CH2); 13C NMR (75 MHz, CDCl3): ��
�1.65 (3� SiCH3), 14.1 (CH2Si), 16.7 (CH3CH2), 22.7, 23.9, 29.3, 29.35,
31.95, 33.65 (6�CH2); IR (film): �	 � 1248, 836, 756 cm�1 (SiCH3); MS
(70 eV, EI): m/z (%): 186 (�1) [M]� , 171 (23), 74 (11), 73 (100), 59 (53), 45
(17), 43 (14), 41 (11).


2,2-Dimethyl-3-undecanol (5):[63] The procedure is identical to that
described for 4, except that pivalaldehyde (1.5 mL, 14 mmol) was used as
electrophile. The reaction crude was extracted with Et2O (3� 20 mL) and
the purification of the compound was carried out by column chromatog-
raphy (silica gel, hexane/ethyl acetate) yielding pure 2,2-dimethyl-3-
undecanol (1.3 g, 65% yield). Rf� 0.56 (hexane/ethyl acetate 8:2);
1H NMR (300 MHz, CDCl3): �� 0.88 (apparent t, J� 6.7 Hz, 3H,
CH3CH2), 0.89 (s, 9H, 3�CH3C), 1.28 ± 1.30 (m, 12H, 6�CH2), 1.45 ±
1.60 (m, 2H, CH2CHOH), 3.18 (dd, J� 9.8, 5.5 Hz, 1H, CHOH);
13C NMR (75 MHz, CDCl3): �� 14.1 (CH3CH2), 22.65 (CH2), 25.7 (3�
CH3C), 27.1, 29.3, 29.65, 29.75, 31.55, 31.9 (6�CH2), 34.95 (CH3C), 80.0
(COH); IR (film): �	 � 3383 (OH), 1078 cm�1 (C�O); MS (70 eV, EI): m/z
(%): 185 (�1) [M�CH3]� , 87 (16), 83 (41), 70 (10), 69 (100), 57 (61), 56
(15), 55 (48), 44 (10), 43 (37), 41 (61).


Competitive kinetics of species I, II, and IV: A suspension of lithium (I :
7.5 mg, of LiC10H8, �1 mmol; II : 70 mg, 10 mmol) and naphthalene (I :
192 mg, 1.5 mmol; II : 128 mg, 1 mmol) was prepared by stirring in THF
(10 mL) at 0 �C for 1 h under an Ar atmosphere. For the preparation of IV,
dry TMEDA (0.450 mL, 3 mmol; previously distilled over Na) was added
to II. The resulting suspension was centrifuged at 0 �C and aliquots of
0.2 mL were added to a stirred solution containing a mixture of the two
organic chlorides submitted to test (0.1 mmol each) and dodecane (8.25 mg,
0.05 mmol) as internal standard in THF (10 mL) at 0 �C. After every
addition, when the color disappeared a sample was taken and hydrolyzed
with 0.5� phosphate buffer at 0 �C, extracted with pentane, and submitted
to GLC analysis. Immediately, another aliquot of I ± IV was added and the
same procedure repeated until the reaction was completed (5 ± 8 samples,
�10 min overall reaction time). The concentration of the remaining
organic chlorides was quantified for every sample against the internal
standard and the calibration lines previously obtained for each reagent for
that purpose.


Competitive kinetics using III; preparation of III : To a mixture of 1,4-
dihydronaphthalene (2, 260 mg, 2.0 mmol) and dry TMEDA (0.75 mL,
5.0 mmol, previously distilled over Na) in dry hexane (10 mL, previously
distilled over Na/K alloy), nBuLi (1.6� in hexane, 3.1 mL, 5 mmol) was
added and the mixture was allowed to stand for 12 h. The supernatant
solvent was cannulated off and the purple crystals obtained were washed
with dry hexane (2� 5 mL) in the same way. The crystals were dissolved/
suspended in dry benzene (10 mL; previously distilled over Na/K alloy,)
and cooled down to 0 �C. Aliquots of III were used as described for I ± IV.


Lithiation of 1-chlorooctane with I ± IV and reaction with electrophiles :
Solutions of I ± IV were obtained as before, with the amount of the reagents
increased appropriately to obtain a 0.4� solution of I ± IV (fourfold). The
solutions were cooled down to �60 �C and a mixture of 1-chlorooctane
(148 mg, 1.0 mmol in 1 mLTHF), dodecane (170.3 mg, 1.0 mmol), and THF
(1 mL) was added dropwise. After 20 min, an excess of trimethylchloro-
silane (1.3 mL, 10 mmol) or pivalaldehyde (1.3 mL, 12 mmol) was added
and the temperature was allowed to rise to room temperature overnight.
The resulting crude mixture was hydrolyzed with 2� phosphate buffer
(5 mL) and the organic phase was analyzed by quantitative GLC using pure
4 and 5 and commercially available reagents.


Lithiation and hydrolysis of 1-chlorooctane, 2-chlorooctane, and 2-chloro-
2-methylheptane with I and II; isolation/preparation of 6a ±b and 8a ± c :
Solutions of I and II were obtained as before, with the amount of the
reagents increased appropriately to obtain a 0.4� solution (fourfold). The
solutions were cooled down to �78 �C and the appropriate alkyl chlorides
(1.0 mmol) and dodecane (170.3 mg, 1.0 mmol) dissolved in THF (1 mL)
were added dropwise. After 30 min, the mixture was hydrolyzed with 2�
phosphate buffer (5 mL), hydroquinone (10 mg) was added, and the
organic phase was analyzed by GLC. The reaction products 8a ± c were
isolated by combining the crudes of a number of identical reactions (ca. 5),
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extracting with Et2O (3� 20 mL), drying over Na2SO4, removing the
solvents in vacuo and purifying the resulting residue by column chroma-
tography (silica gel/10% AgNO3, hexane/diethyl ether). 10% of hydro-
quinone was added to the purified products. Pure 6a ± b was prepared from
the reaction of II with 1-fluorooctane (yields: 47% for 6a and 36% for 6b)
by the same purification techniques.


1-Octyl-1,4-dihydronaphthalene (6a): Rf� 0.62 (hexane); 1H NMR
(300 MHz, CDCl3): �� 0.86 (t, J� 6.4 Hz, 3H, CH3), 1.10 ± 1.48 (m, 12H,
6�CH2), 1.58 ± 1.79 (m, 2H, CH2CH2CH), 3.23 ± 3.49 (m, 3H,
CH2CH�CHCH), 5.87 ± 6.0 (m, 2H, CH�CHCH2), 7.05 ± 7.30 (m, 4H,
4�Harom); 13C NMR (75 MHz, CDCl3): �� 14.1 (CH3), 22.65, 26.0, 29.3,
29.55, 29.85, 30.0, 31.85 (7�CH2), 38.2 (CH2CH�CH), 39.35
(CH2CHCH�), 124.55, 125.5, 125.85, 127.9, 128.15, 129.8 (4�CHarom,
CH�CH), 134.6, 139.15 (2�Carom); IR (film): �	 � 3031, 781, 756, 747 cm�1


(C�CH); MS (70 eV, EI): m/z (%): 243 (�1) [M�H]� , 242 (2) [M]� , 130
(11), 129 (100), 128 (31), 41 (10); HRMS: calcd for C18H26 242.2035; found
242.2034.


1-Octyl-1,2-dihydronaphthalene (6b): Rf� 0.62 (hexane); 1H NMR
(300 MHz, CDCl3): �� 0.87 (t, J� 6.7 Hz, 3H, CH3CH2), 1.15 ± 1.40 (m,
12H, 6�CH2), 1.50 ± 1.60 (m, 2H, CH2CH2CH), 2.24 (apparent dt, J� 17.4,
4.6 Hz, 1H, C�CHCHH), 2.50 (apparent ddt, J� 17.4, 7.0, 3.1 Hz, 1H,
C�CHCHH), 2.65 ± 2.76 (m, 1H, CH2CHCH2), 5.86 ± 5.95 (m, 1H,
CH�CHCH2), 6.42 (apparent dd, J� 9.2 Hz, 2.4 Hz, 1H, CH�CHCH2),
6.98 ± 7.18 (m, 4H, 4�Harom); 13C NMR (75 MHz, CDCl3): �� 14.1 (CH3),
22.65, 27.4, 28.4, 29.6, 29.75, 29.85, 31.85 (7�CH2), 34.1 (CH2CHCH2),
37.05 (CH2CH�CH), 126.15, 126.3, 126.75, 126.9, 127.3, 127.4 (4�CHarom,
CH�CH), 133.3, 139.7 (2�Carom); IR (film): �	 � 3032, 3015, 783, 756,
745 cm�1(C�CH); MS (70 eV, EI): m/z (%): 244 (�1) [M�2H]� , 243 (2)
[M�H]� , 242 (11) [M]� , 130 (23), 129 (100), 128 (46), 127(11), 41 (13);
HRMS: calcd for C18H26 242.2035; found 242.2039.


1-(1,1-Dimethylhexyl)-1,4-dihydronaphthalene (8a): Rf� 0.70 (hexane);
1H NMR (300 MHz, CDCl3): �� 0.76, 0.85 (2s, 6H, 2�CH3CH), 0.90
(apparent t, J� 6.7 Hz, 3H, CH3CH2), 1.12 ± 1.39 (m, 8H, 4�CH2), 3.15 ±
3.42 [m, 3H, CH2CH�C, C(CH3)2CH], 5.98 ± 6.15 (m, 2H, CH�CHCH2),
7.08 ± 7.20 (m, 4H, 4�Harom); 13C NMR (75 MHz, CDCl3): �� 14.15
(CH3CH2), 22.8, 25.15, 31.6 (3�CH2), 23.7, 24.2 (2�CH3), 32.9
(CH2CH�C), 39.95 (CH2C�C), 41.45 (CH3C), 49.05 (CHCH�C), 124.7,
125.45, 126.7, 127.9, 129.4, 130.1 (4�CHarom, CH�CH), 137.15, 137.25 (2�
Carom); IR (film): �	 � 3032, 1381, 1362, 746 cm�1 [C(CH)3, C�CH); MS
(70 eV, EI):m/z (%): 242 (�1) [M]� , 130 (56), 129 (100), 128 (91), 127 (14),
71 (44), 57 (59), 43 (55), 41 (40); HRMS: calcd for C18H26 242.2035; found
242.2079.


1-(1,1-Dimethylhexyl)-1,2-dihydronaphthalene (8b): Rf� 0.70 (hexane);
1H NMR (300 MHz, CDCl3): �� 0.80 (s, 6H, 2�CH3), 0.89 (t, J� 7 Hz,
3H, CH3CH2), 1.16 ± 1.40 (m, 8H, 4�CH2), 2.42 ± 2.64 [m, 3H, CH2CH�C,
CHC(CH3)2], 5.86 ± 5.97 (m, 1H, CH�CHCH2), 6.34 (apparent dd, J� 9.8,
3.05 Hz, 1H, CH�CHCH2), 6.95 ± 7.21 (m, 4H, 4�Harom); 13C NMR
(75 MHz, CDCl3): �� 14.15 (CH3CH2), 22.75, 25.9, 32.9 (3�CH2), 23.75
(CH2CH�C), 24.7, 25.55 (2�CH3), 38.15 (CCH3), 40.45 (CH2C), 44.05
[CHC(CH3)2], 125.6, 125.7, 126.45, 127.8, 128.4, 130.95 (4�CHarom,
CH�CH), 135.3, 135.55 (2�Carom); IR (film): �	 � 3049, 3017, 1755, 1723,
1467, 1386, 1366, 746 cm�1 [C(CH)3, C�CH]; MS (70 eV, EI): m/z (%): 243
(�1) [M�H]� , 242 (1) [M]� , 130 (52), 129 (100), 128 (69), 127 (12), 71 (31),
57 (54), 43 (43), 41 (30); HRMS: calcd for C18H26 242.2035; found 242.2036.


2-(1,1-Dimethylhexyl)naphthalene (8c): Rf� 0.67 (hexane); 1H NMR
(300 MHz, CDCl3): �� 0.80 (t, J� 6.7 Hz, 3H, CH3CH2), 0.99 ± 1.28 (m,
6H, 3�CH2), 1.39 (s, 6H, 2�CH3), 1.68 (apparent t, J� 8.2 Hz, 2H,
CH2C(CH3)2), 7.38 ± 7.88 (m, 7H, 7�Harom); 13C NMR (75 MHz, CDCl3):
�� 14.05 (CH3CH2), 22.55, 24.45 (2�CH2), 29.0 (2�CH3), 32.55 (CH2),
37.85 (CCH3), 44.3 (CCH2), 123.85, 125, 125.15, 125.7, 127.3, 127.45, 127.9
(7�CHarom), 131.55, 133.35, 147.2 (3�Carom); IR (film): �	 � 3056, 1383,
1372, 745 cm�1 (C(CH)3, C�CH); MS (70 eV, EI): m/z (%): 242 (�1)
[M�2H]� , 241 (2) [M�H]� , 240 (11) [M]� , 170 (14), 169 (100), 141 (24), 41
(18); HRMS: calcd for C18H24 240.1878; found 240.1879.


Reaction of I and II with THF under thermal conditions; isolation/
preparation of products 9a ± d and 10a ± c : A suspension of lithium (I :
70 mg, 10 mmol; II : 165 mg, 23.5 mmol), naphthalene (I : 1.408 g, 11 mmol;
II : 1.28 g, 10 mmol) and decane (0.030 mL) in THF (20 mL) was stirred for
24 h at room temperature or heated under reflux (65 �C) for 8 h under an
Ar atmosphere. Eight duplicated samples were taken during this time and


were submitted to GLC analysis after hydrolysis; every sample was
hydrolyzed by the same procedure as for the reaction crude. The reaction
crude was hydrolyzed with 2� phosphate buffer (10 mL) at 0 �C, 100 mg of
hydroquinone was added, and was extracted with Et2O (3� 20 mL). The
organic phase was dried over Na2SO4 and the solvents were removed in
vacuo. Quantitative GLC and NMR analysis of the reaction crudes
revealed that only II afforded significant amounts of 9a ± d and 10a ± c. The
resulting crude was purified by flash chromatography (silica gel, hexane/
AcOEt) affording 9a,b from the reaction at room temperature (10% of
hydroquinone was added to the purified products), and 9c,d from the
reaction at reflux. Pure 10a,bwas prepared by bubbling ethylene overnight
into a 0.5� THP solution of II (yields: 26% of 10a and 28% of 10b), 10c
being commercially available. Hydrolysis with 2� phosphate buffer, drying
over Na2SO4, evaporation of solvents in vacuo, and addition of a 10% of
hydroquinone before and after chromatographic purification (flash silica
gel, hexane) gave 10a,b as mixtures of regioisomers, which was found to be
identical to that obtained from the reaction with THF. The dihydronaph-
thalene derivatives 10a,b were also aromatized to 10c with DDQ under
CCl4 reflux.


4-[1-(1,4-Dihydronaphthyl)]-1-butanol (9a):[64] Rf� 0.76 (AcOEt);
1H NMR (300 MHz, CDCl3): �� 1.18 ± 1.76 (m, 6H, 3�CH2), 3.30 ± 3.41
(m, 3H, CH2CH�C, CHCH�C), 3.60 (apparent t, J� 7 Hz, 2H, CH2OH),
5.87 ± 6.02 (m, 2H, CH�CH), 7.06 ± 7.22 (m, 4H, 4�Harom); 13C NMR
(75 MHz, CDCl3): �� 22.05, 30.0, 33.0, 33.85, 37.85 (5�CH2), 39.25
(CHCH2), 62.95 (CH2OH), 124.90, 125.65, 125.95, 127.85, 128.20, 129.45
(4�CHarom, CH�CH), 134.65, 138.70 (2�Carom); HRMS: calcd for
C14H18O 202.1358; found 202.1368.


4-[1-(1,2-Dihydronaphthyl)]-1-butanol (9b):[64] Rf� 0.76 (AcOEt);
1H NMR (300 MHz, CDCl3): �� 1.15 ± 1.70 (m, 6H, 3�CH2), 2.24
(apparent dt, J� 17.1, 4.9 Hz, 1H, CHHCH�C), 2.52 (apparent ddt, J�
17.7, 6.7, 3.1 Hz, 1H, CHHCH�C), 2.66 ± 2.78 (m, 1H, CH2CHCH2), 3.59
(apparent t, J� 6.1 Hz, 2H, CH2OH), 5.85 ± 5.97 (m, 1H, CH�CHCH2),
6.42 (apparent dd, J� 9.2, 2.4 Hz, 1H, CH�CHCH2), 6.90 ± 7.20 (m, 4H,
4�Harom); 13C NMR (75 MHz, CDCl3): �� 23.50, 28.40 (2�CH2), 32.80
(CH2CHCH2), 33.85 (CH2), 37.0 (CH2CH�C), 62.81 (CH2OH), 126.15,
126.35, 126.40, 126.75, 127.3, 127.40 (4�CHarom, CH�CH), 133.20, 139.25
(2�Carom); HRMS: calcd for C14H18O 202.1358; found 202.1340.


4-(1-Naphthyl)-1-butanol (9c):[64] Rf� 0.75 (AcOEt); 1H NMR (300 MHz,
CDCl3): �� 1.63 ± 1.95 (m, 4H, 2�CH2), 3.11 (t, J� 7.3 Hz, 2H, CH2C), 3.7
(apparent t, J� 6.4 Hz, 2H, CH2OH), 7.34 ± 7.53 (m, 4H, 4�Harom), 7.71
(apparent d, J� 7.3 Hz, 1H, Harom), 7.85 (apparent d, J� 7.2 Hz, 1H, Harom),
8.04 (apparent d, J� 8.5 Hz, 1H, Harom); 13C NMR (75 MHz, CDCl3): ��
26.85, 32.65, 32.70 (3�CH2), 62.70 (CH2OH), 123.75, 125.35, 125.45,
125.65, 125.90, 126.55, 128.7 (7�CHarom), 131.80, 133.85, 138.35 (3�Carom);
IR (film): �	 � 3343 (OH), 3044, 1596, 777 (C�CH), 1058, 1030 cm�1 (CO);
MS (70 eV, EI): m/z (%): 202 (�1) [M�2H]� , 201 (4) [M�H]� , 200 (27)
[M]� , 154 (22), 153 (12), 142 (16), 141 (100), 115 (28); HRMS: calcd for
C14H16O 200.1201; found 200.1190.


4-(2-Naphthyl)-1-butanol (9d):[65] Rf� 0.75 (AcOEt); 1H NMR (300 MHz,
CDCl3): �� 1.61 ± 1.95 (m, 4H, 2�CH2), 2.81 (t, J� 7.3 Hz, 2H, CH2C),
3.68 (apparent t, J� 6.1 Hz, 2H, CH2OH), 7.30 ± 7.90 (m, 7H, 7�Harom).


1-Ethyl-1,4-dihydronaphthalene (10a):[66] Rf� 0.72 (hexane); 1H NMR
(300 MHz, CDCl3): �� 0.81 (t, J� 7.3 Hz, 3H, CH3CH2), 1.60 ± 1.80 (m,
2H, CH3CH2), 3.29 ± 3.48 (m, 3H, CH2CH�C, CHCH�C), 5.80 ± 6.07 (m,
2H, CH�CH), 6.80 ± 7.30 (m, 4H, 4�Harom); MS (70 eV, EI): m/z (%): 159
(2) [M�H]� , 158 (13) [M]� , 130 (12), 129 (100), 128 (56), 127 (19), 51 (12).


1-Ethyl-1,2-dihydronaphthalene (10b):[67] Rf� 0.72 (hexane); 1H NMR
(300 MHz, CDCl3): �� 0.88 (t, J� 7.3 Hz, 3H,CH3CH2), 1.60 ± 1.80 (m, 2H,
CH3CH2), 2.25 (apparent dt, J� 17.1, 4.6 Hz, 1H, CHHCH�C), 2.51
(apparent ddt, J� 17.1, 6.7, 3.1 Hz, 1H, CHHCH�C), 2.58 ± 2.68 (m, 1H,
CH2CHCH2), 5.80 ± 6.07 (m, 1H, CH�CHCH2), 6.42 (apparent dd, J� 9.8,
2.0 Hz, 1H, CH�CHCH2), 6.80 ± 7.30 (m, 4H, 4�Harom); MS (70 eV, EI):
m/z (%): 160 (�1) [M�2H]� , 159 (2) [M�H]� , 158 (19) [M]� , 130 (12), 129
(100), 128 (55), 127 (19), 51 (12).


Reaction of I and II with THF under photochemical conditions :
Suspensions of I and II were prepared as before (thermal reaction), and
were placed in a quartz photochemical reactor thermostatted at 25 �C
under Ar atmosphere. They were irradiated for 8 h with a 400 W high-
pressure Hg lamp. The crudes were analyzed as before (thermal case) by
comparison with pure isolated compounds.
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Highly Stereoselective and Efficient Synthesis of Functionalized
Cyclohexanes with Multiple Stereocenters


Christoph Schneider* and Oliver Reese[a]


Dedicated to Professor Lutz F. Tietze on the occasion of his 60th birthday


Abstract: Chiral 7-oxo-2-enimides 2, which were readily obtained through a silyloxy-
Cope rearrangement of syn-aldol products 1, have proved to be versatile substrates
for a one-step, highly efficient and stereoselective synthesis of functionalized
cyclohexanes. Organocopper and organoaluminum reagents have been employed as
nucleophiles that underwent a conjugate addition to the enimide structure of the
Cope products. The enolates formed in situ attacked the aldehyde or iminium ion in
an intramolecular aldol or Mannich reaction, respectively, to directly yield cyclo-
hexanols 3 and 4 and cyclohexylamines 5, respectively, in moderate to good yields
and with excellent stereocontrol.


Keywords: aldol reaction ¥ asym-
metric synthesis ¥ Cope rearrange-
ment ¥ cyclohexanes ¥ Mannich
bases


Introduction


The thermal silyloxy-Cope rearrangement of aldol products 1
has been developed into a useful method in stereoselective
synthesis (Scheme 1). Convergent and asymmetric synthesis
of the substrates as well as good yields and excellent
stereocontrol for the rearrangement are notable features of
this process.[1]
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Scheme 1. The silyloxy-Cope rearrangement of aldol products 1. a) tol-
uene, 180 �C, 1 ± 2 h, then pTsOH ¥H2O, rt, 15 min.


Furthermore, the Cope products 2 have proved to be
versatile substrates for the straightforward synthesis of
various complex organic structures, for example polyalkyl-
substituted tetrahydropyrans,[2] piperidines,[3] terpenols,[4] and
1,3,5,. . . polyol chains[5] commonly found in the antifungal


polyene macrolide antibiotics. We subsequently discovered
that highly functionalized and enantiopure cyclohexanes may
be obtained in one step from the Cope products using
organocopper and organoaluminum reagents.[6] In this article,
we detail our observations on this powerful approach towards
the assembly of six-membered carbocycles with various
functional groups and substituents attached to the ring.
In the synthesis of tetrahydropyrans and piperidines using


the Cope products 2 as substrates, we took advantage of the
ideal distance between the carbonyl group at C-7 and the
conjugate double bond at C-2 of 2 to develop the following
two-step sequence towards the oxygen and nitrogen-based
heterocycles: 1) a chemoselective, nucleophilic addition to the
aldehyde moiety, and subsequently 2) an intramolecular
hetero-conjugate addition towards the conjugate double bond
of 2 (Figure 1, top). The latter reaction furnished either
stereoisomer at will, with high stereoselectivity depending on
the carboxylic acid derivative.[2]
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Figure 1. The two cyclization modes of the 7-oxo-2-enimides 2 to yield six-
membered heterocycles (above) and carbocycles (below).
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We wondered whether we were able to reverse the order of
addition and 1) add a nucleophile to the conjugate double
bond of 2, and subsequently 2) trap the resultant enolate in
situ with the aldehyde moiety at C-7 to close the ring
(Figure 1).


Results and Discussion


There is a significant amount of precedence in the literature
for sequential Michael ± aldol reactions,[7] but most of the
work reported involves reactions with Michael acceptors and
aldehydes in two different substrates. This scenario has the
advantage that the conjugate addition step can be completed
before the aldehyde, an even more reactive electrophile, is
introduced into the reaction mixture. Relatively few reports,
however, dealt with true domino Michael ± aldol reactions in
which both functional groups are in the same molecule. For
example, N‰f et al.[8] reported cuprate additions to �-keto
enones, and Nozaki et al.[9] introduced dialkylaluminum
thiolates as powerful nucleophiles in reactions with �-oxo
enones and enoates.
Two selectivity issues were of concern to us. Firstly, we had


to make sure that the nucleophile predominantly added to the
conjugate double bond and left the aldehyde moiety mainly
untouched. Secondly, since a new stereogenic center is
generated, the stereoselectivity of the conjugate addition is
crucial to the success of the whole process. In preliminary
experiments, we discovered that the tert-leucine-derived
oxazolidinone with a tBu substituent served this purpose
much better than the standard benzyl-substituted oxazolidi-
none.[10] With regard to the reagent choice, we concentrated
on the use of cuprate and aluminum reagents in accordance
with the results of N‰f and Nozaki.
We synthesized the 7-oxo-2-enimides 2a ±d as substrates


for the envisioned process in 69 ± 86% yield as homogenous
stereoisomers after chromatographic purification by using the
silyloxy-Cope rearrangement of syn-aldols (Figure 2). Among
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Figure 2. 7-Oxo-2-enimides 2a ± d used as substrates for the domino
process.


the cuprate reagents tested in this study, the mono-organo-
cuprates (RCu-LiI) introduced by Yamamoto et al.[11] in
combination with the bidentate Lewis acid Me2AlCl turned
out to be the most satisfactory. Thus, reaction of 2a with three
equivalents of BuCu-LiI/Me2AlCl in THF at �78�� 40 �C
gave rise to 41% of the desired cyclohexanol 3a as a single
stereoisomer (Scheme 2 and Table 1). The principal side
product (obtained in up to 20% yield) resulted from a double
nucleophilic addition of the cuprate reagent to the aldehyde
and the conjugate double bond. Lowering the number of
equivalents of cuprate did not increase the proportion of
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Scheme 2. Domino Michael ± aldol reaction of 7-oxo-2-enimides 2.


cyclohexanol 3a, and only resulted in a decrease in yield.
Likewise, the cyclohexanol 3b with a phenyl-substituent at
C-5 was prepared from the 7-oxo-2-enimide 2b in 42% yield
with complete stereocontrol.
Although the yield of this domino process[12] was only


moderate at best, the stereoselectivity of the overall reaction
was surely remarkable considering the formation of two new
�-bonds and three new contiguous chiral centers. In accord-
ance with our previous observations on the conjugate
additions of organocuprates to enimides,[10] it is reasonable
to assume that the addition took place on the Al-chelated
imide complex A (Scheme 2); the lower face of the double
bond is shielded by the bulky tBu group that directs the
conjugate addition towards the upper side. A directly related
Al-chelate complex has been proposed by Evans et al. for the
Me2AlCl-mediated Diels ±Alder reaction of unsaturated N-
acyl oxazolidinones and was later confirmed experimentally
by Castellino et al.[13] The enolate formed subsequently
attacked the aldehyde in an intramolecular aldol reaction.
The homogenous syn-stereochemistry of the aldol structure
resulted from the intramolecular transposition of the metal
ion from the enolate oxygen to the aldehyde oxygen in
transition structure B, which was presumably essential for
aldehyde activation (Scheme 2).
The assignment of product configuration was based on the


homonuclear 1H NMR coupling constants of the cyclohexane
ring protons; the correct assignment of each signal was
ascertained by 1H± 13C two-dimensional spectra. The coupling
constants J(1-H,2-H)� 2.0 Hz and J(2-H,3-H)� 11.5 Hz in
compound 3b were fully consistent with an equatorial


Table 1. Domino Michael ± aldol reactions of 7-oxo-2-enimides 2a ± d.[a]


Entry Substrate Product R1 R2 R3 Yield [%]


1 2a 3a CH3 H nBu[b] 41
2 2b 3b Ph H nBu[b] 42
3 2a 3c CH3 H SEt[c] 57
4 2a 3d CH3 H SPh[c] 77
5 2b 3e Ph H SPh[c] 65
6 2c 3 f SiMe2Ph H SPh[c] 61
7 2d 3g CH3 CH3 SPh[c] 59


[a] The stereoselectivity of the reaction was estimated to be �95:5, since
no other stereoisomer was detected in the crude product by NMR. [b] A
Yamamoto-type cuprate (nBuCu-LiI) was employed as nucleophile.
[c] The Nozaki-type ate-complex (Me3Al-SRLi) was employed as nucleo-
phile.
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position of the C-2- and C-3-substituents and the axial
orientation of the C-1 OH-group (Figure 3). The coupling
constants J(4-Hax,5-H)� J(5-H,6-Hax)� 13.0 Hz were both
indicative of the equatorial position of the C-5 phenyl group.
Since we had previously proven that full chirality transfer
within the sigmatropic process gives rise to a homogenous
(5S)-configuration,[1] the deduction of the relative configu-
ration also constituted a reliable proof of absolute config-
uration.
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Figure 3. Assignment of product configuration for cyclohexanol 3b.


To improve the yield of the reaction we attempted the in
situ protection of the aldehyde moiety, because we suspected
that competing nucleophilic addition at C-7 deteriorated the
efficiency of the whole process. In this respect, various highly
oxophilic organometallic reagents such as Me2AlNR2,[14]


Me2AlSPh,[9] and Ti(NEt2)4[15] were employed in sub-stoichio-
metric and stoichiometric amounts with the intention of
converting the aldehyde reversibly into a N,O- or S,O-
hemiacetal, thereby blocking its electrophilic nature (Fig-
ure 4). The best result was obtained in the reaction of 2a with


R2N R


OAlMe2


PhS R


OAlMe2


Et2N R


OTi(NEt2)3


Figure 4. Attempted formation of metal-substituted N,O- and S,O-hemi-
acetals as in situ protecting groups for the aldehyde moiety of 2.


0.5 equivalents of Me2AlSPh in combination with three
equivalents of BuCu-LiI/Me2AlCl, which gave 48% yield of
the desired cyclohexanol 3a after 4 h at �78 �C. This material
was, however, contaminated with small and irremovable
amounts of the phenylthio-substituted cyclohexanol 3d (see
below) resulting from conjugate addition of the thiolate to the
enimide. Hence, no further attempts were made in this
direction.
Hetero substituents were incorporated into the cyclohex-


anols by employing aluminum heteronucleophiles such as
thiolates according to Nozaki (Scheme 2 and Table 1).[9]


Initially we used dimethylaluminum thiolates prepared in
situ from trimethylaluminum and a thiol, but later we
discovered that the ate-complex Me3Al-SRLi[9] was a superior
reagent furnishing the thio-substituted cyclohexanols 3c ± g in
good yields and with high stereocontrol. Considering the high
oxophilicity of aluminum, it is very likely that these reagents
initially added to the aldehyde to reversibly form an Al-S,O-
hemiacetal that served as an in situ protecting group for the
aldehyde. Yamamoto et al.[14] have previously introduced
dimethylaluminum amides as in situ protecting groups for


aldehydes that work by the same mechanism. Subsequently,
the actual domino Michael ± aldol process commenced and
furnished the desired cyclohexanols.
Not unexpectedly, the Michael ± aldol process proceeded in


substantially higher yields when performed on the 7-keto-2-
enimides 2e and 2 f (Scheme 4 and Table 2). Here, the
carbonyl activity was attenuated and hence the chemoselec-
tivity in favor of the nucleophilic attack at the conjugate
double bond was more pronounced. The ketones 2e and 2 f
were obtained in good yields from the aldehydes 2a and 2b
through a chemoselective CH3TiCl3 addition,[16] and Swern
oxidation[17] of the resulting secondary alcohols (Scheme 3).


H3C


O O


N


O


R1
tBu


O


H


O O


N


O


R1
tBu


O 2e: R1 = CH3


2f: R1 = Ph


2a: R1 = CH3


2b: R1 = Ph


a, b)


65-70%


Scheme 3. Synthesis of the 7-keto-2-enimides 2e, f. a) CH3TiCl3, CH2Cl2,
�30 �C, 45 min; b) DMSO, (COCl)2, �78 �C, 30 min, then NEt3, �78�
0 �C.


Various types of cuprate reagents were subsequently added to
the 7-keto-2-enimides 2e and 2 f and gave rise to the tertiary
cyclohexanols 4a ± g in satisfactory to very good overall yields.
Again, the stereoselectivity of the domino process was
excellent furnishing the products as essentially single stereo-
isomers, presumably through the same kind of transition
structure as discussed earlier. More importantly, Grignard
reagents could be employed as cuprate precursors thus
broadening the scope of the process. In these cases, the
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Scheme 4. Domino Michael ± aldol reactions on the 7-keto-2-enimides 2e, f.


Table 2. Domino Michael ± aldol reactions of 7-keto-2-enimides 2e ± f.[a]


Entry Substrate Product R1 R3 M[b] Yield [%]


1 2e 4a CH3 CH3 Cu-LiI 54
2 2e 4b CH3 Et Cu-MgBr2 71
3 2e 4c CH3 nBu Cu-LiI 83
4 2e 4d CH3 nHex Cu-LiI 62
5 2e 4e CH3 allyl Cu-MgBr2 81
6 2e 4 f CH3 Ph Cu-MgBr2 53
7 2f 4g Ph nBu Cu-LiI 51
8 2e 4h CH3 SPh Me3Al-Li 76
9 2f 4 i Ph SPh Me3Al-Li 60
10 2e 4k CH3 N3 Me2Al 59
11 2e 4 l CH3 NC5H10 Me2Al 40


[a] The stereoselectivity of the reaction was estimated to be �95:5, since
no other stereoisomer was detected in the crude product by NMR. [b] In
the case of the Grignard-derived cuprates and the aluminum reagents, the
external Lewis acid Me2AlCl was omitted.
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external Lewis acid (Me2AlCl) could be omitted without a
decrease in yield or selectivity. We assume that MgBr2,
formed in situ from the Grignard reagent and CuBr ¥SMe2,
was able to act as a bidentate Lewis acid with formation of a
chelated-imide complex like the one formed with Me2AlCl.[18]


The addition of sulfur and nitrogen nucleophiles was again
accomplished in moderate to good yields using aluminum
thiolates, azides, and amides which gave rise to the cyclo-
hexanols 4h ± l. It should be noted at this point that
dimethylaluminum piperidide cleanly furnished the tertiary
cyclohexanol 4 l in moderate yield (see below).
The assignment of product configuration for the tertiary


cyclohexanols 4 was complicated by the fact that the proton at
C-3 was lacking and is described here explicitly for 4 i
(Figure 5). The configuration at C-1, C-2, and C-5 was again
ascertained by the large trans-diaxial coupling constants J(1-
H,2-H), J(4-Hax,5-H), and J(5-H,6-Hax) which were each
12.5 Hz indicating the equatorial position of the C-1-, C-2-,
and C-5-substituents. The configuration at C-3 was proven by
a NOESY spectrum that revealed strong NOE effects
between the axial protons at C-1, C-5, and the OH proton,
which was consistent with the axial orientation of the C-3 OH
group. In addition, a characteristic W coupling of J� 2.5 Hz
between the OH proton and the axial proton at C-4 was
observed, which could only occur in the case of an axial
orientation of the hydroxyl group.
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Figure 5. Assignment of the product configuration for the cyclohexanol 4 i.


When we attempted the synthesis of amino-substituted
cyclohexanols from the 7-oxo-2-enimides 2a ± c in close
analogy to the Nozaki protocol, we surprisingly isolated the
cyclohexyldiamines 5a ± g in satisfactory yields instead
(Scheme 5 and Table 3). Here, a nucleophilic addition of
Me2AlNR2 or the free amine to the aldehyde moiety of 2
preceded the conjugate addition, presumably forming either
an Al-N,O-hemiacetal[14] or the enamine. Either one may then
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Scheme 5. Domino Michael ±Mannich reactions on the 7-oxo-2-enimi-
des 2.


produce the iminium ion E that is then attacked by the
enolate, formed by the conjugate addition of a second amine
equivalent, in an intramolecular Mannich reaction.[19]


The anti-stereochemistry found in the Mannich products 5
was indicative of the proposed reaction path. Owing to a lack
of vacant coordination sites at the iminium nitrogen, an
intramolecular transposition of the metal cation was not
possible here. Hence, the large iminium group assumed the
sterically more favorable pro-equatorial position in transition
structure F giving rise to the anti-stereochemistry between the
COXc- and NR2-groups. The observed Michael ±Mannich
reaction pathway nicely supports the assumption that the
Nozaki reagents Me3Al-SRLi formed in fact in situ protecting
groups for the aldehyde moiety (Al-S,O-hemiacetals). This
behavior may also explain the exceptionally good yields when
the aldehydes 2a,b were treated with Me3Al-SRLi (Table 1,
entries 3 ± 7).
The configuration of the Mannich products 5 was again


assigned on the basis of the large trans-diaxial coupling
constants between the respective ring protons (Figure 6).
Here, all substituents adopted equatorial positions according
to J(1-H,2-H), J(2-H,3-H), J(4-Hax,5-H), and J(5-H,6-Hax)
which were in the range of 10.5 ± 12.0 Hz.
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Figure 6. Assignment of the product configuration for the cyclohexyl-
amine 5a.


The domino Michael ±Mannich reaction may be performed
in two ways: 1) with preformed Me2AlNR2 (from Me3Al and
HNR2), or 2) with a mixture of Me2AlCl and the secondary
amine. Both procedures furnished the desired products, the
latter reaction, however, proceeded much faster giving rise to
the product within 1 ± 2 h at 0 �C in yields given in the table,
whereas the former reaction required 24 h at room temper-
ature and gave the products in lower yields. This result points
to the Me2AlCl/amine mixture being the more powerful
reagent.
This observation also suggested that an enamine formed


separately through reaction of 2 with a secondary amine


Table 3. Domino Michael ±Mannich reactions of the 7-oxo-2-enimides
2a ± c.[a]


Entry Substrate Product R1 Amine Yield [%]


1 2a 5a CH3 morpholine 69
2 2a 5b CH3 Et2NH 46
3 2a 5c CH3 Bn2NH 70
4 2a 5d CH3 Bu2NH 65
5 2b 5e Ph piperidine 57
6 2c 5 f SiMe2Ph piperidine 59
7 2c 5g SiMe2Ph morpholine 53


[a] The stereoselectivity of the reaction was estimated to be �95:5, since
no other stereoisomer was detected in the crude product by NMR.
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should be a good substrate for the same sequence, thereby
offering the possibility of introducing two different substitu-
ents into the cyclohexane ring. Accordingly, reaction of 2a
with piperidine and MgSO4 in toluene at 0 �C cleanly
furnished the enamine which was then subjected to Nozaki×s
ate-complex (Me3Al-SPhLi) to give rise to the phenylthio-
substituted cyclohexylamine 5h in 50% overall yield as a
single stereoisomer (Scheme 6).
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Scheme 6. Synthesis of phenylthio-substituted cyclohexylamine 5h. a) Pi-
peridine, MgSO4, CH2Cl2; b) Me3Al-SPhLi, THF, �78 �C� rt.


Finally, cleavage of the auxiliary was addressed. After some
experimentation we found the Damon reagent, lithium
benzylthiolate,[20] most suitable for this purpose. Thus, cyclo-
hexanol 3d was treated with lithium benzylthiolate in THF at
room temperature for 15 h to furnish thioester 6 in 71% yield
(Scheme 7).
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Scheme 7. Cleavage of the chiral auxiliary. a) LiSCH2Ph, THF, rt.


Conclusion


A highly stereoselective and efficient process has been
developed for the de novo synthesis of enantiopure and
multiply substituted cyclohexanols and cyclohexylamines.
Acyclic 7-oxo-2-enimides 2, readily obtained through the
silyloxy-Cope rearrangement of aldol products 1, were treated
with carbon and heteronucleophiles in a domino Michael ±
aldol reaction and gave rise to highly substituted cyclohex-
anols 3 and 4. This process resulted in the stereoselective
formation of two new single bonds and three new stereogenic
centers and eventually in the ring-closure. With secondary
amines as nucleophiles, an iminium formation preceded the
conjugate addition and gave rise to a domino Michael ±
Mannich reaction and the synthesis of highly substituted
cyclohexylamines 5. Based upon these results, the synthetic
value of the bifunctional 7-oxo-2-enimides 2 for stereo-
selective synthesis has been once again demonstrated.


Experimental Section


General : Air and/or moisture sensitive reactions were carried out under N2


using flame-dried glassware and standard syringe/septa techniques. Sol-
vents were distilled directly prior to use from the appropriate drying
agents: THF (LiAlH4), CH2Cl2 and NEt3 (CaH2), Et2O and toluene (Na).
All reactions were monitored by thin-layer chromatography (TLC) carried
out on pre-coated silica gel SIL G/UV254 plastic plates (Machery & Nagel)


and visualized with UV light and 1% aqueous KMnO4. Commercial
reagents were used directly as received, unless otherwise stated. Products
were purified by flash chromatography on Machery & Nagel silica gel 32 ±
63 (particle size 0.032 ± 0.063 mm). 1H and 13C NMR spectra were recorded
on a Varian VXR 200 (200 MHz), Bruker AMX 300, (300 MHz) and
Varian VXR 500 (500 MHz) in CDCl3 at 25 �C with TMS as internal
standard. IR spectra of evaporated films were recorded on a Bruker IFS 25
FT-IR instrument, and UV spectra on a Perkin ±Elmer Lambda 9
spectrometer. Optical rotations were measured on a Perkin ±Elmer 241
polarimeter. Mass spectra were taken at 70 eV (EI) or 200 eV (DCI/NH3)
on a Finnigan MAT 95A spectrometer. Microanalyses were performed by
the microanalytical laboratory at the Institut f¸r Organische Chemie der
Universit‰t Gˆttingen.


7-Oxo-2-enimide 2a : The Cope product 2a was prepared from the
corresponding silylated aldol adduct as published.[1b] Yield: 81%. [�]20D �
�57.0 (c� 0.51 in CHCl3); IR (film): �� � 2988, 2934, 2884 (CH), 1780
(imide), 1722 (aldehyde), 1688 (imide), 1638 cm�1 (C�C); 1H NMR
(200 MHz, CDCl3): �� 0.94 (s, 9H; tBu), 1.02 (d, J� 6.5 Hz, 3H; CH3),
2.15 ± 2.45 (m, 5H; 4�-H2, 5-H, 6�-H2), 4.17 ± 4.32 (m, 2H; 5-H2), 4.51 (dd,
J� 6.5, 2.0 Hz, 1H; 4-H), 7.05 (dt, J� 15.5, 7.0 Hz, 1H; 3�-H), 7.28 (d, J�
15.5 Hz, 1H; 2�-H), 9.64 (t, J� 1.0 Hz, 1H; 7�-H); 13C NMR (50 MHz,
CDCl3): �� 20.0 (CH3), 25.6 (tBu), 27.5 (C-5�), 35.85 (tBu), 39.5, 50.2 (C-4�,
C-6�), 60.79 (C-4), 65.19 (C-5), 122.4 (C-2�), 148.3 (C-3�), 154.6 (C-2), 164.9
(C-1�), 201.7 (C-7�); MS (200 eV, DCI/NH3): m/z (%): 299 (100)
[M��NH4]; elemental analysis calcd (%) for C15H23NO4 (281.35): C
64.06, H 8.19; found: C 64.35, H 8.19.


7-Oxo-2-enimde 2b : The Cope product 2b was prepared from the
corresponding silylated aldol adduct as published.[1b] Yield: 69%. M.p.
95 �C; [�]20D ��36.4 (c� 1.0 in CHCl3); IR (KBr): �� � 2972 (CH), 1764
(imide), 1716 (aldehyde), 1684 (imide), 1632 cm�1 (C�C); 1H NMR
(200 MHz, CDCl3): �� 0.90 (s, 9H; tBu), 2.63 (td, J� 7.0, 1.0 Hz, 2H; 4�-
H2), 2.80 (dd, J� 7.0, 1.5 Hz, 2H; 6�-H2), 3.41 (pent, J� 7.0 Hz, 1H; 5�-H),
4.22 (dd, J� 9.0, 7.0 Hz, 1H; 5-H), 4.29 (dd, J� 9.0, 2.5 Hz, 1H; 5-H), 4.47
(dd, J� 7.0, 2.5 Hz, 1H; 4-H), 6.95 (dt, J� 15.5, 7.0 Hz, 1H; 3�-H), 7.15 ± 7.37
(m, 6H, 2�-H, phenyl-H), 9.66 (t, J� 1.5 Hz, 1H; 7�-H); 13C NMR (50 MHz,
CDCl3): �� 25.6 (tBu), 35.9 (tBu), 39.05 (C-5�), 39.5, 49.4 (C-4�, C-6�), 60.8
(C-4), 65.2 (C-5), 122.6 (C-2�), 127.0, 127.3, 128.8, 142.4 (phenyl-C), 147.7 (C-
3�), 154.6 (C-2), 164.9 (C-1�), 200.9 (C-7�); MS (70 eV, EI): m/z (%): 343
(100) [M�], 299 (12), 211 (71) [crotonoylimide�], 182 (33), 157 (44), 144
(60) [oxazolidinone��2H], 105 (100); elemental analysis calcd (%) for
C20H25NO4 (343.42): C 69.95, H 7.34; found: C 69.87, H 7.43.


7-Oxo-2-enimde 2c : The Cope product 2c was prepared from the
corresponding silylated aldol adduct as published.[1b] Yield: 72%.[�]20D �
�34.0 (c� 0.5 in CHCl3); IR (film): �� � 2966, 2874, 2726 (CH), 1782 (C�O),
1684 (C�O), 1634 cm�1 (C�C); 1H NMR (200 MHz, CDCl3): �� 0.33 (s,
6H; SiMe2), 0.92 (s, 9H; tBu), 1.72 (m, 1H; 5�-H), 2.07 ± 2.55 (m, 4H; 4�-H2,
6�-H2), 4.23 (dd, J� 9.0, 6.5 Hz, 1H; 5-H), 4.29 (dd, J� 9.0, 2.5 Hz, 1H;
5-H), 4.49 (dd, J� 6.5, 2.5 Hz, 1H; 4-H), 6.95 (ddd, J� 14.5, 8.5, 6.0 Hz,
1H; 3�-H), 7.15 (d, J� 14.5 Hz, 1H; 2�-H), 7.30 ± 7.54 (m, 5H; phenyl-H),
9.64 (t, J� 1.5 Hz, 1H; 7�-H); 13C NMR (50 MHz, CDCl3): ���4.7, �4.6
(SiMe2), 18.5 (C-5�), 25.3 (C(CH3)3), 33.1, 43.5 (C-4�, C-6�), 35.5 (C(CH3)3),
60.4 (C-4), 64.9 (C-5), 121.5 (C-2�), 127.7, 129.1, 133.6, 136.3 (phenyl-C),
149.8 (C-3�), 154.3 (C-2), 164.5 (C-1�), 201.6 (C-7�); MS (70eV, EI):m/z (%):
401 (11) [M�], 386 (18) [M��CH3], 345 (14) [M�� tBu], 324 (21), 278
(100), 191 (19) [retro-aldol-cleavage, aldehyde�], 135 (71) [PhMe2Si�], 57
(8) [tBu�]; elemental analysis calcd (%) for C22H31NO4Si (401.58): C 65.80,
H 7.78; found: C 65.92, H 8.05.


7-Oxo-2-enimide 2d : The Cope product 2d was prepared from the
corresponding silylated aldol adduct as published.[1b] Yield: 86%. M.p.
70 �C; [�]20D ��93.0 (c� 1.0 in CHCl3); IR (KBr): �� � 2966, 2883 (CH),
1783 (imide), 1716 (C�O, aldehyde), 1680 (imide), 1632 cm�1 (C�C);
1H NMR (200 MHz, CDCl3): �� 0.95 (s, 9H; tBu), 0.97, 1.04 (2d, J�
6.5 Hz, 6H; 2CH3), 2.10 ± 2.58 (m, 4H; 4�-H, 5�-H, 6�-H2), 4.25 (dd, J�
9.0, 2.5 Hz, 1H; 5-H), 4.31 (dd, J� 9.0, 2.5 Hz, 1H; 5-H), 4.52 (dd, J� 7.0,
2.5 Hz, 1H; 4-H), 6.99 (dd, J� 15.5, 8.5 Hz, 1H; 3�-H), 7.25 (dd, J� 15.5,
1.0 Hz, 1H; 2�-H), 9.74 (t, J� 1.5 Hz, 1H; 7�-H); 13C NMR (50 MHz,
CDCl3): �� 15.9, 17.1 (2CH3), 25.6 (tBu), 32.35 (C-5�), 35.9 (tBu), 41.75 (C-
4�), 48.45 (C-6�), 60.9 (C-4), 65.2 (C-5), 120.6 (C-2�), 153.9 (C-3�), 154.7 (C-
2), 165.2 (C-1�), 202.0 (C-7�); MS (70 eV, EI): m/z (%): 295 (9) [M�], 252
(31), 225 (48), 153 (94) [M�� oxazolidinone], 144 (77)
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[oxazolidinone��2H], 109 (85), 82 (100); elemental analysis calcd (%) for
C16H25NO4 (295.37): C 65.06, H 8.53; found: C 65.32, H 8.31.


7-Keto-2-enimide 2e : A solution of CH3TiCl3 in CH2Cl2 was prepared in
situ from a 5% solution of methyllithium in diethyl ether (4.49 mL,
7.18 mmol) and a 1� solution of TiCl4 in CH2Cl2 (7.18 mL, 7.18 mmol) at
�30 �C. Subsequently, the 7-oxo-2-enimide 2a (1.01 g, 3.59 mmol) was
added to this solution at�45 �C and the reaction mixture was stirred at this
temperature for another 30 min. The reaction was stopped by the addition
of pH 7 buffer, the phases were separated, and the aqueous layer was
extracted twice with diethyl ether. The combined organic extracts were
dried overMgSO4, filtered, and evaporated. The crude product was directly
subjected to a Swern oxidation: Oxalylchloride (3.09 mL, 3.60 mmol) was
dissolved in CH2Cl2 (50 mL) and treated with DMSO (5.54 mL, 7.80 mmol)
at �78 �C. After 30 min of stirring, the crude alcohol was added, and the
solution was stirred for an additional 30 min at �78 �C. Subsequently,
triethylamine (2.09 mL, 15.0 mmol) was added at �78 �C, and the reaction
mixture was warmed to RT whereupon water was added. The layers were
separated, the aqueous phase was extracted twice with diethyl ether and the
combined organic extracts were dried over MgSO4. After filtration and
evaporation of the solvent, the crude product was purified by flash
chromatography over silica gel (diethyl ether/pentane 1:1) to give the
methylketone 2e (690 mg, 65% yield over 2 steps) as a viscous oil. [�]20D �
�66.6 (c� 0.5 in CHCl3); IR (film): �� � 2965 (CH), 1778, 1689 (imide),
1636 cm�1 (C�C); 1H NMR (200 MHz, CDCl3): �� 0.95 ± 0.96 (m, 12H;
tBu, CH3), 2.13 (s, 3H; CH3), 2.14 ± 2.55 (m, 5H; 4�-H2, 5�-H, 6�-H2), 4.24
(dd, J� 9.0, 7.0 Hz, 1H; 5-H), 4.30 (dd, J� 9.0, 2.0 Hz, 1H; 5-H), 4.52 (dd,
J� 7.0, 2.0 Hz, 1H; 4-H), 6.98 ± 7.32 (m, 2H; 2�-H, 3�-H); 13C NMR
(50 MHz, CDCl3): �� 19.9 (5�-CH3), 25.6 (tBu), 28.5, 30.5 (C-8�, C-5�), 35.9
(tBu), 39.6, 50.0 (C-4�, C-6�), 60.8 (C-4), 65.2 (C-5), 122.2 (C-2�), 149.0 (C-
3�), 154.6 (C-2), 165.1 (C-1�), 208.0 (C-7�); MS (70 eV, EI):m/z (%): 295 (16)
[M�], 238 (74), 211(24) [crotonoylimide�], 153 (34) [M�� oxazolidinone],
95 (100); elemental analysis calcd (%) for C16H25NO4 (295.37): C 65.06, H
8.53; found: C 65.24, H 8.56.


7-Keto-2-enimide 2 f : 7-Oxo-2-enimide 2b (1.28 g, 3.71 mmol) was con-
verted into the title compound 2 f as described above. Yield: 70% (over
2 steps). [�]20D ��46.0 (c� 0.5 in CHCl3); IR (film): �� � 2967 (CH), 1777,
1688 (imide), 1632 cm�1 (C�C); 1H NMR (200 MHz, CDCl3): �� 0.90 (s,
9H; tBu), 2.03 (s, 3H; 8�-H3), 2.50 ± 2.67 (m, 2H; 4�-H2), 2.70 ± 2.86 (m, 2H;
6�-H2), 3.36 (pent, J� 7.0 Hz, 1H; 5�-H), 4.22 (dd, J� 9.0, 7.0 Hz, 1H; 5-H),
4.28 (dd, J� 9.0, 2.0 Hz, 1H; 5-H), 4.47 (dd, J� 7.0, 2.0 Hz, 1H; 4-H), 6.95
(dt, J� 15.0, 7.0 Hz, 1H; 3�-H), 7.15 ± 7.35 (m, 6H; 2�-H, phenyl-H);
13C NMR (50 MHz, CDCl3): �� 25.6 (tBu), 30.6 (C-8�), 35.8 (tBu), 39.4 (C-
4�), 40.0 (C-5�), 49.4 (C-6�), 60.8 (C-4), 65.2 (C-5), 122.3 (C-2�), 126.7, 127.4,
128.6, 143.2 (phenyl-C), 148.3 (C-3�), 154.6 (C-2), 164.9 (C-1�), 207.0 (C-7�);
MS (70 eV, EI): m/z (%): 357 (17) [M�], 300 (39), 211 (100)
[crotonoylimide�], 157 (85), 144 (61) [oxazolidinone��2H], 105 (27);
elemental analysis calcd (%) for C21H27NO4 (357.44): C 70.56, H 7.61;
found: C 70.26, H 7.37.


Cyclohexanol 3a : CuI (125 mg, 0.66 mmol) was suspended in dry THF
(3 mL), and butyllithium (2.5� in hexane, 0.26 mL, 0.66 mmol) was added
at �30 �C whereupon the mixture immediately turned black. After 20 min,
the solution was cooled to �78 �C, and a 1� solution of Me2AlCl in hexane
(0.66 mL, 0.66 mmol) and then 2a (62 mg, 0.22 mmol) dissolved in THF
(1 mL) were added. The solution was allowed to warm to �40 �C over 3 h.
At that temperature, saturated NH4Cl solution was added, the layers were
separated, and the aqueous phase was extracted twice with diethyl ether.
The combined organic extracts were dried over MgSO4, filtered, and
evaporated. The crude product was purified by flash chromatography over
silica gel (diethyl ether/pentane 1:1) to give cyclohexanol 3a (30 mg, 41%)
as a colorless oil. [�]20D ��6.6 (c� 1.67 in CHCl3); IR (film): �� � 3515
(OH), 2927 (CH3), 1779, 1704 (imide), 1183, 1101, 1058 cm�1 (C�O);
1H NMR (200 MHz, CDCl3): �� 0.73 (q, J� 12.5 Hz, 1H; 4�-H), 0.80 ± 0.95
(m, 6H; 2CH3), 0.97 (s, 9H; tBu), 0.98 ± 1.41 (m, 7H; 4�-H, 6�-H2, 2��-H2, 3��-
H2), 1.80 ± 2.20 (m, 4H; 3�-H, 5�-H, 1��-H2), 3.05 (s, 1H; OH), 3.79 (dd, J�
11.5, 2.0 Hz, 1H; 2�-H), 4.00 (br s, 1H, 1�-H), 4.20 (dd, J� 9.0, 7.0 Hz, 1H;
5-H), 4.27 (dd, J� 9.0, 2.0 Hz, 1H; 5-H), 4.46 (dd, J� 7.0, 2.0 Hz, 1H; 4-H);
13C NMR (50 MHz, CDCl3): �� 14.0 (CH3), 22.1 (CH3), 22.9 (butyl side
chain), 25.2 (C-5�), 25.8 (tBu), 28.4, 33.7 (butyl side chain), 33.85 (C-3�), 35.9
(tBu), 40.0, 40.3 (C-4�, C-6�), 49.6 (C-2�), 61.5 (C-4), 65.1 (C-5), 67.3 (C-1�),
154.4 (C-2), 176.7 (C�O); MS (200 eV, DCI/NH3): m/z (%): 357 (100)


[M��NH4], 340 (42) [M��H], 161 (70); elemental analysis calcd (%) for
C19H33NO4 (339.47): C 67.22, H 9.80; found: C 66.97, H 9.80.


Cyclohexanol 3b : 7-Oxo-2-enimide 2b (200 mg, 0.58 mmol) was dissolved
in THF (5 mL), and CuI (333 mg, 1.75 mmol), butyllithium (2.5� in
hexane, 0.70 mL, 1.75 mmol), and a 1� solution of Me2AlCl in hexane
(1.75 mL, 1.75 mmol) were added as described above. Flash chromatog-
raphy over silica gel (diethyl ether/pentane 1:1) gave 3b (98 mg, 42%) as a
white solid. M.p. 133 �C; [�]20D ��8.2 (c� 1.0 in CHCl3); IR (KBr): �� � 3549
(OH), 2933 (CH3), 1775, 1701 (imide), 1216, 1187, 1100 cm�1 (C�O);
1H NMR (500 MHz, CDCl3): �� 0.85 (t, J� 7.0 Hz, 1H; CH3), 0.98 (s, 9H;
tBu), 1.18 ± 1.44 (m, 7H), 1.65 (td, J� 13.0, 2.0 Hz, 1H; 6�-H), 2.05 ± 2.12 (m,
2H; 4�-H, 6�-H), 2.27 ± 2.36 (m, 1H; 3�-H), 3.16 (tt, J� 13.0, 3.5 Hz, 1H; 5�-
H), 3.30 (s, 1H; OH), 4.00 (dd, J� 11.5, 2.0 Hz, 1H; 2�-H), 4.17 (m, 1H; 1�-
H), 4.26 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.32 (dd, J� 9.0, 1.5 Hz, 1H; 5-H),
4.52 (dd, J� 7.5, 1.5 Hz, 1H; 4-H), 7.15 ± 7.33 (m, 5H; phenyl-H); 13C NMR
(50 MHz, CDCl3): �� 14.0 (CH3), 22.9, 28.4, 33.7 (butyl side chain), 25.9
(tBu), 34.4 (C-3�), 35.85 (tBu), 36.7 (C-5�), 38.6, 39.2 (C-4�, C-6�), 49.4 (C-2�),
61.6 (C-4), 65.2 (C-5), 67.25 (C-1�), 126.2, 127.0, 128.4, 146.3 (phenyl-C),
154.4 (C-2), 176.8 (C�O);MS (70 eV, EI):m/z (%): 401 (17) [M�], 383 (59),
240 (100), 212 (75); HRMS: m/z calcd for C24H35NO4: 410.2566; found:
401.2566.


Cyclohexanol 3c : Thioethanol (13 �L, 0.17 mmol) was dissolved in THF
(2 mL), and butyllithium (2.5� in hexane, 67 �L, 0.17 mmol) was added at
0 �C. After for 5 min, Me3Al (2� in hexane, 84 �L, 0.17 mmol) was added to
the reaction mixture at 0 �C. After stirring for 1 h at 0 �C, the solution was
cooled to �78 �C, and 7-oxo-2-enimide 2a (43 mg, 0.15 mmol) in THF
(1 mL) was added. After stirring the solution for 1 h at�78 �C, the reaction
was quenched with water, and the layers were separated. The aqueous
phase was extracted twice with diethyl ether and the combined organic
extracts were dried over MgSO4. After filtration and evaporation of the
solvents, the crude product was purified by flash chromatography over
silica gel (diethyl ether/pentane 1:1) to give 3c (30 mg, 57%) as a colorless
oil. [�]20D ��16.0 (c� 0.35 in CHCl3); IR (film): �� � 3477 (OH), 2960
(CH3), 1778, 1705 (imide), 1187, 1119, 1100 cm�1 (C�O); 1H NMR
(200 MHz, CDCl3): �� 0.85 ± 1.40 (m, 2H; 4�-H, 6�-H), 0.87 (d, J� 6.0 Hz,
3H; CH3), 1.00 (s, 9H; tBu), 1.19 (t, J� 7.5 Hz, 3H; CH3), 1.80 ± 2.20 (m,
3H; 4�-H, 5�-H, 6�-H), 2.59 (m, 2H; 1��-H2), 3.18 (td, J� 12.0, 4.0 Hz, 1H; 1�-
H), 3.25 (s, 1H; OH), 4.05 ± 4.39 (m, 2H; 2�-H, 3�-H), 4.23 (dd, J� 9.0,
7.0 Hz, 1H; 5-H), 4.31 (dd, J� 9.0, 2.0 Hz, 1H; 5-H), 4.49 (dd, J� 7.0,
2.0 Hz, 1H; 4-H); 13C NMR (75 MHz, CDCl3): �� 14.8 (C-2��), 21.9 (C-1��),
24.5 (C-1�), 25.8 (tBu), 26.1 (C-5�), 36.2 (tBu), 39.4, 42.9 (C-4�, C-6�), 40.5 (C-
1�), 49.3 (C-2�), 61.5 (C-4), 65.1 (C-5), 67.5 (C-3�), 154.3 (C-2), 175.5 (C�O,
amide); MS (70 eV, EI): m/z (%): 343 (30) [M�], 264 (34), 182 (90), 144
(100) [oxazolidinone��2H]; HRMS:m/z : calcd for C17H29NO4S: 343.1817;
found: 343.1817.


Cyclohexanol 3d : 7-Oxo-2-enimide 2a (49 mg, 0.17 mmol) was dissolved in
THF (3 mL), and thiophenol (20 �L, 0.19 mmol), butyllithium (2.5� in
hexane, 77 �L, 0.19 mmol), and Me3Al (2� in hexane, 96 �L, 0.19 mmol)
were added as described above. Flash chromatography over silica gel
(diethyl ether/pentane 1:1) gave 3d (51 mg, 77%) as a colorless oil. [�]20D �
�3.3 (c� 1.21 in CHCl3); IR (film): �� � 3471 (OH), 2960 (CH3), 1779, 1705
(imide), 1187, 1118, 1057 cm�1 (C�O); 1H NMR (500 MHz, CDCl3): ��
0.85 (d, J� 6.5 Hz, 3H; 5�-CH3), 1.02 (s, 9H; tBu), 1.08 (ddd, J� 13.5, 12.0,
2.0 Hz, 1H; 4�-H), 1.18 (dt, J� 13.5, 12.0 Hz, 1H; 6�-H), 1.85 (dtd, J� 13.5,
3.5, 2.0 Hz, 1H; 4�-H), 1.90 ± 2.02 (m, 1H; 5�-H), 2.07 (dtd, J� 13.5, 3.5,
2.0 Hz, 1H; 6�-H), 3.22 (br s, 1H; OH), 3.61 (td, J� 12.0, 3.5 Hz, 1H; 1�-H),
4.13 (br s, 1H; 3�-H), 4.22 (dd, J� 12.0, 2.0 Hz, 1H; 2�-H), 4.26 (dd, J� 9.0,
7.5 Hz, 1H; 5-H), 4.32 (dd, J� 9.0, 1.5 Hz, 1H; 5-H), 4.52 (dd, J� 7.5,
1.5 Hz, 1H; 4-H), 7.22 ± 7.45 (m, 5H; phenyl-H); 13C NMR (75 MHz,
CDCl3): �� 21.5 (C-1��), 25.8 (C-5�), 25.8 (tBu), 36.2 (tBu), 39.4, 42.6 (C-4�,
C-6�), 45.0 (C-1�), 48.9 (C-2�), 61.6 (C-4), 65.2 (C-5), 67.6 (C-3�), 127.4, 128.8,
132.9, 134.0 (phenyl-C), 154.3 (C-2), 175.3 (C�O);MS (70 eV, EI):m/z (%):
391 (95) [M�], 264 (77), 230 (80), 144 (70) [oxazolidinone��2H], 121
(100); elemental analysis calcd (%) for C21H29NO4S (391.53): C 64.42, H
7.47; found: C 64.65, H 7.76.


Cyclohexanol 3e : 7-Oxo-2-enimide 2b (107 mg, 0.31 mmol) was dissolved
in THF (5 mL), and thiophenol (33 �L, 0.33 mmol), butyllithium (2.5� in
hexane, 131 �L, 0.33 mmol), and Me3Al (2� in hexane, 164 �L, 0.33 mmol)
were added as described above. Flash chromatography over silica gel
(diethyl ether/pentane 1:1) gave 3e (92 mg, 65%) as a white solid. M.p.
172 �C; [�]20D ��48.7 (c� 1.0 in CHCl3); IR (KBr): �� � 3420 (OH), 2943
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(CH3), 1775, 1699 (imide), 1217, 1196, 1112 cm�1 (C�O); 1H NMR
(300 MHz, CDCl3): �� 1.06 (s, 9H; tBu), 1.65 (td, J� 13.0, 2.0 Hz, 1H;
4�-H), 1.77 (q, J� 13.0 Hz, 1H; 6�-H), 2.08 (dtd, J� 13.0, 4.0, 1.5 Hz, 1H; 4�-
H), 2.30 (dtd, J� 13.0, 4.0, 1.5 Hz, 1H; 6�-H), 3.16 (tt, J� 13.0, 4.0 Hz, 1H;
5�-H), 3.76 (td, J� 12.0, 4.0 Hz, 1H; 1�-H), 4.25 ± 4.36 (m, 1H; 3�-H), 4.30
(dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.36 (dd, J� 9.0, 1.5 Hz, 1H; 5-H), 4.40 (dd,
J� 12.0, 2.0 Hz, 1H; 2�-H), 4.57 (dd, J� 7.5, 1.5 Hz, 1H; 4-H), 7.10 ± 7.48 (m,
10H; phenyl-H); 13C NMR (50 MHz, CDCl3): �� 25.9 (tBu), 36.3 (tBu),
37.0 (C-5�), 38.6, 41.5 (C-4�, C-6�), 45.6 (C-1�), 48.6 (C-2�), 61.7 (C-4), 65.3 (C-
5), 67.5 (C-3�), 126.4, 127.0, 127.6, 128.5, 129.0, 133.1, 133.8, 145.0 (phenyl-
C), 154.4 (C-2), 175.4 (C�O); MS (70 eV, EI): m/z (%): 453 (76) [M�], 326
(43), 292 (47), 183 (100), 144 (63) [oxazolidinone��2H]; elemental analysis
calcd (%) for C26H31NO4S (453.59): C 68.85, H 6.89; found: C 69.10, H 7.06.


Cyclohexanol 3 f : 7-Oxo-2-enimide 2c (40 mg, 0.10 mmol) was dissolved in
THF (3 mL), and thiophenol (11 �L, 0.11 mmol), butyllithium (2.5� in
hexane, 44 �L, 0.11 mmol), and Me3Al (2� in hexane, 55 �L, 0.11 mmol)
were added as described above. Flash chromatography over silica gel
(diethyl ether/pentane 1:1) gave 3 f (31 mg, 61%) as a white solid. M.p.
111 �C; [�]20D ��28.0 (c� 0.5 in CHCl3); IR (KBr): �� � 3472 (OH), 2965
(CH3), 1780, 1704 (imide), 1222, 1186, 1113, 1071, 1027 cm�1 (C�O);
1H NMR (500 MHz, CDCl3): �� 0.24, 0.25 (2 s, 6H; SiMe2), 1.03 (s, 9H;
tBu), 1.30 (td, J� 13.5, 2.0 Hz, 1H; 4�-H), 1.38 (td, J� 13.5, 12.0 Hz, 1H; 2�-
H), 1.50 (tt, J� 13.5, 3.0 Hz, 1H; 3�-H), 1.84, 2.12 (2m, 2H; 4�-H, 2�-H), 3.59
(td, J� 12.0, 4.0 Hz, 1H; 1�-H), 4.12 (m, 1H; 5�-H), 4.25 (dd, J� 12.0,
2.0 Hz, 1H; 6�-H), 4.29 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.35 (dd, J� 9.0,
1.5 Hz, 1H; 5-H), 4.55 (dd, J� 7.5, 1.5 Hz, 1H; 4-H), 7.24 ± 7.47 (m, 10H,
phenyl-H); 13C NMR (50 MHz, CDCl3): ���5.3, �5.1 (SiMe2), 17.9 (C-
3�), 25.8 (tBu), 31.95, 35.0 (C-4�, C-6�), 36.2 (tBu), 45.8 (C-1�), 49.3 (C-6�),
61.6 (C-4), 65.2 (C-5), 67.1 (C-5�), 127.3, 127.8, 128.8, 129.0, 132.5, 133.9,
134.1, 137.1 (phenyl-C), 154.3 (C-2), 175.1 (C�O); MS (70 eV, EI):m/z (%):
511 (87) [M�], 278 (89), 135 (100); HRMS: m/z : calcd for C28H37NO4SSi:
511.2212, found: 511.2212.


Cyclohexanol 3g : 7-Oxo-2-enimide 2d (75 , 0.25 mmol) was dissolved in
THF (4 mL), and thiophenol (27 �L, 0.27 mmol), butyllithium (2.5� in
hexane, 107 �L, 0.27 mmol), and Me3Al (2� in hexane, 134 �L, 0.27 mmol)
were added as described above. Flash chromatography over silica gel
(diethyl ether/pentane 1:1) gave 3g (61 mg, 59%) as a white solid. M.p.
66 �C; [�]20D ��59.3 (c� 0.3 in CHCl3); IR (KBr): �� � 3478 (OH), 2965
(CH3), 1779, 1704 (imide), 1220, 1102, 1058 cm�1 (C�O); 1H NMR
(500 MHz, CDCl3): �� 0.91 (d, J� 6.5 Hz, 3H; CH3), 0.95 (s, 9H; tBu),
1.08 (d, J� 6.5 Hz, 3H; CH3), 1.20 ± 1.30 (m, 2H; 4�-H, 6�-H), 1.70 ± 1.81 (m,
1H; 5�-H), 1.84 (dt, J� 14.0, 3.5 Hz, 1H; 4�-H), 2.84 (br s, 1H; OH), 3.40
(dd, J� 12.5, 11.0 Hz, 1H; 1�-H), 4.09 (br s, 1H; 3�-H), 4.26 (dd, J� 9.0,
7.5 Hz, 1H; 5-H), 4.32 (dd, J� 9.0, 1.5 Hz, 1H; 5-H), 4.48 (dd, J� 12.5,
2.0 Hz, 1H; 2�-H), 4.52 (dd, J� 7.5, 1.5 Hz, 1H; 4-H), 7.18 ± 7.48 (m, 5H;
phenyl-H); 13C NMR (50 MHz, CDCl3): �� 17.0 (CH3), 20.1 (CH3), 25.7
(tBu), 31.9 (C-5�), 36.0 (tBu), 40.0, 45.6 (C-4�, C-6�), 50.8 (C-1�), 51.7 (C-2�),
61.5 (C-4), 65.1 (C-5), 67.2 (C-3�), 126.7, 128.7, 131.6, 135.8 (phenyl-C), 154.3
(C-2), 174.6 (C�O); MS (70 eV, EI): m/z (%): 405 (90) [M�], 278 (29), 244
(20), 144 (45) [oxazolidinone��2H], 135 (100); elemental analysis calcd
(%) for C22H31NO4S (405.55): C 65.15, H 7.70; found: C 65.23, H 7.82.


Cyclohexanol 4a : 7-Keto-2-enimide 2e (56 mg, 0.19 mmol) was dissolved
in THF (3 mL), and a solution of MeCu-LiI freshly prepared from CuI
(181 mg, 0.95 mmol), MeLi (1.6� in diethyl ether, 0.59 mL, 0.95 mmol),
and Me2AlCl (1� in hexane, 0.95 mL, 0.95 mmol) was added as described
above. Flash chromatography over silica gel (diethyl ether/pentane 1:1)
gave 4a (32 mg, 54%) as a colorless oil. [�]20D ��49.2 (c� 1.0 in CHCl3);
IR (film): �� � 3498 (OH), 2960 (CH3), 1782, 1673 (imide), 1272, 1183,
1104 cm�1 (C�O); 1H NMR (200 MHz, CDCl3): �� 0.68 ± 1.10, 1.67 ± 1.80
(2m, 7H; CH3, 4�-H2, 6�-H2), 0.88 (d, J� 6.5 Hz, 3H; CH3), 0.98 (s, 9H;
tBu), 1.07 (s, 3H; 1�-CH3), 1.86 ± 2.29 (m, 2H; 3�-H, 5�-H), 3.70 (d, J�
11.5 Hz, 1H; 2�-H), 3.76 (s, 1H; OH), 4.20 (dd, J� 9.5, 7.5 Hz, 1H; 5-H),
4.34 (dd, J� 9.5, 1.5 Hz, 1H; 5-H), 4.52 (dd, J� 7.5, 1.5 Hz, 1H; 4-H);
13C NMR (50 MHz, CDCl3): �� 19.9 (CH3), 21.85 (CH3), 25.9 (tBu), 26.8
(CH3), 29.2 (C-3�), 32.0 (C-5�), 35.8 (tBu), 42.9 (C-4�), 46.6 (C-6�), 53.7 (C-
2�), 61.9 (C-4), 65.35 (C-5), 70.75 (C-1�), 154.6 (C-2), 178.2 (C�O); MS
(70 eV, EI): m/z (%): 311 (17) [M�], 296 (38) [M��CH3], 212 (67), 153
(69) [M�� oxazolidinone�O], 144 (100) [oxazolidinone��2H]; HRMS:
m/z : calcd for C17H29NO4: 311.2096; found: 311.2096.


Cyclohexanol 4b : CuBr/dimethylsulfide complex (146 mg, 0.72 mmol) was
suspended in dry THF (3 mL) and cooled to �40 �C at which temperature


ethylmagnesium bromide (3� in diethyl ether, 0.24 mL, 0.72 mmol) was
added. The solution was stirred for 1 h at �40 �C, cooled to �78 �C, and
then treated with 7-keto-2-enimide 2e (42 mg, 0.14 mmol) dissolved in
THF (1 mL). The reaction mixture was slowly warmed to RT over 3 ± 4 h
and eventually stopped through the addition of saturated NH4Cl solution.
The layers were separated, and the aqueous phase was extracted twice with
diethyl ether. The combined organic extracts were dried over MgSO4,
filtered, and evaporated. The crude product was purified by flash
chromatography over silica gel (diethyl ether/pentane 1:1) to give 4b
(33 mg, 71%) as a white solid. M.p. 88 �C; [�]20D ��39.8 (c� 1.0 in CHCl3);
IR (KBr): �� � 3499 (OH), 2967 (CH3), 1777, 1674 (imide), 1229, 1185,
1105 cm�1 (C�O); 1H NMR (200 MHz, CDCl3): �� 0.68 (q, J� 12.5 Hz,
1H; 4�-H), 0.90 (d, J� 7.0 Hz, 3H; 5�-CH3), 0.98 (s, 9H; tBu), 1.06 (s, 3H; 1�-
CH3), 0.73 ± 2.14 (m, 10H; 3�-H, 4�-H, 5�-H, 6�-H2, CH2H3), 3.65 (s, 1H;
OH), 3.79 (d, J� 11.5 Hz, 1H; 2�-H), 4.19 (dd, J� 9.0, 7.5 Hz, 1H; 5-H),
4.33 (dd, J� 9.0, 1.5 Hz, 1H; 5-H), 4.53 (dd, J� 7.5, 1.5 Hz, 1H; 4-H);
13C NMR (50 MHz, CDCl3): �� 10.8 (CH3), 22.0 (CH3), 25.9 (tBu), 26.7
(CH3), 26.7 (C-1��), 29.15 (C-3�), 35.8 (tBu), 38.05 (C-5�), 38.4, 46.8 (C-4�,
C-6�), 52.65 (C-2�), 61.9 (C-4), 65.3 (C-5), 70.8 (C-1�), 154.5 (C-2), 178.1
(C�O); MS (70 eV, EI): m/z (%): 325 (25) [M�], 310 (28) [M��Me], 296
(25) [M��Et], 226 (71), 185 (63), 167 (77), 144 (100)
[oxazolidinone��2H]; elemental analysis calcd (%) for C18H31NO4


(325.44): C 66.43, H 9.60; found: C 66.48, H 9.30.


Cyclohexanol 4c : 7-Keto-2-enimide 2e (100 mg, 0.34 mmol) was dissolved
in THF (5 mL), and CuI (323 mg, 1.70 mmol), butyllithium (2.5� in
hexane, 0.68 mL, 1.70 mmol), and Me2AlCl (1� in hexane, 1.70 mL,
1.70 mmol) were added as described above. Flash chromatography over
silica gel (diethyl ether/pentane 1:1) gave 4c (99 mg, 83%) as a white solid.
M.p. 74 �C; [�]20D ��24.8 (c� 0.5 in CHCl3); IR (KBr): �� � 3502 (OH),
2961 (CH3), 1780, 1674 (imide), 1183, 1105 cm�1 (C�O); 1H NMR
(200 MHz, CDCl3): �� 0.68 (q, J� 12.0 Hz, 1H; 4�-H), 0.81 ± 0.97 (m,
3H; CH3), 0.89 (d, J� 6.5 Hz, 3H; CH3), 0.99 (s, 9H; tBu), 1.06 (s, 3H; 1�-
CH3), 1.15 ± 2.19 (m, 11H; 3�-H, 4�-H, 5�-H, 6�-H2, butyl side chain), 3.69 (d,
J� 2.0 Hz, 1H; OH), 3.78 (d, J� 11.0 Hz, 1H; 2�-H), 4.19 (dd, J� 9.5,
7.5 Hz, 1H; 5-H), 4.33 (dd, J� 9.5, 1.5 Hz, 1H; 5-H), 4.53 (dd, J� 7.5,
1.5 Hz, 1H; 4-H); 13C NMR (50 MHz, CDCl3): �� 14.0 (CH3), 22.0 (CH3),
22.9, 25.9 (tBu), 26.7 (CH3), 28.6, 29.2 (C-3�), 33.85, 35.8 (tBu), 36.8 (C-5�),
39.2, 46.8 (C-4�, C-6�), 52.9 (C-2�), 61.9 (C-4), 65.3 (C-5), 70.8 (C-1�), 154.5
(C-2), 178.2 (C�O); MS (70 eV, EI): m/z (%): 353 (27) [M�], 338 (30)
[M��Me], 296 (53) [M��Bu], 254 (100), 211 (29) [M�� oxazolidinone],
195 (79) [M��oxazolidinone�O], 186 (58), 185 (67), 144 (98)
[oxazolidinone��2H]; elemental analysis calcd (%) for C20H35NO4


(353.50): C 67.95, H 9.98; found: C 68.29, H 9.79.


Cyclohexanol 4d : 7-Keto-2-enimide 2e (35 mg, 0.12 mmol) was dissolved
in THF (3 mL), and CuI (113 mg, 0.59 mmol), hexyllithium (2.5� in
hexane, 0.24 mL, 0.59 mmol), and Me2AlCl (1� in hexane, 0.59 mL,
0.59 mmol) were added as described above. Flash chromatography over
silica gel (diethyl ether/pentane 1:2) gave 4d (28 mg, 62%) as a colorless
oil. [�]20D ��28.5 (c� 0.4 in CHCl3); IR (film): �� � 3500 (OH), 2927 (CH3),
1783, 1673 (imide), 1266, 1182, 1104 cm�1 (C�O); 1H NMR (200 MHz,
CDCl3): �� 0.68 (q, J� 11.5 Hz, 1H; 4�-H), 0.70 ± 2.20 (m, 24H; 1�-CH3, 5�-
CH3, 3�-H, 4�-H, 5�-H, 6�-H2, hexyl side chain), 0.99 (s, 9H; tBu), 3.69 (d, J�
2.0 Hz, 1H; OH), 3.79 (d, J� 11.5 Hz, 1H; 2�-H), 4.19 (dd, J� 9.0, 7.5 Hz,
1H; 5-H), 4.33 (dd, J� 9.0, 1.5 Hz, 1H; 5-H), 4.53 (dd, J� 7.5, 1.5 Hz, 1H;
4-H); 13C NMR (75 MHz, CDCl3): �� 14.1 (CH3), 22.0 (CH3), 25.95 (tBu),
26.7 (C-1�-Me), 29.2 (C-3�), 22.6, 26.35, 29.5, 31.8, 34.1 (hexyl side chain),
35.8 (tBu), 36.8 (C-5�), 39.2, 46.9 (C-4�, C-6�), 52.9 (C-2�), 61.9 (C-4), 65.3 (C-
5), 70.8 (C-1�), 154.5 (C-2), 178.2 (C�O); MS (70 eV, EI): m/z (%): 381 (8)
[M�], 366 (14) [M��Me], 296 (48) [M��Hexyl], 282 (58), 223 (53), 185
(49), 144 (100) [oxazolidinone��2H]; HRMS: m/z : calcd for C22H39NO4:
381.2879; found: 381.2879.


Cyclohexanol 4e : 7-Keto-2-enimide 2e (41 mg, 0.14 mmol) was dissolved
in THF (3 mL), and CuBr/dimethylsulfide complex (143 mg, 0.69 mmol)
and allylmagnesium chloride (2� in hexane, 0.35 mL, 0.70 mmol) were
added as described above. Flash chromatography over silica gel (diethyl
ether/pentane 1:2) gave 4e (38 mg, 81%) as a colorless oil. [�]20D ��33.0
(c� 0.5 in CHCl3); IR (film): �� � 3501 (OH), 2963 (CH3), 1783, 1672
(imide), 1263, 1183, 1104 cm�1 (C�O); 1H NMR (200 MHz, CDCl3): ��
0.68 (q, J� 12.0 Hz, 1H; 4�-H3), 0.88 (d, J� 6.5 Hz, 3H; 5�-CH3), 0.99 (s,
9H; tBu), 1.08 (s, 3H; 1�-CH3), 1.20 ± 2.30 (m, 7H; 3�-H, 4�-H, 5�-H, 6�-H2,
1��-H2), 3.65 (d, J� 2.0 Hz, 1H; OH), 3.80 (d, J� 10.5 Hz, 1H; 2�-H), 4.20
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(dd, J� 9.5, 7.5 Hz, 1H; 5-H), 4.34 (dd, J� 9.5, 1.5 Hz, 1H; 5-H), 4.52 (dd,
J� 7.5, 1.5 Hz, 1H; 4-H), 4.95 ± 5.09 (m, 2H; CH�CH2), 5.67 ± 5.90 (m, 1H;
CH�CH2); 13C NMR (50 MHz, CDCl3): �� 21.9 (CH3), 26.0 (tBu), 26.6,
29.1, 36.6 (C-3�, C-5�, C-1�-Me), 35.8 (tBu), 38.55, 39.05, 49.8 (C-4�, C-1��,
C-6�), 52.45 (C-2�), 62.0 (C-4), 65.4 (C-5), 70.8 (C-1�), 116.8 (CH�CH2),
136.1 (CH�CH2), 154.5 (C-2), 177.9 (C�O); MS (70 eV, EI): m/z (%): 337
(3) [M�], 322 (15) [M��Me], 296 (100) [M�� allyl], 144 (72)
[oxazolidinone��2H]; HRMS:m/z : calcd for C19H31NO4: 337.2253; found:
337.2253.


Cyclohexanol 4 f : 7-Keto-2-enimide 2e (63 mg, 0.21 mmol) was dissolved
in THF (4 mL), and CuBr/dimethylsulfide complex (66 mg, 0.32 mmol) and
phenylmagnesium chloride (2� in hexane, 0.32 mL, 0.64 mmol) were
added as described above. Flash chromatography over silica gel (diethyl
ether/pentane 1:1) gave 4 f (42 mg, 53%) as a white solid. M.p. 130 �C;
[�]20D ��24.0 (c� 0.5 in CHCl3); IR (KBr): �� � 3541 (OH), 2963 (CH3),
1772, 1701 (imide), 1268, 1225, 1186, 1102 cm�1 (C�O); 1H NMR
(300 MHz, CDCl3): �� 0.38 (s, 9H; tBu), 0.89 (d, J� 7.5 Hz, 3H; 5�-CH3),
0.80 ± 1.25, 1.76 ± 1.90 (m, 4H; 4�-H2, 6�-H2), 1.14 (s, 3H; 1�-CH3), 2.02 ± 2.21
(m, 1H; 5�-H), 3.30 (td, J� 11.5, 3.5 Hz, 1H; 3�-H), 3.54 (d, J� 2.0 Hz, 1H;
OH), 4.06 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.15 (dd, J� 9.0, 1.5 Hz, 1H; 5-H),
4.31 (dd, J� 7.5, 1.5 Hz, 1H; 4-H), 4.55 (d, J� 11.5 Hz, 1H; 2�-H), 7.08 ± 7.35
(m, 5H; phenyl-H); 13C NMR (50 MHz, CDCl3): �� 21.7 (CH3), 25.0 (tBu),
27.4 (C-1�-Me), 29.15 (C-3�), 35.1 (tBu), 43.9 (C-4�), 44.4 (C-5�), 46.4 (C-6�),
51.6 (C-2�), 61.2 (C-4), 64.9 (C-5), 70.9 (C-1�), 126.7, 128.0, 128.6, 143.5
(phenyl-C), 154.3 (C-2), 176.7 (C�O); MS (70 eV, EI): m/z (%): 373 (45)
[M�], 274 (72), 212 (50), 144 (65) [oxazolidinone��2H], 131 (100);
elemental analysis calcd (%) for C22H31NO4 (373.49): C 70.75, H 8.37;
found: C 70.52, H 8.47.


Cyclohexanol 4g : 7-Keto-2-enimide 2 f (103 mg, 0.29 mmol) was dissolved
in THF (5 mL), and CuI (274 mg, 1.44 mmol), butyllithium (2.5� in
hexane, 0.58 mL, 1.44 mmol), and Me2AlCl (1� in hexane, 1.44 mL,
1.44 mmol) were added as described above. Flash chromatography over
silica gel (diethyl ether/pentane 1:2) gave 4g (61 mg, 51%) as a white solid.
M.p. 124 �C; [�]20D ��20.6 (c� 0.5 in CHCl3), IR (KBr): �� � 3492 (OH),
2963 (CH3), 1769, 1670 (imide), 1219, 1105 cm�1 (C�O); 1H NMR
(300 MHz, CDCl3): �� 0.85 (t, J� 7.0 Hz, 3H; CH3), 0.88 ± 0.95 (m, 1H;
6�-H), 1.00 (s, 9H; tBu), 1.12 (s, 3H; 1�-CH3), 1.15 ± 1.55 (m, 7H; 4�-H, butyl
side chain), 1.94 (ddd, J� 13.5, 3.5, 1.5 Hz, 1H; 6�-H), 2.08 (dtd, J� 13.0,
3.5, 1.5 Hz, 1H; 4�-H), 2.24 (m, 1H; 3�-H), 3.16 (tt, J� 13.0, 3.5 Hz, 1H; 5�-
H), 3.85 (d, J� 2.5 Hz, 1H; OH), 3.96 (d, J� 11.5 Hz, 1H; 2�-H), 4.22 (dd,
J� 9.5, 7.5 Hz, 1H; 5-H), 4.35 (dd, J� 9.5, 1.5 Hz, 1H; 5-H), 4.56 (dd, J�
7.5, 1.5 Hz, 1H; 4-H), 7.15 ± 7.34 (m, 5H; phenyl-H); 13C NMR (50 MHz,
CDCl3): �� 14.0 (CH3), 22.9, 28.6, 33.8 (butyl side chain), 25.9 (tBu), 29.2
(C-1�-Me), 35.8 (tBu), 37.0 (C-3�), 38.1 (C-5�), 38.2, 45.7 (C-4�, C-6�), 52.8 (C-
2�), 61.9 (C-4), 65.35 (C-5), 70.8 (C-1�), 126.1, 127.0, 128.4, 146.3 (phenyl-C),
154.5 (C-2), 178.0 (C�O); MS (70 eV, EI): m/z (%): 415 (3) [M�], 397 (52),
254 (34), 226 (100), 169 (61); elemental analysis calcd (%) for C25H37NO4


(415.57): C 72.26, H 8.97; found: C 72.22, H 8.71.


Cyclohexanol 4h : 7-Keto-2-enimide 2e (100 mg, 0.34 mmol) was dissolved
in THF (5 mL), and thiophenol (36 �L, 0.36 mmol), butyllithium (2.5� in
hexane, 142 �L, 0.36 mmol), and Me3Al (2� in hexane, 178 �L, 0.36 mmol)
were added as described above. Purification by flash chromatography over
silica gel (diethyl ether/pentane 1:1) gave 4h (108 mg, 76%) as a white
solid. M.p. 47 �C; [�]20D ��23.0 (c� 0.4 in CHCl3); IR (KBr): �� � 3486, 2960
(CH3), 1782, 1673 (imide), 1263, 1228, 1104 cm�1 (C�O); 1H NMR
(500 MHz, CDCl3): �� 0.84 (d, J� 6.5 Hz, 3H; 5�-CH3), 1.00 (dd, J�
13.5, 12.0 Hz, 1H; 4�-H), 1.04 (s, 9H; tBu), 1.14 (s, 3H; 3�-CH3), 1.20 (q,
J� 12.0 Hz, 1H; 6�-H), 1.72 (dd, J� 13.5, 3.5 Hz, 1H; 4�-H), 1.96 (m, 1H; 5�-
H), 2.07 (dt, J� 12.0, 4.0 Hz, 1H; 6�-H), 3.58 (td, J� 12.0, 4.0 Hz, 1H; 1�-H),
4.22 (d, J� 12.0 Hz, 1H; 2�-H), 4.24 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.36 (dd,
J� 9.0, 1.0 Hz, 1H; 5-H), 4.58 (dd, J� 7.5, 1.0 Hz, 1H; 4-H), 7.23 ± 7.32 (m,
5H; phenyl-H); 13C NMR (50 MHz, CDCl3): �� 21.4 (CH3), 25.9 (tBu),
27.1 (CH3), 29.1 (C-5�), 36.3 (tBu), 42.4, 46.0 (C-4�, C-6�), 47.35 (C-1�), 51.8
(C-2�), 62.0 (C-4), 65.35 (C-5), 71.7 (C-3�), 127.3, 128.9, 132.6, 134.3 (phenyl-
C), 154.4 (C�O, urethane), 176.4 (C�O, amide); MS (70 eV, EI): m/z (%):
405 (100) [M�], 296 (77) [M�� SPh], 278 (98) [M��OH�H], 144 (44)
[oxazolidinone��2H], 135 (50); elemental analysis calcd (%) for
C22H31NO4S (405.55): C 65.40, H 7.88; found: C 65.15, H 7.70.


Cyclohexanol 4 i : 7-Keto-2-enimide 2 f (127 mg, 0.36 mmol) was dissolved
in THF (5 mL), and thiophenol (40 �L, 0.39 mmol), butyllithium (2.5� in
hexane, 156 �L, 0.36 mmol), and Me3Al (2� in hexane, 196 �L, 0.36 mmol)


were added as described above. Purification by flash chromatography over
silica gel (diethyl ether/pentane 1:1) gave 4 i (100 mg, 60%) as a white solid.
M.p. 198 �C; [�]20D ��49.8 (c� 1.0 in CHCl3); IR (KBr): �� � 3466 (OH),
2966 (CH3), 1775, 1689 (imide), 1258, 1215, 1192, 1104 cm�1 (C�O);
1HNMR (200 MHz, CDCl3): �� 1.05 (s, 9H; tBu), 1.20 (s, 3H; 3�-CH3), 1.53
(td, J� 12.5, 2.5 Hz, 1H; 4�-H), 1.76 (q, J� 12.5 Hz, 1H; 6�-H), 1.93 (ddd,
J� 12.5, 3.5, 1.0 Hz, 1H; 4�-H), 2.27 (m, 1H; 6�-H), 3.13 (tt, J� 12.5, 3.5 Hz,
1H; 5�-H), 3.71 (td, J� 12.5, 2.5 Hz, 1H; 1�-H), 3.97 (d, J� 2.5 Hz, 1H;
OH), 4.25 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.37 (d, J� 12.5 Hz, 1H; 2�-H),
4.38 (dd, J� 9.0, 1.0 Hz, 1H; 5-H), 4.62 (dd, J� 7.5, 1.0 Hz, 1H; 4-H), 7.13 ±
7.45 (m, 10H; phenyl-H); 13C NMR (50 MHz, CDCl3): �� 25.9 (tBu), 29.1
(C-3�-Me), 36.3 (tBu), 38.3 (C-5�), 41.1, 45.2 (C-4�, C-6�), 47.8 (C-1�), 51.6 (C-
2�), 62.0 (C-4), 65.4 (C-5), 71.7 (C-3�), 126.3, 127.0, 127.5, 128.5, 128.9, 132.8,
134.0, 145.0 (phenyl-C), 154.4 (C-2), 176.3 (C�O);MS (70 eV, EI):m/z (%):
467 (88) [M�], 358 (53) [M�� SPh], 340 (82), 197 (93), 157 (100), 144 (86)
[oxazolidinone��2H]; HRMS: m/z : calcd for C27H33NO4S: 467.2130;
found: 467.2130.


Cyclohexanol 4k : Trimethylsilyl azide (84 �L, 0.63 mmol) was dissolved in
THF (2 mL), and methanol (25 �L, 0.63 mmol) was added at 0 �C. After
1 h, Me3Al (2� in hexane, 0.32 mL, 0.64 mmol) was added. After stirring
for 1 h, 7-keto-2-enimide 2e (59 mg, 0.21 mmol) dissolved in THF (1 mL)
was added. The solution was stirred at 0 �C and then allowed to warm to RT
over 5 h. The reaction was quenched by the addition of saturated NH4Cl
solution, the layers were separated, and the aqueous phase was extracted
twice with diethyl ether. The combined organic extracts were dried over
MgSO4, filtered, and evaporated. The crude product was purified by flash
chromatography over silica gel (diethyl ether/pentane 1:1) to give 4k
(38 mg, 60%) as a white solid. M.p. 164 �C; [�]20D ��9.4 (c� 0.5 in CHCl3);
IR (film): �� � 3523 (OH), 2969 (CH3), 2106 (azide), 1776, 1687 (imide),
1216, 1189, 1109, 1052 cm�1 (C�O); 1H NMR (500 MHz, CDCl3): �� 0.96
(d, J� 6.5 Hz, 3H; 5�-CH3), 0.97 (s, 9H; tBu), 1.01 (dd, J� 13.5, 11.5 Hz,
1H; 6�-H), 1.11 (s, 3H; 1�-CH3), 1.23 (q, J� 11.5 Hz, 1H; 4�-H), 1.72 (ddd,
J� 13.5, 4.0, 1.5 Hz, 1H; 6�-H), 2.03 ± 2.13 (m, 1H; 5�-H), 2.13 (dtd, J� 11.5,
4.0, 1.5 Hz, 1H; 4�-H), 3.65 (br s, 1H; OH), 3.87 (td, J� 11.5, 4.0 Hz, 1H; 3�-
H), 4.12 (d, J� 11.5 Hz, 1H; 2�-H), 4.19 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.32
(dd, J� 9.0, 1.5 Hz, 1H; 5-H), 4.55 (dd, J� 7.5, 1.5 Hz, 1H; 4-H); 13C NMR
(50 MHz, CDCl3): �� 21.4 (CH3), 25.6 (tBu), 26.1 (CH3), 32.8 (C-5�), 36.05
(tBu), 38.4, 45.9 (C-4�, C-6�), 52.0 (C-2�), 60.1 (C-3�), 61.3 (C-4), 65.2 (C-5),
71.5 (C-1�), 154.1 (C-2), 176.1 (C�O); MS (200 eV, DCI/NH3):m/z (%): 695
(15) [2M��NH3], 373 (100) [M��2NH3], 356 (76) [M��NH3]; elemental
analysis calcd (%) for C16H26N4O4 (338.40): C 56.79, H 7.74; found: C 57.12,
H 7.75.


Cyclohexanol 4 l : 7-Keto-2-enimide 2e (51 mg, 0.17 mmol) was dissolved in
CH2Cl2 (3 mL) and cooled to 0 �C. Piperidine (51 �L, 0.52 mmol) and then
Me2AlCl (1� in hexane, 0.52 mL, 0.52 mmol) were added. Stirring was
continued for 1 h at 0 �C, and the reaction was then stopped by the addition
of saturated NaHCO3 solution. The layers were separated, the aqueous
phase was extracted twice with diethyl ether, and the combined organic
extracts were dried over MgSO4. After filtration and evaporation of the
solvents, the crude product was purified by flash chromatography over
silica gel (diethyl ether/pentane 1:1) to give 4 l (26 mg, 40%) as a white
solid. M.p. 145 �C; [�]20D ��20.6 (c� 0.5 in CHCl3); IR (KBr): �� � 3538
(OH), 2943 (CH3), 1777, 1708 (imide), 1276, 1217, 1182, 1100, 1059 cm�1


(C�O); 1H NMR (200 MHz, CDCl3): �� 0.80 ± 2.09 (m, 11H; 4�-H2, 5�-H,
6�-H2, piperidine ring protons), 0.92 (d, J� 7.5 Hz, 3H; 5�-CH3), 1.03 (s, 9H;
tBu), 1.08 (s, 3H; 1�-CH3), 2.28 ± 2.42, 2.74 ± 2.88 (2m, 4H; NCH), 3.16 (td,
J� 11.5, 3.5 Hz, 1H; 3�-H), 3.88 (d, J� 2.0 Hz, 1H; OH), 4.18 (dd, J� 9.5,
7.5 Hz, 1H; 5-H), 4.24 (d, J� 11.5 Hz, 1H; 2�-H), 4.31 (dd, J� 9.5, 1.5 Hz,
1H; 5-H), 4.55 (dd, J� 7.5, 1.5 Hz, 1H; 4-H); 13C NMR (50 MHz, CDCl3):
�� 21.9 (CH3), 25.6 (tBu), 24.9, 26.3 (piperidine ring), 26.4 (C-1�-Me), 29.3
(C-5�), 31.4 (C-4�), 36.1 (tBu), 46.75 (C-6�), 50.3 (NCH2), 50.75 (C-2�), 61.5
(C-4), 64.15 (C-3�), 65.1 (C-5), 71.5 (C-1�), 154.6 (C-2), 177.5 (C�O); MS
(70 eV, EI): m/z (%): 380 (54) [M�], 138 (100); HRMS: m/z : calcd for
C21H36N2O4: 380.2675; found: 380.2675.


Cyclohexylamine 5a : 7-Oxo-2-enimide 2a (56 mg, 0.20 mmol) was dis-
solved in CH2Cl2 (3 mL) and cooled to 0 �C. Morpholine (52 �L,
0.60 mmol) and then Me2AlCl (1� in hexane, 0.40 mL, 0.40 mmol) were
added. After 1 h, the reaction was stopped by the addition of saturated
NaHCO3 solution. The layers were separated, the aqueous phase was
extracted twice with diethyl ether, and the combined organic extracts were
dried over MgSO4. After filtration and evaporation of solvents, the crude
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product was purified by column chromatography over silica gel (diethyl
ether/pentane 1:2) to give 5a (60 mg, 69%) as a white solid. M.p. 178 �C;
[�]20D ��40.0 (c� 0.8 in CHCl3); IR (KBr): �� � 2956 (CH), 2852 (N-CH2),
1769, 1703 (imide), 1213, 1187, 1118, 1070, 1034 cm�1 (C�O); 1H NMR
(500 MHz, CDCl3): �� 0.85, 0.89 (2q, J� 11.5 Hz, 2H; 4�-H, 6�-H), 0.98 (d,
J� 6.5 Hz, 3H; 5�-Me), 0.99 (s, 9H; tBu), 1.34 ± 1.45 (m, 1H; 5�-H), 1.77 (m,
2H; 4�-H, 6�-H), 2.31, 2.39 (2ddd, J� 11.0, 6.0, 3.0 Hz, 4H; NCH), 2.64 ±
2.70 (m, 2H; NCH), 2.74 (td, J� 11.5, 3.5 Hz, 1H; 3�-H), 2.82 ± 2.90 (m, 2H;
NCH), 2.86 (td, J� 11.5, 3.5 Hz, 1H; 1�-H), 3.42 ± 3.65 (m, 8H; OCH), 4.19
(dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.25 (t, J� 11.5 Hz, 1H; 2�-H), 4.28 (dd, J�
9.0, 1.5 Hz, 1H; 5-H), 4.52 (dd, J� 7.5, 1.5 Hz, 1H; 4-H); 13C NMR
(50 MHz, CDCl3): �� 22.3 (C-5�-Me), 25.7 (tBu), 29.8 (C-5�), 31.5, 32.6 (C-
4�, C-6�), 36.0 (tBu), 46.7 (C-2�), 49.15, 49.9 (NCH2), 61.6 (C-4), 65.15 (C-5),
66.2, 67.0 (C-1�, C-3�), 67.4, 68.1 (OCH2), 155.3 (C-2), 176.1 (C�O); MS
(70 eV, EI): m/z (%): 438 (13) [M�], 351 (25) [M��C4H8NO], 180 (46),
165, 140 (100); HRMS: m/z : calcd for C23H39N3O5: 437.2889; found:
437.2889.


Cyclohexylamine 5b : 7-Oxo-2-enimide 2a (58 mg, 0.21 mmol) was dis-
solved in CH2Cl2 (3 mL), and diethylamine (53 �L, 0.62 mmol) and
Me2AlCl (1� in hexane, 0.41 mL, 0.41 mmol) were added as described
above. Column chromatography over silica gel (diethyl ether/pentane 1:2)
gave the cyclohexylamine 5b (39 mg, 46%) as a white solid. M.p. 128 �C;
[�]20D ��65.8 (c� 0.5 in CHCl3); IR (KBr): �� � 2870 (CH), 1776, 1704
(imide), 1264, 1184, 1130, 1096 cm�1 (C�O); 1H NMR (500 MHz, CDCl3):
�� 0.80 ± 1.11 (m, 2H; 4�-H, 6�-H), 0.88 (t, J� 7.0 Hz, 6H; 2N-CH2-CH3),
0.94 (t, J� 7.0 Hz, 6H; 2N-CH2-CH3), 0.97 (s, 9H; tBu), 1.36 (m, 1H; 5�-H),
1.65 ± 1.76 (m, 2H; 4�-H, 6�-H), 2.23, 2.30 (2dq, J� 13.0, 6.5 Hz, 4H; NCH),
2.50, 2.70 (2dq, J� 13.0, 7.0 Hz, 4H; NCH), 2.88, 3.02 (2ddd, J� 12.0, 11.0,
3.5 Hz, 2H; 1�-H, 3�-H), 4.11 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.23 (dd, J� 9.0,
1.5 Hz, 1H; 5-H), 4.25 (t, J� 11.0 Hz, 1H; 2�-H), 4.44 (dd, J� 7.5, 1.5 Hz,
1H; 4-H); 13C NMR (50 MHz, CDCl3): �� 14.1, 14.5 (2NCH2CH3), 22.45
(C-5�-Me), 25.8 (tBu), 30.2 (C-5�), 32.05, 32.8 (C-4�, C-6�), 35.6 (tBu), 43.5,
43.6 (2NCH2), 47.6 (C-2�), 61.1 (C-4), 61.6, 62.6 (C-1�, C-3�), 62.05 (C-5),
155.1 (C-2), 175.2 (C�O); MS (70 eV, EI): m/z (%): 409 (6) [M�], 337 (35)
[M��NEt2], 307 (16), 166 (20) [M�� (NBn2)2�CH3], 151 (26), 126 (100);
elemental analysis calcd (%) for C23H43N3O3 (409.61): C 67.44, H 10.58;
found: C 67.49, H 10.50.


Cyclohexylamine 5c : 7-Oxo-2-enimide 2a (64 mg, 0.23 mmol) was dis-
solved in CH2Cl2 (3 mL), and dibenzylamine (131 �L, 0.68 mmol) and
Me2AlCl (1� in hexane, 0.45 mL, 0.45 mmol) were added as described
above. Column chromatography over silica gel (diethyl ether/pentane 1:2)
gave the cyclohexylamine 5c (105 mg, 70%) as a white solid. M.p. 148 �C;
[�]20D ��14.7 (c� 1.0 in CHCl3); IR (KBr): �� � 3027 (phenyl-H), 2956
(CH), 1776, 1702 (imide), 1187, 1068 cm�1 (C�O); 1H NMR (500 MHz,
CDCl3): �� 0.87 (d, J� 6.5 Hz, 3H; 5�-Me), 0.87 ± 1.01 (m, 2H; 4�-H, 6�-H),
1.04 (s, 9H; tBu), 1.15 ± 1.31 (m, 1H; 5�-H), 1.48 ± 1.54, 1.76 ± 1.82 (2m, 2H;
4�-H, 6�-H), 3.07, 3.26 (2ddd, J� 12.0, 10.5, 3.5 Hz, 2H; 1�-H, 3�-H), 3.46,
3.47, 3.83, 3.94 (4d, J� 14.0 Hz, 8H; N-Bn-H), 4.15 (dd, J� 9.0, 7.5 Hz, 1H;
5-H), 4.21 (dd, J� 9.0, 1.5 Hz, 1H; 5-H), 4.44 (dd, J� 7.5, 1.5 Hz, 1H; 4-H),
4.54 (t, J� 10.5 Hz, 1H; 2�-H), 7.14 ± 7.28 (m, 20H; phenyl-H); 13C NMR
(50 MHz, CDCl3): �� 22.4 (C-5�-Me), 26.0 (tBu), 29.4 (C-5�), 32.9, 33.5 (C-
4�, C-6�), 35.7 (tBu), 47.1 (C-2�), 53.8, 54.1 (benzyl-C), 62.0, 62.5 (C-1�, C-3�),
62.65 (C-4), 65.1 (C-5), 126.6, 126.7, 127.9, 128.0, 128.1, 129.2, 139.1, 139.5
(phenyl-C), 155.1 (C-2), 175.1 (C�O); MS (70 eV, EI): m/z (%): 657 (2)
[M�], 567 (95) [M��Bn], 462 (48) [M��NBn2], 250 (61) [M��
(NBn2)2�CH3], 91 (100); HRMS: m/z : calcd for C43H51N3O5: 657.3930;
found: 657.3930.


Cyclohexylamine 5d : 7-Oxo-2-enimide 2a (38 mg, 0.135 mmol) was
dissolved in CH2Cl2 (3 mL), and dibutylamine (68 �L, 0.41 mmol) and
Me2AlCl (1� in hexane, 0.27 mL 0.27 mmol) were added as described
above. Column chromatography over silica gel (diethyl ether/pentane 1:2)
gave the cyclohexylamine 5d (46 mg, 65%) as a white solid. M.p. 108 �C;
[�]20D ��56.0 (c� 0.5 in CHCl3); IR (KBr): �� � 2870 (CH), 1780, 1704
(imide), 1262, 1211, 1184, 1095 cm�1 (C�O); 1H NMR (500 MHz, CDCl3):
�� 0.83, 0.86 (2 t, J� 7.0 Hz, 6H; CH3), 0.97 (s, 9H; tBu), 1.02 ± 1.48 (m,
19H; 4�-H, 5�-H, 6�-H, butyl side chain), 1.71 (m, 2H; 4�-H, 6�-H), 2.19, 2.33.
2.57 (3m, 8H; NCH), 2.77, 2.95 (2ddd, J� 12.0, 11.0, 3.5 Hz, 2H; 1�-H, 3�-
H), 4.09 (dd, J� 9.0, 7.0 Hz, 1H; 5-H), 4.21 (dd, J� 9.0, 1.0 Hz, 1H; 5-H),
4.23 (t, J� 11.0 Hz, 1H; 2�-H), 4.38 (dd, J� 7.0, 1.0 Hz, 1H; 4-H); 13C NMR
(50 MHz, CDCl3): �� 14.2, 14.2 (NCH2CH3), 20.6, 20.85 (N-butyl side
chain), 22.45 (C-5�-Me), 25.7 (tBu), 30.1 (C-5�), 31.5 (N-butyl side chain),


31.9, 32.4 (C-4�, C-6�), 35.6 (tBu), 47.4 (C-2�), 50.3, 50.6 (NCH2), 61.8 (C-4),
62.3, 63.3 (C-1�, C-3�), 65.0 (C-5), 155.1 (C-2), 176.0 (C�O); MS (70 eV, EI):
m/z (%): 521 (2) [M�], 393 (97) [M��NBu2], 222 (36), 182 (100);
elemental analysis calcd (%) for C31H59N3O3 (521.46): C 71.40, H 11.40;
found: C 71.64, H 11.50.


Cyclohexylamine 5e : 7-Oxo-2-enimide 2b (116 mg, 0.34 mmol) was
dissolved in CH2Cl2 (5 mL), and piperidine (100 �L, 1.01 mmol) and
Me2AlCl (1� in hexane, 0.68 mL 0.68 mmol) were added as described
above. Column chromatography over silica gel (diethyl ether/pentane 1:2)
gave the cyclohexylamine 5e (95 mg, 57%) as a white solid. M.p. 171 �C;
[�]20D ��40.4 (c� 0.5 in CHCl3); IR (KBr): �� � 2933 (CH), 1778, 1703
(imide), 1254, 1187, 1105, 1061, 1035 cm�1 (C�O); 1H NMR (500 MHz,
CDCl3): �� 1.02 (s, 9H; tBu), 1.25 ± 1.55 (m, 14H; 4�-H, 6�-H, 6CH2


(piperidine)), 1.91 ± 2.01 (m, 2H; 4�-H, 6�-H), 2.31, 2.34 (2m, 4H; NCH),
2.51 (tt, J� 12.5, 3.0 Hz, 1H; 5�-H), 2.66, 2.85 (2m, 4H; NCH), 2.88, 2.99
(2 td, J� 11.5, 3.5 Hz, 2H; 1�-H, 3�-H), 4.18 (dd, J� 9.0, 7.5 Hz, 1H; 5-H),
4.28 (dd, J� 9.0, 1.0 Hz, 1H; 5-H), 4.42 (t, J� 11.5 Hz, 1H; 2�-H), 4.54 (dd,
J� 7.5, 1.0 Hz, 1H; 4-H), 7.18 ± 7.33 (m, 5H; phenyl-H); 13C NMR (50 MHz,
CDCl3): �� 24.8, 25.0 (C-4�� (piperidine)), 25.8 (tBu), 26.5 (C-3�� (piper-
idine)), 27.3 (C-5�� (piperidine)), 30.9, 32.0 (C-4�, C-6�), 35.9 (tBu), 41.5 (C-
5�), 47.1 (C-2�), 50.2, 50.9 (piperidine-NCH), 61.6 (C-4), 65.1 (C-5), 67.1, 67.8
(C-1�, C-3�), 126.2, 126.8, 128.5, 146.4 (phenyl-C), 155.1 (C-2), 176.3 (C�O);
MS (70 eV, EI): m/z (%): 495 (24) [M�], 411 (43) [M��piperidine], 240
(38), 200 (100); elemental analysis calcd (%) for C30H45N3O3 (495.70): C
72.69, H 9.15; found: C 72.91, H 9.19.


Cyclohexylamine 5 f : 7-Oxo-2-enimide 2c (43 mg, 0.11 mmol) was dis-
solved in CH2Cl2 (3 mL), and piperidine (53 �L, 0.54 mmol) and Me2AlCl
(1� in hexane, 0.32 mL, 0.32 mmol) were added as described above.
Column chromatography over silica gel (diethyl ether/pentane 1:2) gave
the cyclohexylamine 5 f (35 mg, 59%) as a white solid. M.p. 78 �C; [�]20D �
�32.0 (c� 0.5 in CHCl3); IR (KBr): �� � 2932 (CH), 1778, 1702 (imide),
1262, 1230, 1187, 1104, 1060 cm�1 (C�O); 1H NMR (300 MHz, CDCl3): ��
0.23 (s, 6H; SiMe2), 0.67 (tt, J� 13.0, 2.5 Hz, 1H; 1�-H), 0.97 (s, 9H; tBu),
0.88 ± 1.51 (m, 14H; 2�-H, piperidine ring protons), 1.65 ± 1.81 (m, 2H; 4�-H,
6�-H), 2.52 ± 2.82 (m, 8H; N-CH), 2.64, 2.76 (2 td, J� 11.5, 3.5 Hz, 2H; 3�-H,
5�-H), 4.13 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.22 (dd, J� 9.0, 1.5 Hz, 1H; 5-H),
4.24 (t, J� 11.5 Hz, 1H; 4�-H), 4.58 (dd, J� 7.5, 1.5 Hz, 1H; 4-H), 7.31 ± 7.52
(m, 5H; phenyl-H); 13C NMR (75 MHz, CDCl3): ���4.8, �4.8 (SiMe2),
21.5 (C-1�), 23.2, 24.3, 24.8, 25.0 (piperidine ring), 25.75 (tBu), 26.5, 27.3 (C-
2�, C-6�), 35.8 (tBu), 47.6 (C-4�), 50.1, 50.8 (piperidine-NCH), 61.5 (C-4), 65.0
(C-5), 68.8, 69.6 (C-3�, C-5�), 127.8, 128.9, 133.8, 137.9 (phenyl-C), 155.1 (C-
2), 176.4 (C�O); MS (70 eV, EI): m/z (%): 553 (40) [M�], 469 (40) [M��
piperidine], 333 (59), 281 (49), 258 (100), 138 (77), 111 (49); HRMS: m/z
calcd for C32H51N3O3Si: 553.3699; found: 553.3699.


Cyclohexylamine 5g : 7-Oxo-2-enimide 2c (45 mg, 0.11 mmol) was dis-
solved in CH2Cl2 (3 mL), and morpholine (59 �L, 0.67 mmol) and Me2AlCl
(1� in hexane, 0.45 mL, 0.45 mmol) were added as described above.
Column chromatography over silica gel (diethyl ether/pentane 1:2) gave
the cyclohexylamine 5g (33 mg, 53%) as a white solid. M.p. 88 �C; [�]20D �
�32.0 (c� 0.5 in CHCl3); IR (KBr): �� � 2959 (CH), 1775, 1701 (imide),
1270, 1216, 1186, 1117, 1069 cm�1 (C�O); 1H NMR (500 MHz, CDCl3): ��
0.26 (s, 6H; SiMe2), 0.67 (tt, J� 12.5, 2.5 Hz, 1H; 1�-H), 0.88 ± 1.02 (m, 2H;
2�-H, 6�-H), 0.97 (s, 9H; tBu), 1.71 ± 1.85 (m, 2H; 2�-H, 6�-H), 2.24 ± 2.40 (m,
4H; N-CH), 2.60 ± 2.67 (m, 2H; N-CH), 2.79 ± 2.86 (m, 2H; N-CH), 2.68,
2.80 (td, J� 11.5, 3.5 Hz, 2H; 3�-H, 5�-H), 3.39 ± 3.64 (m, 8H; OCH), 4.17
(dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.23 (t, J� 11.5 Hz, 1H; 4�-H), 4.27 (dd, J�
9.0, 1.5 Hz, 1H; 5-H), 4.51 (dd, J� 7.5, 1.5 Hz, 1H; 4-H), 7.35 ± 7.42 (m, 5H;
phenyl-H); 13C NMR (50 MHz, CDCl3): ���4.75 (SiMe2), 21.7 (C-1�),
23.6, 24.7 (C-2�, C-6�), 26.0 (tBu), 36.2 (tBu), 47.4 (C-4�), 49.3, 50.0 (N-CH),
61.8 (C-4), 65.4 (C-5), 67.6, 68.25 (OCH), 68.4, 69.2 (C-3�, C-5�), 128.1, 129.4,
134.0, 137.6 (phenyl-C), 155.5 (C-2), 176.1 (C�O); MS (70 eV, EI):m/z (%):
557 (74) [M�], 471 (31) [M��morpholine], 335 (73), 300 (80), 283 (83),
260 (100), 140 (73); HRMS: m/z : calcd for C30H47N3O5Si: 557.3285; found:
557.3285.


Cyclohexylamine 5h : 7-Oxo-2-enimide 2a (79 mg, 0.28 mmol) was dis-
solved in CH2Cl2 (4 mL), and piperidine (28 �L, 0.28 mmol) and a small
amount of MgSO4 were added. After stirring for 1 h, the MgSO4 was
filtered off, and the solvent was evaporated in vacuo. In a second flask,
thiophenol (35 �L, 0.34 mmol) was dissolved in THF (10 mL), and
butyllithium (2.5� in hexane, 0.27 mL, 0.67 mmol) and Me3Al (2� in
hexane, 0.17 mL, 0.34 mmol) were added. After stirring for 1 h at 0 �C, the
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solution was cooled to �50 �C, and the enamine dissolved in THF (1 mL)
was added by syringe. After another 10 min, Me2AlCl (1� in hexane,
0.34 mL, 0.34 mmol) was added and the reaction mixture was stirred for 8 h
(at which time the reaction temperature had reached RT). Saturated NaCl
solution was added, the layers were separated, and the aqueous phase was
extracted twice with ether. The combined organic extracts were dried over
MgSO4, filtered, and evaporated. Chromatographic purification over silica
gel (diethyl ether/pentane 1:1) gave cyclohexylamine 5h (64 mg, 50%) as a
colorless oil. [�]20D ��35.3 (c� 0.3 in CHCl3); IR (KBr): �� � 2930 (CH),
1780, 1696 (imide), 1260, 1223, 1186, 1119, 1096 cm�1 (C�O); 1H NMR
(500 MHz, CDCl3): �� 0.89 (d, J� 6.5 Hz, 3H; 5�-CH3), 0.94 (q, J�
12.5 Hz, 1H; 4�-H), 1.02 (s, 9H; tBu), 1.08 (q, J� 13.0 Hz, 1H; 6�-H),
1.20 ± 1.70 (m, 7H; 5�-H, piperidine-CH2), 1.74 (ddt, J� 12.5, 3.5, 1.5 Hz,
1H, 4�-H), 1.97 (dtd, J� 13.0, 3.5, 1.5 Hz, 1H; 6�-H), 2.25, 2.63 (2m, 4H;
NCH), 2.75 (ddd, J� 12.5, 11.5, 3.5 Hz, 1H; 3�-H), 3.31 (ddd, J� 13.0, 11.5,
3.5 Hz, 1H; 1�-H), 4.22 (dd, J� 9.0, 7.5 Hz, 1H; 5-H), 4.24 (t, J� 11.5 Hz,
1H; 2�-H), 4.31 (dd, J� 9.0, 1.5 Hz, 1H; 5-H), 4.54 (dd, J� 7.5, 1.5 Hz, 1H;
4-H), 7.19 ± 7.56 (m, 5H; phenyl-H); 13C NMR (50 MHz, CDCl3): �� 21.95
(C-5�-Me), 24.7, 27.2 (piperidine-CH2), 25.8 (tBu), 31.2 (C-5�), 32.1 (C-4�),
35.9 (tBu), 42.0 (C-6�), 48.5, 49.4 (C-1�, C-2�), 51.05 (piperidine-NCH), 62.0
(C-4), 65.2 (C-5), 68.8 (C-3�), 127.5, 128.7, 133.1, 134.3 (phenyl-C), 154.9 (C-
2), 175.8 (C�O); MS (70 eV, EI):m/z (%): 458 (�1) [M�], 457 (�1) [M��
H], 443 (�1) [M��Me], 349 (100) [M�� SPh]; elemental analysis calcd
(%) for C26H38N2O3S (458.66): C 68.09, H 8.35; found: C 67.91, H 8.28.


Cyclohexanol thioester 6 : Benzyl mercaptan (23 �L, 0.20 mmol) was
dissolved in THF (0.5 mL), and butyllithium (2.5� in hexane, 64 �L,
0.16 mmol) was added at 0 �C. After 10 min, cyclohexanol 3d (25 mg,
0.064 mmol) dissolved in THF (0.5 mL) was added at 0 �C, and the reaction
mixture was stirred for 15 h at RT. 2� NaOH solution was added, the layers
were separated, and the aqueous phase was extracted with ether. The
combined organic extracts were dried over MgSO4, filtered, and evapo-
rated. Column chromatography over silica gel (diethyl ether/pentane 1:1)
gave thioester 6 (17 mg, 71%) as a colorless oil. IR (film): �� � 3460 (OH),
2960 (CH3), 1682 (C�O), 1125, 1042 cm�1 (C�O); 1H NMR (300 MHz,
CDCl3): �� 0.88 (d, J� 6.5 Hz, 3H; 5-CH3), 1.02 ± 1.30 (m, 2H), 1.80 ± 2.40
(m, 4H), 2.87 (dd, J� 11.5, 2.0 Hz, 1H; 2-H), 3.68 (td, J� 11.5, 3.5 Hz, 1H;
1-H), 3.90 (br s, 1H; 3-H), 4.07 (d, J� 14.0 Hz, 1H; S-CH2-Ph), 4.12 (d, J�
14.0 Hz, 1H; S-CH2-Ph), 7.13 ± 7.45 (m, 10H; phenyl-H); 13C NMR
(50 MHz, CDCl3): �� 21.5 (CH3), 26.0 (C-5), 33.1 (C-2), 39.25, 42.1 (C-4,
C-6), 45.3, 51.97 (C-1, SCH2), 68.0 (C-3), 127.1, 127.4, 128.0, 128.8, 129.2,
132.9, 134.0, 135.2 (phenyl-C), 202.1 (C�O); MS (200 eV, DCI/NH3): m/z
(%): 390 (100) [M��NH4


�]; elemental analysis calcd (%) for C21H24O2S2
(372.42): C 67.73, H 6.50; found: C 67.95, H 6.48.
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Structure and Chemistry of N-Substituted Corroles and Their Rhodium(�)
and Zinc(��) Metal-Ion Complexes


Liliya Simkhovich,[a] Parameswar Iyer,[a] Israel Goldberg,*[b] and Zeev Gross*[a]


Abstract: In the present work we report
on the detailed structural features of the
chiral N 21- and N 22-substituted benzyl
and picolyl derivatives of tris(penta-
fluorophenyl)corrole [H3(tpfc)]. The
main difference between the isomers is
that substitution on N 22 creates a much
more crowded environment, reflected in
higher deformation of the corrole ring
from planarity and of the meso-aryls
from perpendicular orientation. The
effects of metal-ion chelation on corrole
geometry are demonstrated by structur-


al investigations of the zinc(��) and
rhodium(�) complexes of the N 21- and
N 22-alkylated corroles. The major find-
ing is the intramolecular coordination of
the pyridine moiety of the picolyl sub-
stituent in the case of [ZnII(N 21-picolyl-
tpfc)]. This pyridine is readily attracted
to the zinc ion as an axial ligand, thus
replacing the external pyridine molecule


of the precursor [ZnII(N 21-benzyl-
tpfc)(py)]. The change is associated with
a considerable flattening of the corrole
ring in order to allow a more convenient
coordination of the zinc ion to all four
pyrrole nitrogen atoms (at Zn ± N(pyr-
role) distances of 1.956 ± 1.987 ä for the
nonsubstituted sites, and 2.224 ± 2.247 ä
for the substituted sites). These struc-
tural investigations also aid a good
understanding of the spectroscopic char-
acteristics of the derivatives.


Keywords: chelates ¥ chirality ¥
corroles ¥ rhodium ¥ zinc


Introduction


The chemistry of corroles and especially the development of
synthetic methodologies for their preparation has a long
history[1] as well as recent new horizons.[2] The original work
goes back to the contributions of the Johnson group who
reported the first free-base corrole in 1964 and the first N-
substituted corroles in 1965.[3, 4] It was immediately realized
that the four nitrogen atoms in corroles are not identical, that
is, two isomers of N-substituted corroles–N 21 and N 22–
should be accessible.[1b, 4a] The resulting species still retain two
inner NH protons and may thus be expected to form stable
complexes with a variety of metal ions. This approach was
pioneered by Grigg and co-workers, who demonstrated the
ability of both N 21- and N 22-methylcorroles to form stable
complexes with rhodium(�) and copper(��), and also reported
the corresponding X-ray structures.[5] Over the years, several


general trends have been observed which served to differ-
entiate between the isomeric N-substituted corroles: usually
the 1H NMR resonances of both the NH and the NCH2R
protons are shifted to higher field for the N 22 isomer, the
electronic spectrum of the N 21 isomer is always much more
similar to that of the corrole precursor than that of the N 22


isomer (which is red-shifted), and the N 21 isomer is formed in
excess upon alkylation of the corrole (a ratio of 1.5:1 is
common). The latter two features were interpreted as an
indication that the aromatic system of the N 21 isomer is less
perturbed due to less severe deviation of the macrocycle from
planarity and that it is also more stable (i.e., the thermody-
namic stability is also reflected in the kinetic process). These
hypotheses have not been thoroughly confirmed experimen-
tally and the NMR data have never been analyzed. The major
shortcoming is the lack of crystallographic information, as
until 1999 only one crystal structure of a free-base corrole had
been elucidated, and there is still no structural information
about any metal-free N-substituted corrole.[6]


We have recently reported the novel 5,10,15-tris(penta-
fluorophenyl)corrole (H3(tpfc)) and many aspects of its rich
chemistry.[2a, 2b, 7] This includes the facile and high-yield
syntheses of its N-CH2Ar-substituted (Ar� phenyl or 2-pyr-
idyl) derivatives.[8] We have also demonstrated the chirality of
these new compounds, suggesting the substitution of the
N(pyrrole) sites of the corrole framework as an effective
means for the synthesis of a novel class of chiral ligands. We
report herein on the detailed structural features of the free-
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base N 21- and N 22-substituted benzyl and picolyl derivatives of
H3(tpfc). The effects of metal-ion chelation on the corrole
geometry are demonstrated by structural investigations of the
zinc(��) and rhodium(�) complexes with the N 21- and N 22-
alkylated corroles. The study has also led to a good under-
standing of the spectroscopic characteristics of the derivatives.


Discussion


Structural aspects : The parent H3(tpfc) macrocycle is already
distorted from planarity by the need to accommodate the
three inner protons of the corrole ring with minimal steric
interference between them.[2b] Replacement of one of these
protons by a much bulkier alkyl/aryl group, such as a benzyl or
picolyl moiety, effects an increased hindrance inside the
macrocycle and leads to severe deformation of the corrole
core from planarity. This is clearly illustrated by the isomor-
phous structures of the N 21-benzyl and -picolyl structures 1
and 2 depicted in Figure 1. In the observed conformation, the
N 21 pyrrole ring is considerably tilted upward with respect to
the planes of the three other pyrrole rings. Moreover, the aryl
substituent on this ring is bent away from the ring in one
direction, while the N 22 and N 24 protons are bent away in the
other direction, in order to avoid collision. These deforma-
tions are best quantified by the structural parameters that are
listed in Table 1. The twist angles between the planes of
adjacent pyrrole rings (the individual rings are quite planar),
moving around the ring from N 21 through N 22, N 23 and N 24 to
N 21 are: 30.0, 5.9, 0.8, and 30.8� in 1 and 30.9, 5.4, 0.7, and 31.4�
in 2. These should be compared with the corresponding twist
angles of 4.4, 9.4, 19.1 and 19.5� in H3(tpfc).[2b] The deviations
of the CH2 carbon atom and the two inner protons from the
plane of the three nonsubstituted pyrrole nitrogen atoms are,
respectively, 1.72, �0.49, and �0.05 ä in 1 and 1.71, �0.44,
and �0.51 ä in 2. In the resulting structures, a minimal
van der Waals distance of 2.2 ä is maintained between the
inner NH and CH2 protons. The aromatic substituent points
upwards and towards the open space above (and parallel to)
the C1�C19 bond. The three pentafluorophenyl groups are
oriented roughly perpendicular to the corrole framework.


The isomorphous structures of the N 22-benzyl (3) and
picolyl (4) derivatives are illustrated in Figure 2. They are
characterized by similarly distorted conformations in which
the N 22 pyrrole that bears the bulky substituents is deflected
outwards (N 22 lies 0.43 ± 0.48 ä above the plane defined by


Figure 1. Molecular structures of the N 21-substituted corroles. Top: N 21-
benzyl-tpfc (1); bottom: N 21-picolyl-tpfc (2). For clarity, in this and the
following figures the various atoms are represented by arbitrarily sized
spheres (detailed anisotropic displacement parameters are available in the
deposited CIF files). Blank spheres represent carbon and hydrogen, while
the crossed ones represent the F, N, and O heteroatoms as well as the metal
ions. The numbers relate to the 1H NMR chemical shifts (�) of the relevant
protons.


Figure 2. Molecular structures of the N 22-substituted corroles. Top: N 22-
benzyl-tpfc (3); bottom: N 22-picolyl-tpfc (4).
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the three other nitrogen atoms), while the N 21H protons are
bent in the opposite direction to minimize repulsive inter-
action (Table 1). As the aromatic substituent is now located in
a more crowded environment between two pentafluorophenyl
groups, the detailed conformations of these compounds are
slightly different from those of the former examples. The
corrole ring is further deformed from planarity, and the
benzyl/picolyl aryls are oriented edge-on with respect to the
molecular center. The pentafluorophenyl residues are also
twisted from the perpendicular orientation seen in 1 and 2 by
about 20� to optimize dispersive interactions with the adjacent
CH-covered fragments of these structures.


Insertion of monovalent rhodium(�), in the form of its
[Rh(CO)(PPh3)]� complex ion, into racemic 4 is associated
with elimination of one of the inner protons from the corrole,
and further deformation of the corrole core. As one face of
the macrocycle is blocked by the picolyl substituents, the
metal ion may interact only from the opposite side, the side at
which the two inner protons are directed (Figure 3). In the
resulting compound 5, the rhodium ion is in a square-planar
coordination environment, being ligated to the CO (at Rh�C
1.832 ä), PPh3 (at Rh�P 2.257 ä, N 23 and N 24 (at Rh�N of


Figure 3. View of the molecular structure of [RhI{H(N 22-picolyl-
tpfc)}(CO)(PPh3)] (5). Hydrogen atoms on the PPh3 residue are omitted
for clarity.


2.095 and 2.096 ä, respectively) sites. It is located 1.51 ä
above the plane defined by the three nitrogen atoms located
on this side of the corrole ring (N 21, N 23, and N 24). The
molecular structure is further stabilized by a weak N 21H ¥ ¥ ¥
N 23 hydrogen bond (at H ¥ ¥ ¥N 2.2 ä) across the ring. The


Table 1. Selected conformation and coordination parameters (data at 110 K).


a) Free-base N-substituted corroles
1 2 3 4


i. Torsion angles between the pyrrole rings [�]
N 21 ring ± N 22 ring 30.0 30.9 34.1 32.0
N 22 ring ± N 23 ring 5.9 5.4 36.0 34.3
N 23 ring ± N 24 ring 0.8 0.7 4.5 3.6
N 24 ring ± N 21 ring 30.8 31.4 10.1 10.8


ii. Deviations from the plane of the three nonsubstituted pyrrole nitrogen atoms [ä]
substituted N 0.33 0.33 0.43 0.48
methylene C 1.72 1.71 1.78 1.81
methyl protons 1.71, 2.06 1.69, 2.05 1.83, 1.89 1.86, 1.87
inner protons � 0.49 (H 22) � 0.44 (H 22) � 0.38 (H 21) � 0.31 (H 21)


� 0.05 (H 24) � 0.51 (H 24) 0.01 (H 23) � 0.04 (H 23)


iii. Dihedral angles between mean planes of the C6F5 substituents and the corrole carbon ring [�]
67.1, 68.9, 89.8 67.5, 69.0, 89.7 46.4, 50.8, 59.8 44.7, 55.8, 65.0


b) Metal complexes of N-substituted corroles
5 6[a] 7[a]


i. Torsion angles range between the pyrrole rings [�]
N 21 ring ± N 22 ring 33.0 30.0 ± 38.8 37.4 ± 43.1
N 22 ring ± N 23 ring 36.5 1.8 ± 11.1 11.7 ± 17.3
N 23 ring ± N 24 ring 35.3 2.4 ± 9.5 17.1 ± 22.2
N 24 ring ± N 21 ring 31.6 36.3 ± 39.7 36.7 ± 38.4


ii. M�N(pyrrole) bond length range [ä] (M�Rh in 5, Zn in 6 and 7)
2.095 ± 2.096 1.944 ± 1.981 1.956 ± 1.987


iii. M�N(pyrrole) nonbonding (in 5) or weakly bonding (in 6 and 7) distances [ä]
3.061 (N 21) 2.382 ± 2.405 (N 21) 2.224 ± 2.247 (N 21)
3.400 (N 22)


iv. M�X (axial ligand) bond lengths [ä]
1.832 (C), 2.257 (P) 2.053 ± 2.085 (Npy) 2.073 ± 2.093 (Npy)


v. Deviations from the plane of the three nonsubstituted pyrrole nitrogen atoms [ä]
metal ion 1.51 0.55 ± 0.59 0.50 ± 0.51
substituted N � 0.29 � 0.17 ± � 0.30 0.41 ± 0.46
methylene C � 1.62 � 1.65 ± � 1.76 1.88 ± 1.92


vi. Dihedral angles between mean planes of the C6F5 substituents and the corrole carbon ring [�]
51.1, 58.5, 78.6 53.1, 69.4, 75.1 57.1, 71.4, 74.9


61.1, 64.4, 82.2 62.9, 68.9, 71.1
59.6, 72.4, 85.0 63.4, 76.5, 81.7


[a] Parameters/parameter ranges for the three independent molecules in the asymmetric unit.
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observed structure of the [RhI ± rac-(N 22-picolyl-tpfc)] is
isomorphous with that of the corresponding [RhI ± rac-(N 22-
benzyl-tpfc)] isomer, reported elsewhere.[7g] Both compounds
are stable towards further oxidation of the metal ion in air,
preserving one inner proton within the corrole macrocycle.


Just like related porphyrin-like macrocycles, the N 21-aryl-
tpfc ligands 1 and 2 can be also readily metallated by zinc(��).
This reaction is associated with elimination of the two inner
protons. Figure 4 illustrates the molecular structure of the
benzyl derivative 6 crystallized in the presence of pyridine. As
expected, the metal ion and the benzyl substituent on N 21 are


Figure 4. Two of the crystallographically independent enantiomers con-
tained in the crystals of [ZnII(N 21-benzyl-tpfc)(py)] (6). Note that the
benzyl substituent and the pyridyl ligand are aligned in different directions
with respect to the core of the corrole macrocycle.


located on opposite sides of the corrole. The zinc ion perches
on one side and coordinates to the three non-alkylated
pyrrole nitrogen atoms at Zn�N distances in the range of
1.944 ± 1.981 ä. Since the N 21 is directed at the opposite side
of the corrole it may coordinate only weakly to the zinc ion (at
2.382 ± 2.405 ä). The latter is thus forced to adopt a rather
unusual pseudotrigonal coordination. This may explain its
high affinity for the axial pyridyl ligand even if the latter is
present in the crystallization environment only in very small
amounts. As in the previous example, the axial coordination
of the metal ion occurs in a direction opposite to the
orientation of the benzyl substituent. For example, the zinc
ion is located 0.55 ± 0.59 ä above the plane of the three
nonsubstituted nitrogen atoms, while the methylene carbon is
positioned 1.65 ± 1.71 ä below this plane. The resulting
coordination geometry around the zinc ion is thus pseudote-
trahedral–very uncommon for zinc complexes of porphyrins
and related macrocycles. The conformation details of this


corrole structure are summarized in Table 1, and are in accord
with the trend observed in the previous examples. The
asymmetric unit of this compound, 6, like that of 7 (see
below), contains three molecules of the complex of different
chirality, allowing independent determination of the structure
of the two enantiomeric species (Figure 4).


In sharp contrast to the divergent geometries of the N-
substituted corroles and their metal complexes described
above, the zinc complex of the N 21-picolyl-tpfc derivative
represents a convergent structure (Figure 5). The pyridine
moiety of the picolyl substituent is readily attracted to the zinc


Figure 5. Two of the crystallographically independent enantiomers con-
tained in the crystals of [ZnII(N 21-picolyl-tpfc)] (7), illustrating the
convergent arrangement of the picolyl group onto the zinc-metallated
corrole and the domed structure of the latter.


ion as an axial ligand, thus replacing the external pyridine
moiety of the previous example. Consequently, the corrole
ring is considerably flattened in order to allow more
convenient coordination of the zinc ion to all four pyrrole
nitrogen atoms (at Zn ± N(pyrrole) distances of 1.956 ±
1.987 ä for the nonsubstituted sites, and 2.224 ± 2.247 ä for
the substituted sites). The strong axial coordination to the
picolyl residue is reflected in the Zn�N bond lengths of
2.073 ± 2.093 ä. The entire complex is thus characterized by a
convergently domed conformation, in which the pyrrole
nitrogen atoms lie about 0.25 ± 0.44 and 0.83 ± 0.85 ä (for
N 21) above the plane of the 19-membered carbon macrocycle,
with the zinc ion located 0.42 ä above the mean plane of the
four nitrogen atoms. In this structure, the zinc ion is essentially
five-coordinate with a typical (though slightly distorted)
square-pyramidal geometry. It has been shown earlier that
the axial coordination of the picolyl substituent can be
reversibly displaced by addition of an external pyridine
moiety.[8]
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Spectroscopic aspects : Another goal of the current investiga-
tions was to search for a correlation between the structural
and spectroscopic features of the compounds. As far as the
electronic spectra are concerned, this appears to be quite a
straightforward task. The spectroscopic differences between
the isomers are demonstrated in Figure 6, which compares the


Figure 6. Electronic spectra of (top) the corrole H3(tpfc) (broken line) and
the N-substituted corrole 2 and (bottom) the corrole H3(tpfc) (broken line)
and the N-substituted corrole 4.


spectra of 2, 4, and H3(tpfc) (the spectra of 1 and 3 are very
similar to those of 2 and 4, respectively). Clearly, the spectrum
of the N 21 isomers is much more similar to that of H3(tpfc)
than to that of the N 22 isomers, whose spectrum is shifted to
significantly longer wavelengths. The crystallographic data in
Table 1 show that the out-of-plane displacement of the
substituted nitrogen atom in 1 and 2 is less, by about 0.1 ä,
than in 3 and 4, thus explaining the spectral similarity of the
former to the nonsubstituted corrole. The significant red shift
of the N 22 isomers 3 and 4 is also in line with expectations, as
extensive work on porphyrins revealed that an increase in
nonplanarity is accompanied by a red shift of the electronic
spectra.[9]


In the 1H NMR spectra of 1 ± 4 the most relevant
information resides in the high-field part (between ���1
and �4, see Figures 1 and 2), which is known to reflect the
diamagnetic current effect of the aromatic macrocycle.[10] The
resonances of the NH protons are found at ���3.0� 0.1 in
all four compounds, consistent with the similarity of their
location as deduced from their X-ray structures (Table 1 a, ii).
But the N-CH2-Ar resonances of the N 21 isomers 1 and 2 are
shifted much less (�1.7 to �2.34 ppm) than those of the N 22


isomers 3 and 4 (�3.28 to �4.09 ppm). Attempts to use the
crystallographic data per se reveal an apparent contradiction,
as the distances of the substituted nitrogen atom from the
plane defined by the nonsubstituted pyrrole nitrogen atoms
are smaller by about 0.1 ä in 1 and 2 than those in 3 and 4


(Table 1 a ii). Accordingly, the N-CH2-Ar resonances of 1 and
2 would be expected to be shifted more rather than less. This
dilemma may be resolved by considering that while the X-ray
data accounts only for one particular conformation, the NMR
spectra reflect the average of all possible conformations. As
may be appreciated from Figures 1 and 2 and the structural
discussion, the N 21 isomers 1 and 2 are much less crowded
than the N 22 isomers 3 and 4. Thus, the observed conforma-
tions with the methylene protons pointing into the center of
the macrocycle and the aryl group pointing away from it are
less likely to be representative of the average structure in 1
and 2 than in 3 and 4. Supporting evidence for this hypothesis
is provided by the zinc(��) complex of 2 (complex 7, Figure 5).
The picolyl moiety in 7 is within the corrole center and the
N-CH2-Ar resonances are located at �� 1.11 and 0.90. The
much lower likelihood of such a conformation in the N 22


isomers is reflected in the significantly lower stability of the
zinc(��) complex of 4 : all our attempts to isolate this complex
failed because it liberated its metal ion very easily.


Conclusion


We have fully characterized four N-substituted corroles and
analyzed their structural and spectroscopic aspects, as well as
that of the zinc(��) and rhodium(�) complexes. It became clear
that N 21 substitution creates a less crowded environment that
allows for chelation of zinc(��) to the inner core of the corrole
and intramolecular binding of the picolyl subunit to the metal
ion. This opens up the opportunity of utilizing such com-
plexes–which contain both a Lewis acid and a potential
nucleophile/base within a chiral environment–as catalysts for
various reactions, a project that is currently under investiga-
tion in our laboratories.


Experimental Section


Physical methods : The 1H NMR and 19F 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 relative to
residual hydrogens in the deuterated solvents: �� 7.24 and 7.15 for
chloroform and benzene, respectively, and relative to CFCl3 (�� 0.00) in
the 19F NMR spectra. Mass spectrometry was performed on a TSQ 70
Finnigan with isobutene as carrier gas (DCI� and DCI� are desorption
chemical ionization methods with negative and positive detection, respec-
tively).


Materials : Benzene (Merck, thiophene-free), for use in synthesis, was dried
by distilling off a few mL. Pyridine (RDH) was dried over KOH.
[Rh2(CO)4Cl2] (Strem), Zn(OAc)2 ¥ 2H2O (Aldrich) and deuterated sol-
vents (Aldrich and Cambridge Isotopes products) were used as received.


Synthetic methods : The synthetic details for the preparation of H2(N 21-
benzyl-tpfc) (1), H2(N 21-picolyl-tpfc) (2), H2(N 22-benzyl-tpfc) (3), and
H2(N 22-picolyl-tpfc) (4) are provided in the previous publication.[8]


(Carbon monoxide)(triphenylphosphine)rhodium(�) complex of 4
[RhI{H(N 22-picolyl-tpfc)}(CO)(PPh3)] (5): PPh3 (60 mg, 0.23 mmol), dry
K2CO3 (1.56 g, 11.3 mmol), and dry NaOAc (1.85 g, 22.5 mmol) were added
to 2 (20 mg, 22.6 �mol) in dry benzene (30 mL). The mixture was heated to
reflux temperature under Ar and [Rh2(CO)4Cl2] (90 mg, 0.23 mmol) was
added in portions over 3 h. After an additional 2 h under reflux (Ar
atmosphere), the reaction mixture was checked by TLC (silica gel, n-
hexane/EtOAc 10:1), confirming that all starting material had been
consumed. The reaction mixture was cooled to RT and filtered, and the
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solvent was evaporated. Purification of the material was performed by
column chromatography (silica gel, n-hexane/EtOAc 100:1, only one
significant fraction). A brilliant green solid was obtained after evaporation
of the solvent, and X-ray quality crystals were obtained by recrystallization
from benzene and n-heptane. The average yield of 5 for several syntheses
was in the range of 60 ± 65 % (17 ± 19 mg, 13.5 ± 14.7 �mol). 1H NMR
(400 MHz, [D6]benzene, RT): �� 8.30 (unresolved d, 1 H; �-pyrrole H),
7.98 (m, 3H; �-pyrrole H), 7.91 (unresolved d, 1H; �-pyrrole H), 7.82 (d,
3J(H,H)� 4.38 Hz, 1 H; �-pyrrole), 7.69 (d, 3J(H,H)� 5.27 Hz, 1H; �-
pyrrole H), 7.47 (d, 3J(H,H)� 4.15 Hz, 1H; �-pyrrole H), 6.83 (t, 3J(H,H)�
7.18 Hz, 3H; para-H, PPh3), 6.63 (t, 3J(H,H)� 7.02 Hz, 6H; meta-H, PPh3),
5.8 ± 6.0 (m, 9H; unresolved signals of meta-H (2 H) and para-H (1 H) N 22-
pyridyl, ortho-H (6 H) PPh3), 3.05 (d, 3J(H,H)� 7.77 Hz, 1 H; ortho-H, N 22-
pyridyl), 1.68 (s, 1 H; NH), �4.51 (d, 3J(H,H)� 14.58 Hz, 1H; N 22-pyridyl),
�5.21 (d, 3J(H,H)� 14.74 Hz, 1 H; N 22-pyridyl); 19F NMR (188 MHz,
CDCl3, RT): ���136.52 (dd, 3J(F,F)� 23.88 Hz, 4J(F,F)� 8.46 Hz, 1 F;
ortho-F); �138.114 (m, 3F; ortho-F); �138.84 (dd, 3J(F,F)� 25.00 Hz,
4J(F,F)� 9.59 Hz, 1F; ortho-F); �141.41 (dd, 3J(F,F)� 24.064 Hz,
4J(F,F)� 7.76 Hz, 1 F; ortho-F); �153.30 (t, 3J(F,F)� 21.056 Hz, 1F; para-
F); �154.169 (m, 2 F; para-F); �161.84 (td, 3J(F,F)� 20.68 Hz, 4J(F,F)�
8.46 Hz, 1F; meta-F), �162.35 (td, 3J(F,F)� 21.62 Hz, 4J(F,F)� 8.46 Hz,
1F; meta-F), �162.71 (td, 3J(F,F)� 22.00 Hz, 4J(F,F)� 8.65 Hz, 1 F; meta-
F), �163.35 (m, 3 F; meta-F); UV/Vis (CH2Cl2): �max (rel. �, %)� 466 (100),
614 (21), 664 nm (14); MS (DCI�): m/z (%): 1279 (100) [M]� .


(Pyridine)zinc(��) complex of 1 [ZnII(N 21-benzyl-tpfc)(py)] (6): Zinc
acetate (Zn(OAc)2 ¥ 2H2O, 10 mg, 46 �mol) was added to a hot solution
of 1 (10 mg, 11.3 �mol) in dry pyridine (2 mL), inducing an immediate color
change from pink-red to green. After an additional 10 min under reflux, the
solution was cooled to RT, and the pyridine was evaporated. The new green
material was purified by column chromatography (silica gel, CH2Cl2 with a
few drops of pyridine). X-ray quality crystals (17 mg, 77.3%) were obtained
by recrystallization from a mixture of CHCl3 and n-heptane. 1H NMR
(200 MHz, CDCl3, RT): �� 8.71 (d, 3J(H,H)� 3.8 Hz, 1 H), 8.57 (t,
3J(H,H)� 3.77 Hz, 2 H), 8.47 (d, 3J(H,H)� 4.9 Hz, 2 H), 8.22 (d,
3J(H,H)� 4.4 Hz, 1 H), 7.94 (d, 3J(H,H)� 3.6 Hz, 1H), 6.90 (d, 3J(H,H)�
3.89 Hz, 1 H), 6.79 (d, 3J(H,H)� 7.22 Hz, 1H), 6.65 (m, coordinated
pyridine), 5.91 (t, 3J(H,H)� 6.3 Hz, 2 H), 5.31 (d, 3J(H,H)� 7.3 Hz, 2H),
�1.92 (d, 3J(H,H)� 14.15 Hz, 1 H), �2.05 (d, 3J(H,H)� 14.15 Hz, 1 H); 19F
NMR (188 MHz, CDCl3, RT): ���136.56 (dd, 3J(F,F)� 24.25 Hz,
4J(F,F)� 7.52 Hz, 1 F), �137.46 (m, 2F), �137.89 (dd, 3J(F,F)� 24.81 Hz,
4J(F,F)� 5.82 Hz, 1 F), �138.38 (dd, 3J(F,F)� 24.06 Hz, 4J(F,F)� 7.52 Hz,
1F), �141.66 (dd, 3J(F,F)� 24.25 Hz, 4J(F,F)� 7.71 Hz, 1F), �153.93 (t,
3J(F,F)� 21.05 Hz, 1F), �154.42 (t, 3J(F,F)� 21.05 Hz, 1F), �155.0 (t,
3J(F,F)� 21.05 Hz, 1 F), �163.0 (m, 6F); UV/Vis (CH2Cl2): �max (�)� 428
(59 500), 620 nm (26 700); MS (DCI�): m/z (%): 948 (100) [M]� .


Zinc(��) complex of 2 [ZnII(N 21-picolyl-tpfc)] (7): This complex was
prepared from compound 2 in complete analogy to the synthesis of 6
described above. Zn(OAc)2 ¥ 2 H2O (20 mg, 92 �mol) was added to a hot
solution of 1 (20 mg, 22.6 �mol) in dry pyridine (5 mL). The green material
(22 mg, 95 %) that was obtained directly after solvent evaporation was
characterized as a pentacoordinated zinc complex with external pyridine as
axial ligand, [ZnII(N 21-picolyl-tpfc)(py)]. 1H NMR (200 MHz, CDCl3, RT):
�� 8.68 (d, 3J(H,H)� 4.05 Hz, 1H), 8.49 (d, 3J(H,H)� 4.35 Hz, 2 H), 8.41
(d, 3J(H,H)� 4.8 Hz, 2 H), 8.17 (d, 3J(H,H)� 4.1 Hz, 1H), 7.91 (d,
3J(H,H)� 3.78 Hz, 2 H), 7.67 (br s, coordinated pyridine fragment of the
picolyl unit), 7.11 (m, 1H), 6.79 (d, 3J(H,H)� 4.0 Hz, 1 H), 6.65 (m, 1H),
5.51 (d, 3J(H,H)� 7.7 Hz, 1H), �1.41 (d, 3J(H,H)� 13.6 Hz, 1 H), �1.53 (d,
3J(H,H)� 13.6 Hz, 1H); 19F NMR (188 MHz, CDCl3, RT): ���136.93
(dd, 3J(F,F)� 24.4 Hz, 4J(F,F)� 7.52 Hz, 1F), �137.22 (dd, 3J(F,F)�
24.4 Hz, 4J(F,F)� 7.90 Hz, 2 F), �137.97 (dd, 3J(F,F)� 25.30 Hz, 4J(F,F)�
7.70 Hz, 1 F), �138.47 (dd, 3J(F,F)� 24.80 Hz, 4J(F,F)� 6.80 Hz, 1 F),
�142.21 (dd, 3J(F,F)� 24.25 Hz, 4J(F,F)� 7.52 Hz, 1F), �154.02 (t,
3J(F,F)� 20.96 Hz, 1F), �154.44 (t, 3J(F,F)� 20.77 Hz, 1F), �155.04 (t,
3J(F,F)� 21.05 Hz, 1 F), �163.0 (m, 6 F); UV/Vis (CH2Cl2): �max � 428,
620 nm. Final purification of the material was by column chromatography
(silica gel, CH2Cl2), during which the external axial ligand (pyridine) was
replaced by the intramolecular pyridine fragment of the picolyl unit. X-ray
quality crystals (19 mg, 89 %) were received by recrystallization from
CHCl3 and n-heptane. 1H NMR (200 MHz, CDCl3, RT): �� 8.64 (d,
3J(H,H)� 4.2 Hz, 1H), 8.48 (d, 3J(H,H)� 5.06 Hz, 1H), 8.34 (d, 3J(H,H)�
4.44 Hz, 3H), 8.27 (m, 2 H), 7.62 (d, 3J(H,H)� 3.80 Hz, 1H), 6.72


(dt, 3J(H,H)� 7.98 Hz, 4J(H,H)� 1.46 Hz, 1H), 5.97 (t, 3J(H,H)� 5.5 Hz,
1H), 5.92 (d, 3J(H,H)� 7.7 Hz, 1H), 4.64 (d, 3J(H,H)� 5.0 Hz, 1H), 1.11 (d,
3J(H,H)� 12.92 Hz, 1 H), 0.90 (d, 3J(H,H)� 12.92 Hz, 1 H); 19F NMR
(188 MHz, CDCl3, RT): ���137.25 (dd, 3J(F,F)� 24.4 Hz, 4J(F,F)�
8.64 Hz, 1F), �137.84 (dd, 3J(F,F)� 24.25 Hz, 4J(F,F)� 8.27 Hz, 1 F),
�138.14 (dd, 3J(F,F)� 24.44 Hz, 4J(F,F)� 8.46 Hz, 1 F), �138.64 (dd,
3J(F,F)� 24.80 Hz, 4J(F,F)� 8.27 Hz, 1 F), �139.25 (dd, 3J(F,F)�
24.44 Hz, 4J(F,F)� 8.46 Hz, 1 F), �140.28 (dd, 3J(F,F)� 23.12 Hz,
4J(F,F)� 7.89 Hz, 1F), �154.0 (t, 3J(F,F)� 20.93 Hz, 1 F), �154.43 (t,
3J(F,F)� 20.77 Hz, 1 F), �155.05 (t, 3J(F,F)� 21.05 Hz, 1 F), �163.40 (m,
6F); UV/Vis (CH2Cl2): �max (�)� 430 (57 900), 606 nm (18 600); MS (DCI�):
m/z (%): 949 (100) [M]� .


X-ray crystallography of 1 ± 7: The analyzed materials crystallize as solvates
(with either n-hexane, n-heptane, benzene, or water), and tend to
deteriorate in air. They were therefore coated with a thin layer of
amorphous hydrocarbon oil in order to minimize deterioration. The X-ray
diffraction measurements were carried out on a Nonius Kappa CCD
diffractometer at �110 K in order to minimize structural disorder and
thermal motion effects, and to increase the precision of the results. The
crystal structures were solved by direct and Patterson methods (SIR-92,
SHELXS-86, DIRDIF-96),[11] and refined by least-squares based on F 2 for
all reflections (SHELXL-97).[12] All non-hydrogen atoms were refined with
anisotropic displacement parameters, with the exception of those of the
disordered solvent in 1 (hexane), 3 (water), and 6 (heptane), which were
treated isotropically. Most of the hydrogen atoms were located in
calculated positions to correspond to standard bond lengths and angles,
and were included in the refinement with isotropic U, using a riding model;
those attached to the N atoms inside the corrole ring were located in
residual electron-density maps obtained from the low-temperature data.
All compounds are racemic, and crystallized either in centrosymmetric
space groups (3 ± 7), or as racemic twins in a chiral space group (1 ± 2).


H2(N 21-benzyl-tpfc) (1), (C44H17F15N4) ¥ (C6H14): Mr� 972.8, monoclinic,
space group P21 (No. 4), a� 14.925(1), b� 10.619(1), c� 15.149(1) ä, ��
119.39(1)�, V� 2091.9(11) ä3, Z� 2, �calcd � 1.544 gcm�3, 2�max � 51.4�, 4167
unique reflections. Final R1� 0.054 for 3581 reflections with F� 4�(F),
R1� 0.068 and wR2� 0.172 for all data. Racemic twin. The hexane solvent
is disordered in the lattice, and its geometry could not be reliably
determined.


H2(N 21-picolyl-tpfc) (2), (C43H16F15N5) ¥ (C7H16): Mr� 987.8, monoclinic,
space group P21 (No. 4), a� 15.151(1), b� 10.567(1), c� 15.182(1) ä, ��
120.31(1)�, V� 2098.4(19) ä3, Z� 2, �calcd � 1.563 gcm�3, 2�max � 51.5�,
4050 unique reflections. Final R1� 0.071 for 2960 reflections with F�


4�(F), R1� 0.107 and wR2� 0.177 for all data. Racemic twin. The heptane
solvent is partly disordered.


H2(N 22-benzyl-tpfc) (3), (C44H17F15N4) ¥ (H2O): Mr� 904.6, triclinic, space
group P1≈ (No. 2), a� 7.593(1), b� 15.024(1), c� 17.803(1) ä, �� 65.88(1),
�� 77.80(1), �� 85.59(1)�, V� 1811.7(1) ä3, Z� 2, �calcd � 1.658 gcm�3,
2�max � 50.8�, 6492 unique reflections. Final R1� 0.048 for 5023 reflections
with F� 4�(F), R1� 0.069 and wR2� 0.122 for all data.


H2(N 22-picolyl-tpfc) (4), (C43H16F15N5) ¥ 0.5 (C6H14): Mr� 930.7, triclinic,
space group P1≈ (No. 2), a� 7.480(1), b� 15.026(1), c� 18.006(1) ä, ��
113.48(1), �� 96.61(1), �� 94.74(1)�, V� 1825.4(1) ä3, Z� 2, �calcd �
1.693 g cm�3, 2�max � 55.9�, 8334 unique reflections. Final R1� 0.057 for
5462 reflections with F� 4�(F), R1� 0.097 and wR2� 0.152 for all data.
The hexane solvent is located on, and partly disordered about, centers of
inversion.


[RhI{H(N 22-picolyl-tpfc)}(CO)(PPh3)] (5), (C62H30F15N5OPRh) ¥
0.5 (C6H6): Mr� 1318.8, monoclinic, space group C2/c (No. 15), a�
34.697(1), b� 13.225(1), c� 26.937(1) ä, �� 118.58(1)�, V�
10854.6(5) ä3, Z� 8, �calcd � 1.614 g cm�3, 2�max � 51.4�, 10 087 unique
reflections. Final R1� 0.047 for 7067 reflections with F� 4�(F), R1�
0.083 and wR2� 0.114 for all data.


[ZnII(N 21-benzyl-tpfc)(py)] (6), 3(C49H20F15N5Zn) ¥ (C7H16): Mr� 3187.4,
triclinic, space group P1≈ (No. 2), a� 14.976(1), b� 18.051(1), c�
27.838(1) ä, �� 75.61(1), �� 77.14(1), �� 66.34(1)�, V� 6612.4(1) ä3,
Z� 2, �calcd � 1.601 g cm�3, 2�max � 50.6�, 23366 unique reflections. Final
R1� 0.082 for 13 072 reflections with F� 4�(F), R1� 0.172 and wR2�
0.195 for all data. Molecules of the heptane solvent are located on, and
disordered about, centers of crystallographic inversion.
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[ZnII(N 21-picolyl-tpfc)] (7), 3(C43H14F15N5Zn) ¥ (C7H16): Mr� 2953.1, mon-
oclinic, space group P21/c (No. 14), a� 22.603(1), b� 18.117(1), c�
29.387(1) ä, �� 96.84(1)�, V� 11984.3(3) ä3, Z� 4, �calcd � 1.642 gcm�3,
2�max � 50.7�, 20 786 unique reflections. Final R1� 0.051 for 14 277 reflec-
tions with F� 4�(F), R1� 0.092 and wR2� 0.128 for all data.


In 6 and 7 the crystallographic asymmetric unit contains three structurally
independent corrole species, one of them of different chirality from the
other two. In all structures the pentafluorophenyl substituents exhibit a
large-amplitude wagging motion, which reflects their partial rotational
disorder.


CCDC-176 178 (1), 176 179 (2), 176 180 (3), 176 181 (4), 176 182 (5), 176 183
(6), and 176 184 (7) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44) 1223-
336033; or deposit@ccdc.cam.uk).
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Nanocrystalline Metal Oxides as Destructive Adsorbents for
Organophosphorus Compounds at Ambient Temperatures


Shyamala Rajagopalan,[a] Olga Koper,[a] Shawn Decker,[a] and Kenneth J. Klabunde*[a, b]


Abstract: Nanocrystals of magnesium
oxide react with organophosphorus
compounds at room temperature by
dissociative chemisorption, which we
term ™destructive adsorption∫. This
process involves cleavage of P�O and
P�F bonds (but not P�C bonds) and
immobilization of the resultant molec-
ular fragments. These ultrafine powders
have unusual crystalline shapes and
possess high surface concentrations of
reactive edge/corner and defect sites,
and thereby display higher surface re-
activity, normalized for surface area,


than typical polycrystalline material.
This high surface reactivity coupled with
high surface area allows their use for
effective decontamination of chemical
warfare agents and related toxic sub-
stances. Herein data is presented for
paraoxon, diisopropylfluorophosphate
(DFP), and (CH3CH2O)2P(O)CH2-
SC6H5 (DEPTMP). Solid-state NMR


and IR spectroscopy indicate that all
OR and F groups dissociate; this leaves
bound �PO4, �F, and �OR groups for
paraoxon, DFP, and DEPTMP, respec-
tively. For paraoxon, it was shown that
one monolayer reacts. For DEPTMP,
the OR groups dissociate, but not the
P�CH2SC6H5 group. The nanocrystal-
line MgO reacts much faster and in
higher capacity than typical activated
carbon samples, which physisorb but do
not destructively adsorb these phospho-
rous compounds.


Keywords: adsorption ¥ decontami-
nation ¥ MgO ¥ organophosphorus
compounds ¥ solid-state reactions


Introduction


Nanocrystalline materials exhibit a wide array of unusual
properties, and can be considered as new materials that bridge
molecular and condensed matter.[1] One of the unusual
features is enhanced surface chemical reactivity (normalized
for surface area) toward incoming adsorbates.[2] For example,
4 nm MgO crystals adsorb more than three times as much SO2


or CO2 per nm2 than more conventional material, and many
times more than commercially available common MgO.[3]


Similarly, nano-MgO, CaO, and Al2O3 adsorb polar organics
such as aldehydes, alcohols, ketones, and other polar organics
in very high capacities, and substantially outperform the
activated carbon samples that are normally employed for such
purposes.[4] Indeed, nanocrystalline oxides in powder or
porous pellet forms make up a family of very powerful
adsorbents.[5]


Herein we report studies aimed at determining if these
ionic, nontoxic materials would be capable of destructive


adsorption of organophosphorus reagents at room temper-
ature or below.[6±9] Previous work at elevated temperature
(�300 �C) has shown that organophosphorous compounds are
effectively mineralized by these nanomaterials;[6] while NMR
studies of nanocrystalline MgO, CaO, and Al2O3 interacting at
room temperature with VX, HD, and GD (chemical warfare
agents) have been promising and indicate that the products
are nontoxic.[7]


Experimental Section


Commercial oxides were purchased from Fisher Scientific or Aldrich.
Conventionally prepared (CP) oxides such as CP-MgO were prepared as
previously described, as were aerogel oxides such as AP-MgO (nano-
crystalline materials).[8] These preparation methods involved a final heat
treatment under vacuum at 500 �C. The oxides were stored under nitrogen,
but can be handled in air during experimental manipulations. Paraoxon and
DFP were purchased from Aldrich, and DEPTMP was purchased from
Lancaster; all three were used as received. Activated carbon samples were
purchased from Aldrich.


Samples for FTIR analysis were prepared by grinding a sample of the
vacuum-dried solid (1 to 3 mg) with anhydrous KBr (100 mg). Pellets were
made with a standard pellet press. IR spectra of neat liquids were obtained
by spreading a thin film of the liquid between a pair of salt plates. 31P NMR
spectra were obtained by using a Tecmag 270 MHz spectrometer equipped
with a Doty Scientific 7 mm high-speed CP-MAS probe, and by using direct
excitation and high power proton decoupling.[10] The observation frequency
for 31P was 109.55 MHz. Samples were packed in a sapphire rotor with kel-
F end caps and typically spun at 4700 Hz. Chemical shifts were referenced
to external 85% H3PO4 (�� 0 ppm). 13C MAS NMR spectra were obtained
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on a Chemagnetics CMX-300 model 300 MHz spectrometer with an
observation frequency of 75 MHz. Samples were spun at 8000 Hz.
Chemical shifts were referenced to external TMS (�� 0 ppm)


Room-temperature destructive adsorption of paraoxon [(CH3CH2O)2-


P(O)OC6H4NO2] and DEPTMP [(CH3CH2O)2P(O)CH2SC6H5]: Adsorb-
ents examined in this study included aerogel-prepared magnesium oxide
(AP-MgO), conventionally prepared magnesium oxide (CP-MgO), com-
mercially available magnesium oxide (CM-MgO), activated carbons from
norite (AC-NO), Darco (AC-DA), coconut shell (AC-CO), and Amber-
sorb(R)572 (AM).


Adsorbent (100 or 200 mg) was placed in a 250 mL round-bottom flask
equipped with a magnetic stirrer, and pentane (100 or 200 mL) was added.
The solution was purged with nitrogen to remove any oxygen, and then the
organophosphorus compound (4.5 or 9 �L) was added and its disappear-
ance was monitored by UV/Vis spectroscopy (about 5� 10�7� detection
limit). The data were taken after 2, 5, 10, 15, and 20 minutes, then every
20 minutes up to 2 h. After overnight reaction, the solid was separated,
vacuum dried, and studied by transmission IR and NMR spectroscopy.


In some cases the spent oxides and activated carbon were extracted with
toluene, CH2Cl2, or CH3OH. For example, an excess of toluene was added
and the samples were sonicated for 20 minutes to ensure proper extraction.
After that time, the GC-MS spectra of the extracts were taken on a
Hewlett ± Packard GC-MS. In the case of AP-MgO, no paraoxon or other
organic residue was extracted, whereas in the activated carbon cases,
paraoxon was obtained in significant amounts.


Room temperature destructive adsorption of DFP, [(Me2CHO)2P(O)F]:
Adsorbents examined in this study included AP-MgO, CP-MgO, and CM-
MgO. The adsorbents were evacuated at room temperature for �15 ±
30 min (�10�4 Torr) prior to adsorption. In a typical experiment, the
adsorbent (100 mg) was weighed into a vapor-phase IR cell that could be
connected to a vacuum line. After this treatment, a background spectrum
was recorded. Subsequently, DFP was introduced (9 �L, �5wt%) into the
sample cell and the IR spectrum of the vapor phase was recorded after 1 h.
In order to assess the structure of the adsorbed species, reaction with DFP
was carried out as described below, and the DFP adsorbed on the solid was
isolated and analyzed.


In a representative experiment, a 250 mL single necked flask with a serum
cap, a stir bar, and a magnetic stirrer was charged with dry pentane
(200 mL). The solid adsorbent (200 mg) and DFP (9 �L, �5wt%) were
added sequentially to the flask. After an hour at room temperature the
stirring was stopped, the solvent was decanted, and the solid was dried
overnight under vacuum, and analyzed by IR and solid state NMR.


Results


Paraoxon : An array of samples was studied for their ability to
destructively adsorb paraoxon. The best adsorbent was nano-


CH3CH2O NO2


CH3CH2O


P


O


Paraoxon


O


crystalline magnesium oxide. The results are given in Figure 1,
which shows the disappearance of paraoxon upon exposure to
various MgO samples including AP-MgO nanocrystals, CP-
MgO microcrystals, and polycrystalline CM-MgO with pen-
tane as the solvent medium.


The AP-MgO nanoparticles outperform all other magnesia
samples tested. The paraoxon was completely adsorbed on the
AP-MgO sample before the first reading could be measured


Figure 1. Adsorption of paraoxon (4.5 �L) on magnesium oxide (0.1 g)
dispersed in pentane, monitored by UV/Vis spectroscopy (267 nm band).
AP samples are nanocrystalline (surface area 400 m2g�1, crystallite size�
4 nm); CP sample (150 m2g�1, 8 nm); CM sample (30 m2g�1, �20 nm).


at 2 minutes after exposure. This behavior has been repeated
in many test trials and is due to the material×s reactive nature
and very high surface area of 400 ± 600 m2g�1; for the studies
reported herein, a sample of 400 m2g�1 was used. The
conventionally prepared MgO samples (150 m2g�1) also
adsorbed paraoxon relatively efficiently, while commercially
available MgO samples (30 m2g�1) were not at all effective. In
addition, noncoated and coated nanoscale oxides and hydrox-
ides of calcium (aerogel and conventionally prepared),
aluminum, and zinc oxide were used. The results were also
very promising, although none was as effective as AP-MgO
(results not shown). It was also noted that when AP-MgO
samples were directly compared with each other, higher
surface area samples performed better, as would be expected.


While evidence of actual destruction of the mimic com-
pound was observed for many of these reactive adsorbents, we
were able to confirm that destructive adsorption does not take
place with activated carbon, a well-known highly adsorbent
material. Activated carbon adsorbs paraoxon; but, in contrast
to AP-MgO, it could be removed by toluene extraction. An
unexpected outcome of the research was that activated carbon
actually has a lower adsorption capacity than the AP-MgO
material on an equivalent gram basis. When 100 mg of each
adsorbent was used, only 4.5 �L of paraoxon was completely
adsorbed on the activated carbon surface whereas the AP-
MgO adsorbed/destroyed 15 �L of paraoxon. The comparison
between activated carbon and AP-MgO is illustrated in
Figure 2. In Figure 3a is shown the 31P MAS NMR spectrum
of the AP-MgO/paraoxon solid. Five peaks with the center
peak at �� 0.85 ppm are observed. The outer peaks are due to
spinning side bonds.


FTIR studies of the solid AP-MgO/paraoxon sample were
carried out, and peak assignments were made based on
literature.[9] After the adsorption on AP-MgO, a band for OH
groups appeared in the IR spectrum; this is probably due in
part to adventitious water adsorption during IR sample
preparation and handling (KBr pellets were used, as de-
scribed in the Experimental Section). However, ethoxide
dissociation could also have formed some surface �OH and
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Figure 2. Adsorption of paraoxon on AP-MgO (0.1 g) compared with
activated carbon (0.1 g) dispersed in pentane, monitored by UV/Vis
spectroscopy (267 nm band).


Figure 3. 31P MAS NMR spectra of solid AP-MgO with adsorbed para-
oxon.


C2H4. The bands due to ring stretching (1594 cm�1, 1494 cm�1)
as well as N�O asymmetric stretching at 1525 cm�1 broadened
and shifted toward lower wavenumbers. A new broad band at
1307 cm�1 might be attributed to a symmetric stretch of N�O
in ArNO2. The P�O stretching at 1283 cm�1 in the neat
paraoxon spectrum appears to be almost completely gone,
giving way to a very small feature at 1216 cm�1. A very strong
band at 1032 cm�1 assigned to C-O-(P) stretching in P-O-Et
almost completely disappeared; this indicates the dissociation
of the ethoxy group from the paraoxon. The interpretation of
the spectrum of paraoxon after adsorption on activated
carbon is much more difficult, since the spectral features are
very broad.


DEPTMP : The UV spectrum of DEPTMP in pentane
contains two absorption bands centered around 209 and


CH3CH2O


CH3CH2O


P


O


CH3CH2O


CH3CH2O


P


O


CH2S


DEPTMP


256 nm. A series of concentrations allowed construction of a
calibration curve, and by using a one-hour exposure time
(time elapsed after MgO nanoparticle powder addition) it was
determined that AP-MgO, was clearly superior to CP-MgO,
CM-MgO, and a series of activated carbon samples and
Ambersorb (Table 1).


For IR studies, AP-MgO was treated with excess DEPTMP
in pentane. After one hour the solid was collected and washed
repeatedly with pentane until UV spectra indicated that no
more DEPTMP was being removed. The solid was analyzed
by FTIR. Although the peaks were broad, alkyl and aryl C�H
bands (3100 ± 2800 cm�1) did not change much upon adsorp-
tion. The ��P�O band shifted from 1250 cm�1 to 1206 cm�1,
while a band remaining at 1048 cm�1 could be due to �C-O-P or
�C-O-Mg. Although this band did not shift, there is evidence in
the literature that the C�O stretch of some phosphonates does
not change much upon adsorption and hydrolysis by inorganic
oxides.[6, 11a, 12±14]


Figure 4 shows the 31P MAS NMR spectrum of AP-MgO-
adsorbed DEPTMP (5wt%). It displays two major peaks
centered around �� 24.2 and 15.7 ppm and a set of two
smaller peaks, which are attributed to spinning side bands (the
31P NMR shift for neat DEPTMP in CDCl3 is �� 23.4 ppm).
From a literature survey[10] we found that for derivatives of the
type (EtO)2PO(R), where R�CH3, Et, or Bu, 31P NMR delta
values ranged from �� 29.6 to 32.6 ppm. Thus, it appears that
the signals observed in the DEPTMP/AP-MgO sample are
probably due to an adsorbed species that contains a more


Figure 4. 31P MAS NMR spectra of solid AP-MgO with adsorbed
DEPTMP.


Table 1. Percentage of DEPTMP adsorbed in one hour for a series of
adsorbents.


Adsorbent Adsorbed[a] [%]


AP-MgO 96
CP-MgO 74
CM-MgO 17
AC-DA[b] 24
AC-NO 35
AC-CO 28
AM 59


[a] Average of 3 or 4 determinations. [b] Use of crushed AC-DA resulted in
47% adsorbed.
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shielded phosphorus nucleus. We assign these two peaks to
the mono- and dihydrolyzed species (cleavage of P�OEt
bonds, but not cleavage of the P�CH2 bonds). This assignment
is based on the fact that alkoxy groups in paraoxon, DFP, and
GD[7a] are readily hydrolyzed. Furthermore, in the work by
Wagner et al.[7a] the mono- and dihydrolyzed species are at
�� 18.5 and 25.7 ppm, respectively, which are close to the
peaks we observed for the hydrolyzed DEPTMP. Also, upon
aging the AP-MgO/DEPTMP sample the peaks at �� 24.2
(major) and 15.7 (minor) changed slightly to �� 25.0 and 17.9,
respectively. The minor peak also grew; this suggests that it
represents the dihydrolyzed species.


DFP : Experiments with DFP were carried out by exposing
the reagents to MgO samples under vacuum and analyzing the
vapor above the solid by IR spectroscopy. These studies
showed that all of the DFP sample was adsorbed from the
vapor phase by AP-MgO, whereas CP-MgO and CM-MgO


did not completely adsorb the
sample. Thus, qualitatively, AP-
MgO was a superior adsorbent.


FTIR spectra of the solid
after treatment with DFP
showed the appearance of ��O-H


(3700 ± 3000 cm�1). The alkyl
C�H stretching region (3100 ± 2800 cm�1) did not change
much upon adsorption. However, the ��P�O band shifted from
1298 to 1260 cm�1 and was rather weak. The ��C-O(P) band did
not shift much (1016 cm�1), and characteristic absorptions
(1177, 1141, 1110 cm�1) due to ™rocking vibrations∫ of the
methyl groups of the isopropyl units were still observed
without appreciable shift compared with neat DFP. New
prominent bands appeared in the 1100 ± 990 cm�1 region: an
intense peak at 1079 cm�1 and a broad absorption at 992 cm�1.
We assigned these new bands to a bridged ™POO∫ species.
The existence of such structures has been proposed before for
other adsorbed organophosphorus agents, such as DMMP/
AP-MgO, Sarin/Al2O3, Sarin/MgO and DMMP/Al2O3


(DMMP� dimethoxymethyl phosphate).[11±14]


The 31P NMR spectrum (Figure 5) showed one set of peaks
(with spinning side bands) centered at ���0.76 ppm, shifted
from �� 11.2 ppm for neat DFP.[15] This large upfield shift and
its symmetrical nature indicate a highly shielded phosphorus
nucleus, such as PO4


3�. Indeed, phosphoric acid yields a
similar spectrum, and so it appears that DFP was completely
hydrolyzed (destructively adsorbed) by AP-MgO. Further-
more, the spectrum is essentially identical, but for a small
shift, to that observed for paraoxon (�� 0.85 ppm) described


Figure 5. 31P MAS NMR spectra of solid AP-MgO with adsorbed DFP.


earlier. Thus, phosphoric acid, DFP, and paraoxon yield
identical NMR peaks except for very small ppm shifts.


We interpret these IR and NMR results as indicating that
DFP rapidly adsorbs on the AP-MgO through a bridge
™POO∫ structure with loss of the P�F bond, followed by
slower destructive adsorption of the P-O-C bonds.


Discussion


The adsorption ability of nanocrystalline ionic metal oxides, in
particular MgO, can be attributed to morphological fea-
tures–a high proportion of edge/corner sites are available
due to their polyhedral shapes. Both Lewis base and Lewis
acid sites at edges/corners would be stronger due to coor-
dinative unsaturation. Indeed, models suggest that at least
20% of surface ions are positioned on edge/corners.[1, 2]


Furthermore, according to magnetic susceptibility studies,
other types of surface defects such as ion vacancies and
electron-deficient and electron-rich sites exist.[16]


However, while the residual surface OH groups are
certainly relevant,[7, 11] their importance cannot be determined
from the data presented here. Further work is planned with
the goal of elucidating the importance of certain types of
surface OH groups (isolated vs. hydrogen bonded).


Amount and rate of adsorption : It is of interest to determine if
AP-MgO has a high capacity for adsorption corrected for
surface area, and estimate rate enhancements more quanti-
tatively, compared with more normal forms of MgO and with
activated carbon samples.


By using data from Figures 1 and 2, Table 2 was generated.
It gives estimates of the rate of paraoxon adsorption in moles


DFP


(CH3)2CHO


(CH3)2CHO


P


O


P


O


F


Table 2. Initial rates (first 20 minutes) of paraoxon adsorption from pentane by various adsorbents.


Sample Surface Area Paraoxon Adsorbent Adsorbed Rate [mol per mol
[m2g�1] [mol] [mol] [%] adsorbent min�1m�2][b]


AP-MgO 400 3.6� 10�5 2.5� 10�3 92 1.7� 10�5 (7.5� 10�2��1 s�1)
CP-MgO 150 1.6� 10�5 2.5� 10�3 92 1.9� 10�5


CM-MgO 30 1.6� 10�5 2.5� 10�3 0 � 0
act. carbon 900 3.6� 10�5 8.3� 10�3 23 0.05� 10�5


[a] At t� 0, absorbance taken as 3.0 from Figure 2 and 2.5 from Figure 1. [b] The number in parentheses is a value for homogeneous base hydrolysis of
paraoxon.[18, 19]
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of paraoxon per minute per mole of adsorbent per m2, so these
values are corrected for surface area. The results indicate that
AP-MgO and CP-MgO are comparable in initial rate of
adsorption and that both have a much higher rate than
activated carbon. This is an interesting finding since it is
known that the surface morphologies of AP-MgO (polyhe-
dral, large surface concentration of edges/corners, defects)
and CP-MgO (hexagonal platelets) are quite different and
sometimes exhibit intrinsically different chemistry.[17]


Figures 1 and 2 are also useful regarding capacity of
adsorption. For AP-MgO (100 mg) we note that about 15 �L
of paraoxon saturate the surface. This is equivalent to about
0.015 g, 5.5� 10�5 moles, or 33� 1018 molecules, which are
adsorbed onto 40 m2 (40� 1018 nm2)/0.1 g of MgO, or
0.85 molecules per nm2. The area taken up by a paraoxon
molecule that has dissociated into phenoxide and bridging
phosphate moiety can be calculated. It can be estimated that a
phenolic ion is about 7.4 ä in length and occupies an area of
0.74� 0.74� 0.55 nm2. Similarly, a bridging [(EtO)2PO]ads
fragment (which probably exists as surface-bound PO4 and
OEt groups) would be 6.7 ä in length, that is, 0.67� 0.67�
0.45 nm2. Thus, these adsorbed fragments would occupy
approximately 1.0 nm2. So the experimentally adsorbed
amount of 0.85 molecules per nm2 is very close to a mono-
layer. These calculations translate into moles of AP-MgO to
moles of paraoxon� 45:1, and mass of MgO to mass of
paraoxon� 6.5:1. Structure 1 shown in Figure 6 is a likely
formulation of the surface-bound structures. (It is likely that
some of the bound �OEt dissociated to �OH plus C2H4, a
rather facile process on basic surfaces). The existence of a p-
nitrophenoxide anion is assumed since, upon adsorption, the
solid turns from white to bright yellow, the color of that anion
in solution.


In comparison, with activated carbon a similar calculation
indicates that at most 7 �L of paraoxon is taken up on
90 m2g�1, or 15� 1018 molecules per 90� 1018 nm2; this equals
0.17 molecules per nm2–well below a monolayer.


Another difference between the high surface area MgO
sample and carbon samples is that the paraoxon is dissocia-
tively chemisorbed onto MgO whereas, on carbon, physisorp-
tion takes place. This idea is supported by the NMR and IR
data, and the fact that exhaustive extraction of the spent
adsorbent with toluene, CH2Cl2, and CH3OH did not yield an
extractable material in the case of AP-MgO, but with
activated carbon intact paraoxon was recovered. Further-
more, similar results were obtained when these absorbents
were treated with paraoxon in the dry state (no pentane
solvent), followed by extraction. So paraoxon and DFP
appear to be completely dissociatively chemisorbed (all OR
or F groups removed). However, in the case of DEPTMP, the
CH2SC6H5 group apparently does not dissociate from the
phosphorus group. It appears from the 31P MAS NMR
that two structures are likely that represent an initial
dissociation of one OR group, and then slowly the other
OR group (Figure 6, structures 3 a and b). Indeed, as
described in the Results section, the spectra changed over
time, and the peak in the �� 17.9 ppm region grew; this is the
most shielded and probably represents the dihydrolyzed
species (structure 3 b).


Figure 6. Proposed surface structures for the adsorbed species on AP-
MgO; 1 paraoxon, 2 DFP, 3 a and b DEPTMP.


Proposed surface structures : The NMR, IR, and solvent
extraction data strongly suggest that destructive adsorption
takes place. In the case of paraoxon and DFP, the 31P MAS
NMR spectra were almost identical and at a shift position
nearly the same as for the standard H3PO4. These spectra
have a single sharp resonance with spinning side bands. This
suggests that a PO4 species is involved, which in turn suggests
that all the bound OR groups were dissociated. In Figure 6 we
have given general schemes for what the surface species
may be.


For the AP-MgO/paraoxon adduct, 13C CP-MAS spectra
were also obtained. This sample exhibited two major sets of
peaks centered at �� 13.6 and 60.5 ppm, and these can be
assigned to the CH3 and CH2 groups of adsorbed OEt. In
addition, a set of four peaks in the region of �� 119 ± 180 ppm
can be assigned to the aromatic carbons of the -O-C6H4NO2


species, which gives the yellow color of this sample.
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Stereoselective 1,2-cis Glycosylation of 2-O-Allyl Protected Thioglycosides


Mahmoud Aloui,[a] David J. Chambers,[a] Ian Cumpstey,[a] Antony J. Fairbanks,*[a]
Alison J. Redgrave,[b] and Christopher M. P. Seward[a]


Abstract: The technique of intramolec-
ular aglycon delivery (IAD), whereby a
glycosyl acceptor is temporarily append-
ed to a hydroxyl group of a glycosyl
donor is an attractive method that can
allow the synthesis of 1,2-cis glycosides
in an entirely stereoselective fashion.
2-O-Allyl protected thioglycoside do-
nors are excellent substrates for IAD,
and may be glycosylated stereoselective-
ly through a three-step reaction se-
quence. This sequence consists of quan-
titative yielding allyl bond isomerisa-


tion, to produce vinyl ethers that can
then undergo N-iodosuccinimide medi-
ated tethering of the desired glycosyl
acceptor, and subsequent intramolecu-
lar glycosylation, to yield either �-gluco-
sides or �-mannosides accordingly. Al-
though attempted one-pot tethering and
glycosylation is hampered by competi-


tive intermolecular reaction with excess
glycosyl acceptor, this problem can be
simply overcome by the use of excess
glycosyl donor. Allyl mediated IAD is a
widely applicable practical alternative to
other IAD approaches for the synthesis
of �-mannosides, that is equally appli-
cable for �-gluco linkages. It is advanta-
geous in terms of both simplicity of
application and yield, and in addition
has no requirement for cyclic 4,6-pro-
tection of the glycosyl donor.


Keywords: carbohydrates ¥
glycosides ¥ glycosylation ¥
stereoselective synthesis


Introduction


One of the major complications inherent in the construction
of an oligosaccharide is control of the stereochemistry of a
newly formed anomeric linkage. Although judicious choice of
solvent and protecting group pattern on the glycosyl donor
can in many cases allow high levels of stereoselectivity,
complete control of anomeric stereochemistry during the
glycosylation process is still difficult. This difficulty is
exacerbated when separation of mixtures of anomers be-
comes impossible. A logical partial solution to this problem is
to take advantage of neighbouring group participation,
whereby glycosyl donors possessing 2-O-ester protecting
groups are almost universally used in order to stereoselec-
tively synthesise 1,2-trans glycosidic linkages. The idea that
the configuration of the 2-hydroxyl of the glycosyl donor can
also be used to induce the formation of 1,2-cis linkages by the
technique of intramolecular aglycon delivery (IAD), was
originally introduced by Hindsgaul[1] and Stork[2] for the


synthesis of �-mannosides.[3] Although several high yielding
intermolecular approaches have been developed which allow
the synthesis of �-mannosides,[4] most notably by Crich,[5]


interest in the further development of IAD has continued.[6, 7]


In particular a number of other methods have been developed
for the temporary linking of donor and acceptor prior to
glycosylation, the most successful of which involve modifica-
tion of the donor 2-hydroxyl protecting group to provide a
tethering site. The most notable of these is the Ogawa
approach[8] which employs oxidation of a p-methoxybenzyl
(PMB) protecting group allowing linking of donor and
acceptor as a mixed acetal. There have also been some very
successful attempts at more remote tethering and intra-
molecular glycosylation, whereby the glycosyl acceptor is
either appended to the anomeric leaving group, or to more
remote hydroxyl groups in particular as reported by the
groups of Schmidt,[9] Ziegler,[10] Valverde[11] and others.[12]


Following on from earlier studies[13] we report herein details
on the use of the 2-O-allyl protecting group for IAD which
allows entirely stereoselective access to both �-mannosides
and �-glucosides.[14] The strategy employed uses a reaction
sequence involving Wilkinson×s catalyst mediated isomerisa-
tion of 2-O-allyl ethers of thioglycosides to produce 2-O-vinyl
ethers, to which glycosyl acceptors may be tethered yielding
mixed acetals. These mixed acetals can then finally undergo
intramolecular glycosylation upon thioglycoside activation. In
particular a discussion of the scope and limitations of the allyl
mediated IAD is included.
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Results and Discussion


Synthesis of vinyl ethers


A selection ofmanno and gluco glycosyl donors with different
anomeric leaving groups bearing 2-O-allyl protection were
synthesised as substrates for isomerisation and subsequent
tethering and glycosylation experiments (Scheme 1). The
2-O-allyl protected manno thiophenyl glycoside 2 was ac-
cessed from the known acetate 1[15] by sodium methoxide
mediated deacetylation and immediate allylation with sodium
hydride and allyl bromide. The thiomethyl counterpart 5 was
likewise synthesised by standard allylation of the known
thiomethyl glycoside 4.[16] The required gluco thiomethyl
glycoside 9 was accessed by allylation of the alcohol 8.
Alcohol 8 was itself synthesised from the known orthoester
11,[17] through a two-step sequence involving initial conversion
of 11 to the glycosyl bromide 7[15] by treatment with either
HBr in acetic acid or acetyl bromide, and subsequent reaction
of 7 with lithium methyl thiolate, generated in situ by reaction
of dimethyl disulfide with n-butyllithium. The gluco 2-O-allyl
selenoglycoside 14 was also synthesised from the gluco
orthoester 11 by a reaction sequence involving mercury(��)
promoted opening of 11 to yield the �-selenoglycoside 12,
subsequent sodium methoxide mediated deacetylation to
yield alcohol 13,[18] and finally allylation to yield 14.[19]


This selection of 2-O-allyl protected glycosyl donors 2, 5, 9
and 14 were then subjected to isomerisation using a combi-
nation of Wilkinson×s catalyst and n-butyllithium according to
the procedure recently reported by Boons.[20] This straightfor-


ward method proceeded extremely efficiently in all cases to
yield the corresponding enol ethers 3, 6, 10 and 15 respec-
tively, in excellent yields (Scheme 1).


Tethering reactions


Tethering with N-iodosuccinimide : N-Iodosuccinimide (NIS)
mediated tethering was undertaken for themanno thiophenyl
donor 3 with a series of primary and secondary alcohols
(ROH, Table 1, Scheme 2) in the presence of 4 ä molecular
sieves. Exclusion of water from these reactions was important
in order to avoid competitive hydrolysis, and tethering yields
rose appreciably after the addition of sieves. In the vast
majority of cases tethering proceeded efficiently in either
THF or 1,2-dichloroethane (DCE) as solvent, to yield mixed
acetal intermediates 16a ± e. These mixed acetals are quite
robust[21] and much more stable than the Hindsgaul-type
acetals that we had previously worked with.[13] Pleasingly a
secondary carbohydrate alcohol was also successfully tethered
to yield mixed acetals 16g in an excellent 85% yield.
However, attempted tethering of the even more hindered
4-hydroxyl of a protected glucosamine derivative, required in
order to complete the �-manno linkage found in the N-glycan
core pentasaccharide, produced only an extremely disap-
pointing 9% yield of the tethered product 16h. The reason for
this extremely low yield became apparent after the isolation
of succinimide trapped material 22 in a total yield of 70% (as
a 6:1 mixture of two diastereomers), together with approx-
imately 10% of recovered starting material. Succinimide
trapped material 22 was in fact also isolated in 10% yield
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1,2-dichloroethane, �40 �C�RT; ii) MeOH, N-iodosuccinimide, 4 ä mo-
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during the formation of 16g. Formation of 22 clearly occurs by
competitive nucleophilic attack by succinimide, and therefore
in the glucosamine case represents a limitation to the use of
NIS for tethering in the construction of the N-glycan core
pentasaccharide, an issue which was later addressed (see
below).


NIS-mediated tethering of the thiomethyl glycoside 6 with
diacetone galactose and cyclohexanol again produced the
corresponding mixed acetals 17b, c in good yield. However,
tethering of the secondary carbohydrate alcohol was less
efficient, providing 17g in 55% yield, and in this case the use
of protracted reaction times led to competitive activation of
the anomeric leaving group.


A similar series of tethering experiments were undertaken
in the gluco series with thiomethyl glycoside 10. For the
primary alcohols tethering was rapid and good yields of mixed
acetals 18a ± d were obtained. However, for the more
hindered alcohols yields of mixed acetals 18e ± g were much
lower. This reduction in yield was again in part due to
competitive activation of the anomeric thiomethyl group by
NIS during tethering, and as such could not be overcome by
the use of extended reaction times. A similar but more
extreme situation was observed for the selenoglycoside 15. In
this case NIS activation of the more reactive anomeric leaving
group was even competitive with tethering of methanol, and
the desired acetals 19a could only be isolated in 36% yield. It
can be concluded that fully armed selenoglycosides are
unsuitable substrates for NIS mediated tethering reactions.


Tethering with acid : The conclusion drawn from the above
experiments was that efficient NIS mediated tethering could
only be achieved for hindered alcohols with an unreactive
anomeric leaving group, particularly thiophenyl. For this
reason a series of acid-catalysed tethering reactions were also
attempted. An initial investigation involving reaction of
thiomethyl alcohol 4 with either ethyl or propyl vinyl ethers
catalysed by pyridinium p-toluene sulfonate (PPTS) produced
mixed acetals 23 and 24 in 91 and 82% yield, respectively
(Scheme 3), and therefore revealed PPTS as a potential acid
catalyst. However, attempted PPTS-catalysed tethering of
thiomethyl vinyl ether 10 with diacetone galactose did not
result in the formation of any appreciable amount of mixed
acetal products; nor was PPTS capable of tethering diacetone
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Scheme 3. i) ethyl vinyl ether, PPTS, CH2Cl2, RT; ii) propyl vinyl ether,
PPTS, CH2Cl2, RT.


Table 1. Yields for tethering and glycosylation.


Entry Alcohol ROH Product/ Product/
yield of yield of
mixed acetals [%] glycosylation [%]


a) MeOH 16a/93 20a/77
18a/98 21a/65


b) 16b/95 20b/81
18b/85 21b/70


c) 16c/76 20c/68
18c/80 21c/77


d) 16d/� 99 20d/76
18d/95 21d/67


e) 16e/90 20e/65
18e/36 21e/74


f) 18 f/63 21 f/72


g) 16g/85 20g/89
18g/22


h) 16h/9 see text
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galactose and thiophenyl vinyl ether 3, with complete
recovery of starting material after reaction overnight at room
temperature. The use of other acids such as camphor sulfonic
acid and p-toluene sulfonic acid was similarly unsuccessful
and the attempted use of triflic acid (TfOH) caused complete
decomposition of the starting material.


Glycosylation reactions


With a selection of mixed acetals in hand as a result of
successful NIS-mediated tethering, intramolecular glycosyla-
tion was then undertaken (Scheme 4). In the case of the less
reactive anomeric thiophenyl manno mixed acetals 16a ± e,g,
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Scheme 4. i) N-Iodosuccinimide, AgOTf, DTBMP, 4 ä molecular sieves,
1,2-dichloroethane, RT� 50 �C; ii) MeOTf, DTBMP, 1,2-dichloroethane,
RT; iii) N-iodosuccinimide, CH2Cl2, �40 �C, 10 min.


a wide range of activation conditions were investigated using
NIS either alone, or with co-activators which included triflic
acid, silver triflate, tin(��) triflate, triethylsilyl triflate (TE-
SOTf), and acetic acid. All reactions were performed in the
presence of di-tert-butyl methyl pyridine (DTBMP) as an
added base. Activation with NIS alone was much more
sluggish than had been previously experienced.[13] In general,
glycosylation was considerably slower than in the Hindsgaul-
type system and little glycosylation was observed upon
treatment with NIS alone at room temperature. Optimised
reaction conditions required the addition of silver triflate, and
more protracted reaction times at either room temperature or
higher. In all cases intramolecular glycosylation occurred in a
stereospecific fashion to furnish the corresponding �-manno-
sides 20a ± e,g in good yields.[22] However, the direct isolation
of the desired reaction product was sometimes complicated by
competitive trapping reactions whereby the oxonium ion
produced subsequent to intramolecular glycosylation was
trapped by a nucleophile. This nucleophile could either be
succinimide, to yield compounds such as 25, or any alcohol
present[23] to produce glycosylated mixed acetals of general
structure 26.[24] A large scale glycosylation of mixed acetals
16a without the addition of silver triflate in fact allowed the
isolation and characterisation of two diastereomers of the
succinimide trapped product 25a and b (see Scheme 5).


A variety of hydrolytic work-up procedures were inves-
tigated in order to overcome this problem. The most efficient
procedure involved treatment of the crude reaction mixture
with trifluoroacetic acid (TFA), in a 1:1:1 mixture of MeOH/
THF/water. In most cases this procedure efficiently converted
all trapped materials to the desired 1,2-cis glycoside. Care had
to be exercised for the cases involving glycosyl acceptors
which contained acid labile protecting groups, most notably
diacetone galactose (Table 1, entry b).


A brief investigation into the role of the added DTBMP
was also undertaken for glycosylations of mixed acetals 16a.
Glycosylation was in fact much faster when DTBMP was
omitted and the methyl acetals 16a were glycosylated in
20 minutes, but the reactions were always less clean and
resulted in the formation of unidentified, undesired side
products, that were not trapped mixed acetals 25 or 26. The
use of alternative less hindered bases, such as collidine or
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pyridine, slowed the rate of glycosylation so much that
effective reaction could not be achieved.


Intramolecular glycosylation of the more reactive thio-
methyl manno mixed acetals 17b (derived from tethering 6
with diacetone galactose) was investigated under a number of
different activation conditions. These included the use of
dimethyl(methylthio)sulfonium triflate (DMTST), I2,
MeOTf, NIS/TESOTf, I2/TESOTf and PhSeOTf, in all cases
with DTBMP as an added base in DCE as solvent. Although
the thiomethyl glycoside was activated in all cases, the
reaction proceeded most cleanly when methyl triflate was
used as an activator alone. The thiomethyl glucomixed acetals
18a ± f were very efficiently activated by the addition of
methyl triflate, yielding �-glucosides 21a ± f, again as single
anomers following work-up. Again the formation of mixed
acetals could complicate the
glycosylation reaction (as ob-
served by TLC) and the same
general acid work-up proce-
dure was adopted to maximise
yields.


Synthesis of Man�(1� 4)-
GlcNAc disaccharide


Due to the failure of NIS-mediated tethering with the most
hindered glucosamine acceptor detailed above (Table 1,
entry h), alternative reaction conditions were investigated
which would hopefully allow the allyl mediated IAD ap-
proach to be applicable for even more hindered secondary
alcohols. Clearly this was important in order to allow access to
the core N-glycan Man�(1� 4)GlcNAc disaccharide. Since
the major problem encountered with NIS tethering was
competitive nucleophilic attack by succinimide, which ap-
peared to be a better nucleophile than the 4-hydroxyl of the
protected glucosamine derivative 27,[25] it was thought that
tethering may best be achieved by the use of a source of I� in
the presence of a non-nucleophilic counterion. For this reason
the use of iodonium dicollidine triflate (IDCT), prepared in
situ from iodine, collidine and silver triflate, was investigated.
Pleasingly IDCT mediated tethering of vinyl ether 3 with
glucosamine acceptor 27 resulted in an 80% yield of mixed
acetals 16h (Scheme 6). Subsequent intramolecular glycosy-
lation mediated by iodine and silver triflate, successfully
yielded the key Man�(1� 4)GlcNAc disaccharide 20h in
66% yield. The results imply that by judicious choice of
tethering conditions that allyl mediated IAD may possibly be
used for the most hindered of glycosyl acceptors.


Mechanistic studies and one-pot reactions : With tethering and
glycosylation methodology successfully in hand attention next
turned to the potential one-pot reaction, whereby the two
steps are achieved in a single reaction vessel. Unlike our
previous results which were obtained with the Hindsgaul
mixed ketal system, attempted one-pot glycosylation of either
donors 3 or 6 with an excess of diacetone galactose or
cyclohexanol (1.4 to 3 equivalents) produced anomeric mix-
tures of products. A subsequent competition experiment
involving glycosylation of mixed acetals 16d in the presence
of methanol as an intermolecular nucleophile produced a
mixture of products containing the desired �-benzyl manno-
side 20d, together with both the �- and �-methyl mannosides
28 and 20a clearly indicating competitive intermolecular
reaction by the alcohol present in solution (Scheme 7).


These results lead to the conclusion that any one-pot
reaction could only be successful with the use of an excess of
glycosyl donor rather than glycosyl acceptor which contrary to
the standard procedure up to this point. Gratifyingly the one-
pot reaction of donor 6 (2.0 equivalents) with either diacetone
galactose or cyclohexanol (in acetonitrile and DCE respec-
tively) produced the corresponding �-mannosides 20b and
20c as single anomers in 72% and 67% yields, respectively
(Scheme 8). Notably there was no product trapping in these
reactions and therefore they did not require an acidic work
up.


Conclusion


In summary we have demonstrated that 2-O-allyl protected
glycosyl donors may be employed for the efficient synthesis of
a variety of cis-1,2-glycosides by the technique of intra-
molecular aglycon delivery (IAD). Several points are worthy
of note. Firstly installation and isomerisation of the allyl group
is a very efficient process, and is superior to Tebbe approaches
to similar vinyl ethers. Secondly NIS is able to successfully
tether all but a very hindered glucosamine acceptor, whilst on
the other hand a variety of acids were unsuccessful. Moreover
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even the hindered glucosamine acceptor may be tethered by
the use of IDCTrather than NIS as coupling agent, ultimately
allowing access to the crucial Man�(1� 4)GlcNAc disacchar-
ide. A caveat to the tethering procedure is that yields for
glycosyl donors with very reactive anomeric leaving groups
(e.g. Se) may be lower due to competitive anomeric activa-
tion. Subsequent intramolecular glycosylation reactions are
slower than in the related Hindsgaul system, and in fact
intermolecular reaction can be competitive. However, the use
of an excess of glycosyl donor allows both tethering and
glycosylation to be performed in a single reaction vessel,
obviating the need for handling of sensitive mixed acetal
intermediates. By way of direct comparison with alternative
methods, allyl IAD is amenable in terms of both simplicity of
application, yield, and importantly is equally applicable for
the formation of �-manno and �-gluco linkages. In addition
there appears to be no requirement for cyclic 4,6-protection of
the glycosyl donor in order to produce good yields for the
glycosylation step. Further investigations into the use of allyl
derived vinyl ethers for 1,2-cis glycosylation procedures are
currently in progress, and the results will be reported in due
course.


Experimental Section


General methods : Melting points were recorded on a Kofler hot block and
are uncorrected. Proton NMR (�H) spectra were recorded on a Bruker
DPX400 (400 MHz) or on a Bruker AMX500 (500 MHz) spectrometer.
Carbon NMR (�C) spectra were recorded on a Bruker AC200 (50.3 MHz),
or on a Bruker DPX400 (100.6 MHz), or on a Bruker AMX500
(125.7 MHz) spectrometer. Multiplicities were assigned using DEPT
sequence. All chemical shifts are quoted on the � scale in parts per million
(ppm). IR spectra were recorded on a Perkin ±Elmer 150 fourier transform
spectrophotometer. Low resolution mass spectra were recorded on a
Micromass Platform1 APCI using atmospheric pressure chemical ionisa-
tion (APCI). High resolution mass spectra (electrospray) were performed
on a Waters 2790-Micromass LCT electrospray ionisation mass spectrom-
eter, or by the EPSRC Mass Spectrometry Service Centre, Department of
Chemistry, University of Wales, Swansea on a MAT900 XLT electrospray
ionisation mass spectrometer. Optical rotations were measured on a
Perkin ±Elmer 241 polarimeter with a path length of 1 dm. Concentrations
are given in g per 100 mL. Microanalyses were performed by the
microanalytical services of Elemental Microanalysis Ltd, Devon. Thin-
layer chromatography (TLC) was carried out on Merck Kieselgel


0.22 ± 0.25 mm thickness glass-backed sheets, pre-coated with 60F254 silica.
Plates were developed using 5% w/v ammonium molybdate in 2� sulfuric
acid. Flash column chromatography was carried out using Sorbsil C60 40/60
silica or basic alumina. Solvents and reagents were dried and purified
before use according to standard procedures; methanol was distilled from
calcium hydride, dichloromethane was distilled from calcium hydride, and
tetrahydrofuran was distilled from a solution of sodium/benzophenone
immediately before use. Petrol refers to the fraction of light petroleum
ether boiling in the range 40 ± 60 �C. Ether refers to diethyl ether. All
procedures requiring anhydrous conditions were performed under an
atmosphere of argon in glassware which was flame-dried before use.


Phenyl 2-O-allyl-3,4,6-tri-O-benzyl-1-thio-�-�-mannopyranoside (2): Ace-
tate 1 (292 mg, 0.50 mmol) was dissolved in methanol (8 mL) under argon
and sodium (18 mg, 0.78 mmol) was added with stirring. The reaction
mixture was stirred at room temperature for 30 min, after which time TLC
(petrol/ethyl acetate 3:1) showed no remaining starting material (Rf� 0.5)
and formation of a single product (Rf� 0.2). The reaction mixture was co-
evaporated with toluene and subsequently exposed to high vacuum for two
hours. The resulting residue was taken up in DMF (3.5 mL) and NaH (60%
dispersion in mineral oil, 80 mg, 1.67 mmol) was added portionwise,
followed by allyl bromide (0.11 mL, 1.27 mmol). This solution was stirred
for 1.5 h, after which time TLC (petrol/ethyl acetate 3:1) showed no
remaining starting material (Rf� 0.2) and the formation of a major product
(Rf� 0.7). Methanol (5 mL) was added slowly and the mixture was
concentrated in vacuo. The residue was dissolved in ether (50 mL) and
washed with brine (2� 30 mL). The aqueous layers were re-extracted with
ether (30 mL) and the combined organic extracts were dried (MgSO4),
filtered and concentrated in vacuo. Purification by flash column chroma-
tography (petrol/ether 3:1) gave the allylated thioglycoside 2 (289 mg,
99%) as a white solid. M.p. 60 ± 62 �C (ether/petrol); [�]24D ��132 (c� 1.0
in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.52 ± 7.49 (m, 2H; 2�
Ar-H), 7.43 ± 7.22 (m, 18H; 18�Ar-H), 5.99 ± 5.90 (m, 1H; CH�CH2), 5.62
(s, 1H; H-1), 5.31 (dd, 2J(H,H)� 1.3 Hz, 3J(H,H)� 17.2 Hz, 1H;
CH�CHECHZ), 5.22 (dd, 2J(H,H)� 1.3 Hz, 3J(H,H)� 10.3 Hz, 1H;
CH�HEHZ), 4.93, 4.54 (ABq, 2J(H,H)� 10.8 Hz, 2H; PhCH2), 4.74
(ABq, 2J(H,H)� 12.6 Hz, 2H; PhCH2), 4.67, 4.50 (ABq, 2J(H,H)�
12.0 Hz, 2H; PhCH2), 4.30 (dd, 3J(H,H)� 9.7 Hz, 9.5 Hz, 1H; H-5), 4.21
(dd, 2J(H,H)� 13.1 Hz, 3J(H,H)� 5.5 Hz, 1H; CHH �CH�CH2), 4.12 (dd,
2J(H,H)� 13.1 Hz, 3J(H,H)� 6.1 Hz, 1H; CHH�CH�CH2), 4.04 (at,
3J(H,H)� 9.5 Hz, 1H; H-4), 3.98 (dd, 3J(H,H)� 1.6 Hz, 3.0 Hz, 1H;
H-2), 3.89 (dd, 3J(H,H)� 3.0 Hz, 9.4 Hz, 1H; H-3), 3.85 (dd, 2J(H,H)�
10.8 Hz, 3J(H,H)� 4.9 Hz, 1H; H-6�), 3.76 (dd, 2J(H,H)� 10.8 Hz,
3J(H,H)� 1.4 Hz, 1H; H-6); 13C NMR (100.6 MHz, CDCl3): �� 134.6 (d,
CH�CH2), 138.4, 138.3, 138.1, 134.4 (4� s, Ar-C), 131.4, 129.0, 128.4, 128.3,
128.2, 128.0, 127.9, 127.8, 127.6, 127.4, 127.3 (11� d, Ar-CH), 117.9 (t,
CH�CH2), 85.8, 80.1, 76.1, 74.9, 72.6 (5� d, C-1, C-2, C-3, C-4, C-5), 75.2,
73.2, 72.2, 71.4, 69.1 (5� t, C-6, 3�PhCH2, OCH2CH�CH2); IR (KBr): �� �
1643 cm�1 (C�C); MS-APCI� : m/z (%): 605 (21) [M�Na]� ; HRMS-ES:
calcd for C36H42NO5S [M�NH4]�: 600.2784, found: 600.2776).


Phenyl 2-O-(prop-1-enyl)-3,4,6-tri-O-benzyl-1-thio-�-�-mannopyranoside
(3): n-Butyllithium (1.3� in hexanes, 250 �L) was added to a degassed
solution of Wilkinson×s catalyst (163 mg, 0.18 mmol) in THF (8 mL). This
mixture was stirred for 10 min before being added to a solution of the
allylated thioglycoside 2 (1.00 g, 1.72 mmol) in THF (5 mL) at reflux. After
10 min, TLC (petrol/ethyl acetate 5:1) showed no remaining starting
material (Rf� 0.65) and the formation of a single product (Rf� 0.75). The
solution was allowed to cool to room temperature before the addition of
dichloromethane (20 mL) and concentration in vacuo. Purification by flash
column chromatography (petrol/ether 7:1, with 1% added triethylamine)
gave the vinyl ethers 3 (998 mg,�99%) as a clear, colourless oil, a partially
separable mixture of E and Z isomers. E isomer: 1H NMR (400 MHz,
CDCl3, 25 �C): �� 7.54 ± 7.49 (m, 2H; 2�Ar-H), 7.44 ± 7.23 (m, 18H; 18�
Ar-H), 6.11 (dd, 3J(H,H)� 12.2 Hz, 4J(H,H)� 1.1 Hz, 1H; OCH�CH),
5.64 (s, 1H; H-1), 4.97 (m, 1H; CH3CH), 4.75 (s, 2H; PhCH2), 4.93, 4.56
(ABq, 2J(H,H)� 10.7 Hz, 2H; PhCH2), 4.68, 4.50 (ABq, 2J(H,H)�
11.9 Hz, 2H; PhCH2), 4.34 ± 4.30 (m, 1H; H-5), 4.23 (d, 3J(H,H)� 2.9 Hz,
1H; H-2), 4.08 (at, 3J(H,H)� 9.5 Hz, 9.3 Hz, 1H; H-4), 3.93 (dd, 3J(H,H)�
2.9 Hz, 9.3 Hz, 1H; H-3), 3.87 (dd, 2J(H,H)� 10.9 Hz, 3J(H,H)� 4.9 Hz,
1H; H-6�), 3.76 (dd, 2J(H,H)� 10.9 Hz, 3J(H,H)� 1.3 Hz, 1H; H-6), 1.56
(dd, 3J(H,H)� 6.4 Hz, 4J(H,H)� 1.1 Hz, 3H; CH3); 13C NMR (100.6 MHz,
CDCl3): �� 144.8 (d, OCH�CH), 138.4, 138.3, 137.9, 134.0 (4� s, Ar-C),
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131.5, 129.0, 128.9, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.7, 127.7,
127.5, 127.5, 127.4 (15� d, Ar-CH), 102.6, 85.1, 79.3, 77.0, 74.8, 72.6 (6� d,
C-1, C-2, C-3, C-4, C-5, CHCH3), 75.1, 73.2, 72.2, 69.0 (4� t, C-6, 3�
PhCH2), 12.4 (CH3); IR (thin film): �� � 1675 cm�1 (C�C); MS-APCI� :
m/z (%): 606 (26) [M�Na]� ; Z isomer: 1H NMR (400 MHz, CDCl3, 25 �C):
�� 7.71 ± 7.00 (m, 20H; 20�Ar-H), 5.91 (dd, 3J(H,H)� 6.0 Hz, 4J(H,H)�
1.6 Hz, 1H; OCH�CH), 5.53 (d, 3J(H,H)� 1.6 Hz, 1H; H-1), 4.92 (d,
2J(H,H)� 10.8 Hz, 1H; PhCHH � ), 4.75 (s, 2H; PhCH2), 4.67, 4.50 (ABq,
2J(H,H)� 12.0 Hz, 2H; PhCH2), 4.61 ± 4.53 (m, 2H; CH3CH, PhCHH�),
4.31 (ddd, 3J(H,H)� 9.7 Hz, 4.8 Hz, 1.7 Hz, 1H; H-5), 4.11 (at, 3J(H,H)�
9.5 Hz, 8.9 Hz, 1H; H-4), 4.11 (d, 3J(H,H)� 3.1 Hz, 1H; H-2), 3.92 (dd,
3J(H,H)� 8.9 Hz, 3.1 Hz, 1H; H-3), 3.87 (dd, 2J(H,H)� 10.9 Hz,
3J(H,H)� 4.8 Hz, 1H; H-6�), 3.77 (dd, 2J(H,H)� 10.9 Hz, 3J(H,H)�
1.7 Hz, 1H; H-6), 1.64 (dd, 4J(H,H)� 1.6 Hz, 3J(H,H)� 6.4 Hz, 3H;
CH3); 13C NMR (100.6 MHz, CDCl3): �� 9.6 (q, CH3), 75.3, 73.1, 72.3,
69.0 (4� t, C-6, 3�PhCH2), 105.0, 86.1, 79.5, 78.8, 74.8, 72.7 (6�d, C-1,
C-2, C-3, C-4, C-5, CHCH3), 132.0, 131.7, 129.0, 128.5, 128.5, 128.4, 128.3,
128.2, 128.0, 128.0, 127.9, 127.6, 127.5, 127.5, 127.4 (15� d, Ar-CH), 138.4,
138.3, 138.0, 134.0 (4� s, Ar-C), 143.9 (d, OCH�CH); IR (thin film) �� �
1670 cm�1 (C�C); MS-APCI� : m/z (%): 605 (100) [M�Na]� ; elemental
analysis calcd (%) for C36H38O5S: C 74.20, H 6.57; found: C 74.44, H 6.58.


Methyl 2-O-allyl-3,4,6-tri-O-benzyl-1-thio-�-�-mannopyranoside (5): So-
dium hydride (60% dispersion in mineral oil, 0.068 g, 1.716 mmol) was
added portionwise to a solution of alcohol 4[8] (0.55 g, 1.144 mmol) in dry
DMF (10 mL) at 0 �C. Allyl bromide (0.198 mL, 2.288 mmol) was then
added and the resulting solution was stirred at 0 �C for 30 min, after which
time TLC (ethyl acetate/petrol 1:4) indicated no remaining starting
material (Rf� 0.1) and the formation of a major product (Rf� 0.4).
Methanol (3 mL) was added carefully at 0 �C and the mixture was
concentrated in vacuo. The residue was dissolved in dichloromethane
(90 mL) and washed with brine (2� 40 mL) and then water (30 mL). The
aqueous layers were re-extracted with dichloromethane (40 mL) and the
combined organic extracts were dried with anhydrous sodium sulfate,
filtered and concentrated in vacuo. The crude residue was purified by flash
column chromatography (ethyl acetate/petrol 1:5) to give the allyl ether 5
(0.543 g, 91%) as a colourless oil. [�]21D ��18.0 (c� 1.5 in CHCl3); 1HNMR
(400 MHz, CDCl3, 25 �C): �� 7.40 ± 7.17 (m, 15H, Ar-H), 5.95 (ddt,
3J(H,H)� 17.3 Hz, 10.3 Hz, 5.6, Hz, 1H; OCH2CH�CH2), 5.33 (dddd,
2J(H,H)� 3.1 Hz, 3J(H,H)� 17.3 Hz, 4J(H,H)� 1.3 Hz, 1H; OCH2CH�
CHEHZ), 5.27 (d, 3J(H,H)� 1.4 Hz, 1H; H-1), 5.23 (dddd, 2J(H,H)�
3.1 Hz, 3J(H,H)� 10.3 Hz, 4J(H,H)� 1.3 Hz, 1H; OCH2CH�CHEHZ),
4.89, 4.51 (ABq, 2J(H,H)� 10.7 Hz, 2H; PhCH2), 4.68 (s, 2H; PhCH2),
4.67, 4.53 (ABq, 2J(H,H)� 11.7 Hz, 2H; PhCH2), 4.20 (ddat, 2J(H,H)�
12.9 Hz, 3J(H,H)� 5.4 Hz, 4J(H,H)� 1.4 Hz, 1H; OCHH � ), 4.13 (ddat,
2J(H,H)� 12.9 Hz, 3J(H,H)� 5.8 Hz, 4J(H,H)� 1.3 Hz, 1H; OCHH�), 4.1
(ddd, 3J(H,H)� 4.9 Hz, 2.1 Hz, 1H; H-5), 3.98 (at, 3J(H,H)� 9.4 Hz, 1H;
H-4), 3.87 (dd, 3J(H,H)� 9.3 Hz, 3.3 Hz, 1H; H-3), 3.83 ± 3.79 (m, 2H;
H-6�, H-2), 3.73 (dd, 2J(H,H)� 11.1 Hz, 3J(H,H)� 2.1 Hz, 1H; H-6), 2.14
(s, 3H; SCH3); 13C NMR (100.6 MHz, CDCl3): �� 138.4, 138.3, 138.1 (3� s,
Ar-C), 134.7 (d, OCH2CH�CH2), 128.4, 128.3, 128.2, 127.9, 127.9, 127.7,
127.7, 127.5, 127.4 (9�d, Ar-CH), 117.8 (t, OCH2CH�CH2), 83.3, 80.1, 75.9,
75.0, 71.8 (5� d, C-5, C-4, C-2, C-3, C-1), 75.1, 73.3, 72.2, 71.4, 69.1 (5� t,
C-6, 3�PhCH2, OCH2CH�CH2), 13.7 (q, SCH3); MS-CI: m/z (%): 473
(100) [M� SCH3]� ; HRMS-ES: calcd for C31H40NO5S [M�NH4]�:
538.2627, found: 538.2643.


Methyl 2-O-(prop-1-enyl)-3,4,6-tri-O-benzyl-1-thio-�-�-mannopyranoside
(6): n-Butyllithium (1.2� in hexanes, 0.076 mL) was added to a degassed
solution of Wilkinson×s catalyst (0.061 g, 0.062 mmol) in dry THF (90 mL).
The resulting mixture was stirred for 10 min, before being added to a
refluxing solution of the allyl ether 5 (0.345 g, 0.662 mmol) in THF (3 mL).
After 15 min, TLC (ethyl acetate/petrol 1:4) indicated complete consump-
tion of the starting material (Rf� 0.45) and the formation of a single
product (Rf� 0.6). The solution was allowed to cool to room temperature
then diluted with dichloromethane (20 mL) and concentrated in vacuo. The
residue was purified by flash column chromatography (ethyl acetate/petrol
1:8) to afford the desired vinyl ether 6 (0.326 g, 95%), as a clear colourless
oil, as an inseparable mixture of E and Z isomers (Z :E ratio 1.25:1). E
isomer: 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.40 ± 7.18 (m, 15H; Ar-H),
6.1 (dd, 3J(H,H)� 12.5 Hz, 4J(H,H)� 1.4 Hz, 1H; OCH�CHCH3), 5.29 (s,
1H; H-1), 4.96 (dd, 3J(H,H)� 12.5 Hz, 6.8 Hz, 1H; OCH�CHCH3), 4.91 ±
4.56 (m, 6H; 3�PhCH2), 4.14 ± 3.69 (m, 6H; H-6�, H-6, H-5, H-4, H-3,


H-2), 2.13 (s, 3H; SCH3), 1.57 (dd, 3J(H,H)� 6.8 Hz, 1.4 Hz, 3H;
OCH�CHCH3); Z isomer: 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.40 ±
7.18 (m, 15H; Ar-H), 5.90 (dd, 3J(H,H)� 6.1 Hz, 4J(H,H)� 1.8 Hz, 1H;
OCH�CHCH3), 5.22 (d, 3J(H,H)� 1.4 Hz, 1H; H-1), 4.91 ± 4.50 (m, 6H;
3�PhCH2), 4.60 (dd, 3J(H,H)� 6.8 Hz, 6.1 Hz, 1H; OCH�CHCH3),
4.14 ± 3.69 (m, 6H; H-6�, H-6, H-5, H-4, H-3, H-2), 2.13 (s, 3H; SCH3),
1.66 (dd, 3J(H,H)� 6.8 Hz, 4J(H,H)� 1.8 Hz, 3H; OCH�CHCH3); MS-CI:
m/z (%): 521 (100) [M�H]� ; HRMS-ES: calcd for C31H40NO5S [M�NH4]�:
538.2627, found: 538.2635.


2-O-Acetyl-3,4,6-tri-O-benzyl-�-�-glucopyranosyl bromide (7): Orthoester
11[15] (400 mg, 0.77 mmol) was dissolved in dichloromethane (20 mL) and
cooled to 0 �C under Ar. HBr (33% in acetic acid, 0.7 mL) was added. After
3 min, TLC (ethyl acetate/petrol 1:3) indicated complete consumption of
starting material (Rf� 0.6) and formation of a product (Rf� 0.7). The
reaction was quenched with ice water (30 mL) then extracted with
dichloromethane (30 mL). The organic extracts were washed with satd aq
sodium bicarbonate (2� 20 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by flash column chromatography
(petrol/ethyl acetate 4:1 with 1% added triethylamine) to afford the
bromide 7 (312 mg, 73%) as a colourless oil. [�]22D ��150 (c� 0.45 in
CHCl3); 1H NMR (200 MHz, CDCl3, 25 �C): �� 7.38 ± 7.16 (m, 15H; Ar-
H),6.67 (d, 3J(H,H)� 4.0 Hz, 1H; H-1), 4.85, 4.80 (ABq, 3J(H,H)�
11.3 Hz, 2H; PhCH2), 4.78 (dd, 3J(H,H)� 9.8 Hz, 4.0 Hz, 1H; H-2), 4.83,
4.56 (ABq, 3J(H,H)� 10.1 Hz, 2H; PhCH2), 4.62, 4.51 (ABq, 3J(H,H)�
12.2 Hz, 2H; PhCH2), 4.13 ± 4.07 (m, 2H; H-3, H-5), 3.90 ± 3.85 (m, 1H;
H-4), 3.83 (dd, 2J(H,H)� 11.1 Hz, 3J(H,H)� 3.2 Hz, 1H; H-6�), 3.69 (dd,
2J(H,H)� 11.1 Hz, 3J(H,H)� 1.8 Hz, 1H; H-6), 2.06 (s, 3H; CH3). The
spectroscopic and analytical data were in agreement with those reported in
the literature.[15]


Methyl 3,4,6-tri-O-benzyl-1-thio-�-�-glucopyranoside (8)


Method 1: n-Butyllithium (1.2� in hexanes, 1.6 mL, 1.92 mmol) and
dimethyl disulphide (0.17 mL, 1.92 mmol) were dissolved in THF (3 mL)
at �78 �C under argon and stirred for 10 min. Bromide 7 (305 mg, mmol)
was dissolved in THF (3 mL) and added to the reaction mixture by
cannular. The mixture was stirred at at�78 �C and after 80 min, TLC (ethyl
acetate/petrol 1:3) indicated formation of a product (Rf� 0.3) and very
little remaining starting material (Rf� 0.6). An aq satd ammonium chloride
solution (2 mL) was added and the mixture was partitioned between
dichloromethane (30 mL) and water (30 mL). The organic layer was dried
(MgSO4), filtered and concentrated in vacuo. The residue was recrystallised
from ether/petrol to afford methyl thioglycoside 8 (180 mg, 68%) as a
white, crystalline solid. M.p. 76 ± 78 �C (ether/petrol); [�]22D ��4.8 (c� 0.25
in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.39 ± 7.16 (m, 15H; Ar-
H), 4.93, 4.86 (ABq, 2J(H,H)� 11.3 Hz, 2H; PhCH2), 4.83, 4.56 (ABq,
2J(H,H)� 10.5 Hz, 2H; PhCH2), 4.60, 4.53 (ABq, 2J(H,H)� 12.1 Hz, 2H;
PhCH2), 4.22 (d, 3J(H,H)� 9.0 Hz, 1H; H-1), 3.75 (dd, 2J(H,H)� 11.0 Hz,
3J(H,H)� 2.0 Hz, 1H; H-6�), 3.71 (dd, 2J(H,H)� 11.0 Hz, 3J(H,H)�
4.3 Hz, 1H; H-6), 3.64 (at, 3J(H,H)� 9.0 Hz, 1H; H-4), 3.60 ± 3.55 (m,
2H; H-2, H-3), 3.53 ± 3.50 (m, 1H; H-5), 2.20 (s, 3H; SCH3); 13C NMR
(100.6 MHz, CDCl3): �� 137.4, 137.0, 136.9 (3� s, Ar-C), 128.5, 128.4,
128.4, 128.3, 127.6, 128.1, 128.0, 127.9, 127.8, 127.7 (10� d, Ar-CH), 84.8,
84.5, 78.3, 76.2, 71.3 (5�d, C-1, C-2, C-3, C-4, C-5), 74.1, 74.0, 72.3, 67.7
(4� t, C-6, 3�PhCH2), 10.4 (q, SCH3); IR (thin film): �� � 3440 cm�1 (OH);
MS-APCI� :m/z (%): 504 (100) [M�Na]� ; elemental analysis calcd (%) for
C28H32O5S: C 69.97, H 6.71; found: C 70.00, H 6.79.


Method 2 : Acetyl bromide (10 mL) was added to the orthoester 11 (1.0 g,
1.92 mmol) at 0 �C under argon. After 15 min, TLC (ethyl acetate/petrol
1:2) indicated formation of a product (Rf� 0.5) and complete consumption
of starting material (Rf� 0.4). Toluene was added and the mixture
concentrated in vacuo to give bromide 7 which was used without
purification. n-Butyllithium (1.6� in hexanes, 3.0 mL, 4.81 mmol) and
dimethyl disulphide (0.43 mL, 4.81 mmol) were dissolved in THF (5 mL) at
�78 �C under argon and stirred for 15 min. The crude residue was dissolved
in THF (3 mL) and added to the reaction mixture by cannular under argon.
The mixture was stirred at �78 �C and after 1 h, TLC (ethyl acetate/petrol
1:3) indicated formation of a product (Rf� 0.2) and very little remaining
starting material (Rf� 0.5). Aq satd ammonium chloride (30 mL) was
added and the mixture was partitioned between dichloromethane (2�
50 mL) and water (100 mL). The organic layer was dried (MgSO4), filtered
and concentrated in vacuo. The residue was purified by flash column
chromatography (petrol/ethyl acetate 4:1) to give a white solid which was







Stereoselective 1,2-cis Glycosylation 2608±2621


Chem. Eur. J. 2002, 8, No. 11 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2615 $ 20.00+.50/0 2615


recrystallised from ether/petrol to afford methyl thioglycoside 8 (561 mg,
61%) as a white, crystalline solid, identical to that previously described.


Methyl 2-O-allyl-3,4,6-tri-O-benzyl-1-thio-�-�-glucopyranoside (9): Alco-
hol 8 (2.74 g, 5.71 mmol) was dissolved in anhydrous DMF (10 mL) and
cooled to 0 �C. Allyl bromide (1.0 mL, 11.42 mmol) was added and then
sodium hydride (60% dispersion in mineral oil, 457 mg, 11.42 mmol) was
added portionwise. After 30 min, TLC (ethyl acetate/petrol 1:3) indicated
formation of a single product (Rf� 0.8) and complete consumption of
starting material (Rf� 0.5). The reaction was quenched with methanol
(10 mL) the mixture adjusted to pH 7 with aqueous HCl (1�) and then
concentrated in vacuo. The residue was partitioned between dichloro-
methane (3� 100 mL) and water (200 mL). The combined organic layers
were washed with brine (50 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by flash column chromatography
(petrol/ethyl acetate 6:1) to afford allylated thioglycoside 9 (2.52 g, 85%)
as a pale yellow oil. [�]22D ��11 (c� 0.55 in CHCl3); 1H NMR (400 MHz,
CDCl3, 25 �C): �� 7.41 ± 7.15 (m, 15H; Ar-H); 6.01 (ddt, 3J(H,H)� 17.1 Hz,
10.4 Hz, 6.0 Hz, 1H; OCH2CH�CH2), 5.33 (dddd, 2J(H,H)� 1.4 Hz,
3J(H,H)� 17.1 Hz, 4J(H,H)� 1.3 Hz, 1.3 Hz, 1H; OCH2CH�CHEHZ),
5.21 (dddd, 2J(H,H)� 1.4 Hz, 3J(H,H)� 10.4 Hz, 4J(H,H)� 1.3 Hz,
1.3 Hz, 1H; OCH2CH�CHEHZ), 4.95, 4.86 (ABq, 2J(H,H)� 10.9 Hz, 2H;
PhCH2), 4.85, 4.58 (ABq, 2J(H,H)� 10.8 Hz, 2H; PhCH2), 4.63, 4.57 (ABq,
2J(H,H)� 12.0 Hz, 2H; PhCH2), 4.43 (ddat, 2J(H,H)� 12.0 Hz, 3J(H,H)�
5.8 Hz, 4J(H,H)� 1.3 Hz, 1H; OCHH � ), 4.33 (d, 3J(H,H)� 9.6 Hz, 1H;
H-1), 4.30 (ddat, 2J(H,H)� 12.0 Hz, 3J(H,H)� 6.0 Hz, 4J(H,H)� 1.3 Hz,
1H; OCHH�), 3.78 (dd, 2J(H,H)� 10.9 Hz, 3J(H,H)� 1.9 Hz, 1H; H-6�),
3.72 (dd, 2J(H,H)� 10.9 Hz, J5,6 4.4 Hz, 3J(H,H)� 10.9 Hz, 1H; H-6), 3.67
(at, 3J(H,H)� 8.9 Hz, 1H; H-3), 3.62 (at, 3J(H,H)� 9.2 Hz, 1H; H-4),
3.52 ± 3.48 (m, 1H; H-5), 3.36 (dd, 3J(H,H)� 9.6 Hz, 8.6 Hz, 1H; H-2), 2.26
(s, 3H; SCH3); 13C NMR (100.6 MHz, CDCl3): �� 138.4, 138.2, 138.0 (3� s,
Ar-C), 134.6 (d, OCH2CH�CH2), 128.4, 128.4, 128.3, 128.0, 127.9, 127.8,
127.7, 127.6 (8�d, Ar-CH), 117.5 (t, OCH2CH�CH2), 86.5 (d, C-3), 85.3 (d,
C-1), 80.8 (d, C-2), 79.1 (d, C-5), 77.7 (d, C-4), 74.1 (t, OCH2CH�CH2), 75.8,
75.1, 73.4 (3� t, 3�PhCH2), 68.9 (t, C-6), 13.0 (q, SCH3); IR (thin film):
�� � 1647 cm�1 (C�C); MS-APCI� : m/z (%): 559 (42) [M�K]� , 543 (100)
[M�Na]� ; elemental analysis calcd (%) for C31H36O5S: C 71.51, H 6.97;
found: C 71.49, H 6.89.


Methyl 2-O-(prop-1-enyl)-3,4,6-tri-O-benzyl-1-thio-�-�-glucopyranoside
(10): Wilkinson×s catalyst (448 mg, 0.49 mmol) was dissolved in THF
(10 mL) and degassed. n-Butyllithium (1.6� in hexanes, 0.45 mL,
0.73 mmol) was added and the mixture stirred for 10 min. Thioglycoside
9 (2.52 g, 0.485 mmol) was dissolved in THF (10 mL) and heated to reflux.
The catalyst solution was added by cannular under argon. After 1 h, TLC
(ethyl acetate/petrol 1:3) indicated formation of a single product (Rf� 0.55)
and complete consumption of starting material (Rf� 0.5). The reaction was
allowed to cool then diluted with dichloromethane (20 mL) and concen-
trated in vacuo. The residue was purified by flash column chromatography
(petrol/ethyl acetate 6:1 with 1% added triethylamine) to afford the vinyl
ethers 10 (2.37 g, 94%) as a pale yellow oil, as a mixture ofE andZ isomers,
E :Z ratio 2.7:1; partial data: E isomer: 1H NMR (200 MHz, CDCl3, 25 �C):
�� 6.23 (dd, 1H; OCH�CHCH3), 5.05 (dd, 3J(H,H)� 12.2 Hz, 1H;
OCH�CHCH3), 1.57 (dd, 3J(H,H)� 6.9 Hz, 4J(H,H)� 1.5 Hz, 3H;
OCH�CHCH3); Z isomer: 1H NMR (200 MHz, CDCl3, 25 �C, TMS): ��
6.16 (dd, 3J(H,H)� 6.2 Hz, 1H; OCH�CHCH3), 1.64 (dd, 3J(H,H)�
6.9 Hz, 4J(H,H)� 1.6 Hz, 3H; OCH�CHCH3); MS-APCI� : m/z (%): 543
(100) [M�Na]� ; HRMS-ES: calcd for C31H40NO5S [M�NH4]�: 538.2627,
found: 538.2627.


Phenyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-seleno-�-�-glucopyranoside (12):
Orthoester 11[17] (8.3 g, 16.0 mmol) was dissolved in acetonitrile (60 mL).
Mercuric bromide (57.6 mg, 0.16 mmol) and then selenophenol (3.3 mL,
30.0 mmol) were added and the reaction mixture was stirred at 50 �C. After
90 min, TLC (dichloromethane/ether 30:1) indicated formation of a
product (Rf� 0.7) and complete consumption of starting material (Rf�
0.3). The reaction was quenched with 5% aq sodium hydroxide (200 mL)
then extracted with dichloromethane (2� 200 mL). The combined organic
extracts were dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by flash column chromatography (petrol/ethyl acetate
6:1) and recrystallised from ethanol to afford the selenoglycoside 5 (7.85 g,
78%) as a white, crystalline solid. M.p. 122 ± 125 �C (ethanol); [�]22D ��2.7
(c� 0.33 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.67 ± 7.22 (m,
20H; Ar-H), 5.11 ± 5.06 (m, 1H; H-2), 4.84 (d, 3J(H,H)� 10.1 Hz, 1H;


H-1), 4.82, 4.70 (ABq, 2J(H,H)� 11.3 Hz, 2H; PhCH2), 4.81, 4.60 (ABq,
2J(H,H)� 10.8 Hz, 2H; PhCH2), 4.61, 4.55 (ABq, 2J(H,H)� 12.0 Hz, 2H;
PhCH2), 3.81 (dd, 2J(H,H)� 11.1 Hz, 3J(H,H)� 1.9 Hz, 1H; H-6�), 3.75 (dd,
2J(H,H)� 11.1 Hz, 3J(H,H)� 4.6 Hz, 1H; H-6), 3.72 ± 3.67 (m, 2H; H-3,
H-4), 3.56 ± 3.53 (m, 1H; H-5), 2.01 (s, 3H; CH3); 13C NMR (100.6 MHz,
CDCl3): �� 169.6 (s, C�O),138.2, 138.0, 137.8 (3� s, Ar-C), 134.7, 128.9,
128.5, 128.4, 128.0, 127.9, 127.8, 127.7, 127.6 (9� d, Ar-CH), 84.3, 81.7, 80.4,
77.7, 72.6 (5� d, C-1, C-2, C-3, C-4, C-5), 75.3, 75.1, 73.4, 68.8 (4� t, C-6, 3�
PhCH2), 21.1 (q, CH3); IR (thin film):�� � 1737 cm�1 (C�O); MS-APCI� :
m/z (%): 655 (100) [M�Na]� ; elemental analysis calcd for C35H36O6Se: C
66.56, H 5.74; found: C 66.70, H 5.47.


Phenyl 3,4,6-tri-O-benzyl-1-seleno-�-�-glucopyranoside (13): The acetate
12 (7.34 g, 11.6 mmol) was suspended in methanol (900 mL). Sodium
(870 mg, 37.8 mmol) was added to methanol (100 mL), and this solution
was then added to the dissolved acetate. After 28 h, TLC (ethyl acetate/
petrol 1:3) indicated formation of a product (Rf� 0.45) and complete
consumption of starting material (Rf� 0.5). Aqueous HCl (1�) was added
until pH 7 was reached and the mixture was concentrated to ca. 150 mL in
vacuo. The solution was partitioned between ethyl acetate (400 mL) and
water (200 mL). The organic layer was dried (MgSO4), filtered and
concentrated in vacuo. The residue was recrystallised from ether/petrol to
afford the alcohol 13 (6.24 g, 91%) as a white, crystalline solid. M.p. 61 ±
63 �C (ether/petrol); [�]22D ��12 (c� 0.5 in CHCl3); 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 7.68 ± 7.19 (m, 20H; Ar-H),4.91, 4.84 (ABq,
2J(H,H)� 11.2 Hz, 2H; PhCH2), 4.82, 4.57 (ABq, 2J(H,H)� 10.8 Hz, 2H;
PhCH2), 4.73 (d, 3J(H,H)� 9.6 Hz, 1H; H-1), 4.61, 4.55 (ABq, 2J(H,H)�
12.0 Hz, 2H; PhCH2), 3.80 (dd, 2J(H,H)� 11.1 Hz, 3J(H,H)� 2.0 Hz, 1H;
H-6�), 3.76 (dd, 2J(H,H)� 11.1 Hz, 3J(H,H)� 4.0 Hz, 1H; H-6), 3.64 ± 3.56
(m, 2H; H-3, H-4), 3.54 ± 3.47 (m, 2H; H-2, H-5). The spectroscopic and
analytical data were in agreement with those reported in the literature.[18]


Phenyl 2-O-allyl-3,4,6-tri-O-benzyl-1-seleno-�-�-glucopyranoside (14):
The alcohol 13 (3.0 g, 5.09 mmol) was dissolved in anhydrous DMF
(10 mL) and cooled to 0 �C. Allyl bromide (0.88 mL, 10.18 mmol) was
added then sodium hydride (60% dispersion in mineral oil, 407 mg,
10.18 mmol) was added portionwise. After 30 min, TLC (ethyl acetate/
petrol 1:3) indicated formation of a single product (Rf� 0.5) and complete
consumption of starting material (Rf� 0.3). The reaction was quenched
with methanol (5 mL) then concentrated in vacuo. The residue was
partitioned between dichloromethane (100 mL) and water (100 mL). The
aqueous layer was extracted with dichloromethane (100 mL) and the
combined organic layers were washed with brine (30 mL), dried (MgSO4),
filtered and concentrated in vacuo. The residue was recrystallised from
ethanol to afford allylated selenoglycoside 14 (2.97 g, 92%) as a white,
crystalline solid. M.p. 61 ± 62 �C (ethanol); [�]22D ��7.6 (c� 0.5 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 �C): �� 7.69 ± 7.17 (m, 20H; Ar-H), 5.97
(ddat, 3J(H,H)� 17.2 Hz, 10.7 Hz, 6.0 Hz, 1H; OCH2CH�CH2), 5.28 (dd,
2J(H,H)� 1.6 Hz, 3J(H,H)� 17.2 Hz, 1H; OCH2CH�CHEHZ), 5.18 (dd,
2J(H,H)� 1.6 Hz, 3J(H,H)� 10.4 Hz, 1H; OCH2CH�CHEHZ), 4.89, 4.83
(ABq, 2J(H,H)� 10.7 Hz, 2H; PhCH2), 4.80 (d, 3J(H,H)� 9.8 Hz, 1H;
H-1), 4.81, 4.58 (ABq, 2J(H,H)� 10.8 Hz, 2H; PhCH2), 4.59, 4.53 (ABq,
2J(H,H)� 12.0 Hz, 2H; PhCH2), 4.34 (dd, 2J(H,H)� 11.8 Hz, 3J(H,H)�
5.6 Hz, 1H; OCHH � ), 4.24 (dd, 2J(H,H)� 11.8 Hz, 3J(H,H)� 6.0 Hz, 1H;
OCHH�), 3.78 (dd, 2J(H,H)� 10.9 Hz, 3J(H,H)� 2.0 Hz, 1H; H-6�), 3.72
(dd, 2J(H,H)� 10.9 Hz, 3J(H,H)� 4.3 Hz, 1H; H-6), 3.64 ± 3.62 (m, 2H;
H-3, H-4), 3.49 ± 3.45 (m, 1H; H-5), 3.42 ± 3.37 (m, 1H; H-2); 13C NMR
(100.6 MHz, CDCl3): �� 138.8, 138.6 (2� s, Ar-C), 135.1, 134.9 (2�d, Ar-
CH, OCH2CH�CH2), 129.5, 128.9, 128.8, 128.4, 128.4, 128.2, 128.1, 128.0
(8�d, Ar-CH), 117.9 (t, OCH2CH�CH2),87.2, 83.5, 81.6, 80.6, 78.2 (5� d,
C-1, C-2, C-3, C-4, C-5), 76.3, 75.6, 74.5, 73.9, 69.4 (5� t, C-6, 3�PhCH2,
OCH2CH�CH2); MS-APCI� : m/z (%): 653 (100) [M�Na]� ; elemental
analysis calcd for C36H38O5Se: C 68.67, H 6.08; found: C 68.77, H 6.09.


Phenyl 2-O-(prop-1-enyl)-3,4,6-tri-O-benzyl-1-seleno-�-�-glucopyrano-
side (15): Wilkinson×s catalyst (31 mg, 0.033 mmol) was dissolved in THF
(3 mL) and degassed. n-Butyllithium (1.2� in hexanes, 0.04 mL,
0.049 mmol) was added and the mixture stirred for 15 min. Selenoglycoside
14 (205 mg, 0.326 mmol) was dissolved in THF (3 mL) and heated to reflux.
The catalyst solution was added by cannular under argon. After 140 min,
the reaction was allowed to cool then diluted with dichloromethane
(20 mL) and concentrated in vacuo. The residue was purified by flash
column chromatography (petrol/ethyl acetate 6:1) to give vinyl ethers 15
(190 mg, 92%) as a pale yellow oil. MS-APCI� : m/z (%): 653 (45)
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[M�Na]� ; HRMS: calcd for C36H42NO5Se [M�NH4]�: 648.2228, found:
648.2234.


General procedure A : manno/S-phenyl NIS tethering : Vinyl ether 3
(typically 0.15 mmol), the alcohol (1.5 equiv) and powdered 4 ä molecular
sieves (ca. 500 mg) were stirred in dichloroethane (4 mL) under argon at
�40 �C. NIS (2.5 equiv) was added and the mixture was allowed to warm
slowly to room temperature overnight. After 16 h, dichloromethane was
added, the mixture was filtered through Celite washed with 10% aqueous
sodium thiosulfate, dried (MgSO4), filtered and concentrated in vacuo. The
resulting residue was purified by flash column chromatography to give the
mixed acetals 16a ± e,g,h.


Phenyl 2-O-(2-iodo-1-methoxypropyl)-3,4,6-tri-O-benzyl-1-thio-�-�-man-
nopyranoside (16a): Vinyl ether 3 (254 mg, 0.49 mmol) gave mixed acetals
16a as a cloudy oil, an inseparable mixture of diastereomers (336 mg,
93%). 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.54 ± 7.48 (m, 2H; 2�Ar-
H); 7.45 ± 7.26 (m, 18H; 18�Ar-H), 5.63, 5.59, 5.57 (3� s, 1H; H-1), 4.93,
4.89 (ABq, 2J(H,H)� 10.8 Hz, 1H; PhCHH), 4.83 ± 4.51 (m, 6H; 5�
PhCHH, O2CH), 4.36 ± 4.17 (m, � 2H; partial-H-2, H-5, CHI), 4.15
(ad, 3J(H,H)� 2.5 Hz, � 1H; partial-H-2), 4.10, 4.04 (2� at, 3J(H,H)�
9.4 Hz, 9.5 Hz, 1H; H-4), 3.96 ± 3.91 (m, 1H; H-3), 3.90 ± 3.84 (m, 1H;
H-6�), 3.78 (d, 2J(H,H)� 10.9 Hz, 1H; H-6), 3.43, 3.39, 3.33, 3.31 (4� s
[relative intensities: 1:1.4:1.7:2.3], 3H; OCH3), 1.91 ± 1.85 (m, 3H;
CHCH3); 13C NMR (100.6 MHz, CDCl3): �� 138.4, 138.2, 137.9 (3� s,
Ar-C), 131.6, 129.1, 128.6, 128.5, 128.5, 128.2, 128.1, 127.9, 127.9, 127.8, 127.7,
127.7, 127.6, 127.4 (14� d, Ar-CH), 106.7, 106.5, 87.4, 87.2, 80.7, 80.7, 69.0,
77.4, 76.1, 75.9, 75.2, 75.1, 74.9, 74.8, 73.2, 73.2, 73.1, 73.0, 72.9, 72.9, 72.3
(21�d/t, C-1, C-2, C-3, C-4, C-5, C-6, 3�PhCH2, O2CH), 54.6, 54.1, 52.4,
51.8 (4� q, OCH3), 25.7, 25.5, 25.2, 23.7, 23.4, 21.5, 21.2 (7�d/q, CHICH3);
MS-APCI� : m/z (%): 764 (100) [M�Na]� ; elemental analysis for
C37H41IO6S: C 60.00, H 5.58; found: C 59.94, H 5.57.


Phenyl 2-O-(1-(1,2 :3,4-di-O-isopropylidene-�-�-galactopyranos-6-O-yl)-2-
iodopropyl)-3,4,6-tri-O-benzyl-1-thio-�-�-mannopyranoside (16b): Vinyl
ether 3 (185 mg, 0.32 mmol) and diacetone galactose (133 mg, 0.51 mmol),
gave mixed acetals 16b as a clear, colourless oil, an inseparable mixture of
diastereomers (293 mg, 95%). 1H NMR (400 MHz, CDCl3, 25 �C): ��
7.53 ± 7.19 (m, 20H; 20�Ar-H), 5.75, 5.73, 5.64 (3� d, 3J(H,H)� 1.6 Hz,
1.4 Hz, 1.4 Hz, 1H; H-1man), 5.58, 5.46, 5.39 (3�d, J1,2� 5.0 Hz, 1H, H-1gal),
4.93 ± 4.48, 4.45 ± 4.08, 4.02 ± 3.68 (m, 20H; H-2man, H-3man, H-4man, H-5man,
H-6man, H-6�man, H-2gal , H-3gal , H-4gal , H-5gal , H-6gal , H-6�gal , 3�PhCH2 ,
CHCHI, CHCHI), 1.84, 1.87 (2� d, 3J(H,H)� 7.0 Hz, 6.9 Hz, 3H;
CHCH3), 1.56 ± 1.30 (10� s, 12H; 2�C(CH3)2); 13C NMR (100.6 MHz,
CDCl3): �� 138.4, 138.3, 138.0, 137.7, 137.5, 134.8, 134.5, 134.0, 132.1, 131.0,
130.8, 129.0, 128.8, 128.5, 128.4, 128.4, 128.3, 128.2, 128.2, 128.1, 128.0, 127.8,
127.8, 127.7, 127.6, 127.3, 126.9 (18�d, Ar-CH; 9� s, Ar-C), 109.3, 109.2,
109.1, 108.7, 108.6, 108.4 (6� s, 2�C(CH3)2), 105.1, 102.9, 96.2, 87.2, 87.1,
85.3, 81.0, 81.0, 74.9, 74.7, 74.1, 72.7, 72.6, 71.3, 70.7, 70.6, 70.6, 70.5, 70.3, 67.5,
66.6, 26.7, 26.6, 26.4, 26.3, 26.2, 26.1, 26.0, 25.9, 24.9, 24.4, 24.3, 23.2, 23.1
(34�d�q, C-1gal , C-2gal , C-3gal , C-4gal , C-5gal , C-1man, C-2man, C-3man, C-4man,
C-5man, O2CHCHICH3, 2�C(CH3)2), 75.2, 73.2, 73.1, 72.5, 72.3, 71.8, 69.0,
65.4, 65.1, 63.8 (10� t, C-6gal , C-6man, 3�PhCH2); MS-APCI� :m/z (%): 991
(100) [M�Na]� ; elemental analysis calcd for C48H57IO11S: C 59.23, H 5.83;
found: C 59.50, H 5.93.


Phenyl 2-O-(1-cyclohexyloxy-2-iodopropyl)-3,4,6-tri-O-benzyl-1-thio-�-�-
mannopyranoside (16c): Vinyl ether 3 (94 mg, 0.16 mmol) and cyclo-
hexanol (0.33 mL, 0.33 mmol) gave mixed acetals 16c as a clear oil, an
inseparable mixture of diastereomers (99 mg, 76%). 1H NMR (500 MHz,
CDCl3, 25 �C): �� 7.67 ± 7.25 (m, 20H; 20�Ar-H), 5.65, 5.62, 5.60, 5.57
(4�d, 3J(H,H)� 2.0 Hz, 1.5 Hz, 1.5 Hz, 1.5 Hz, 1H; H-1), 4.92 ± 4.48 (m,
7H [incorporating: 4.91, 4.63 (ABq, 2J(H,H)� 11.0 Hz, �2H; PhCH2),
4.88, 4.57 (ABq, 2J(H,H)� 11.0 Hz, �2H; PhCH2), 4.86, 4.75 (ABq,
2J(H,H)� 12.0 Hz, �2H; PhCH2), 4.75 (s, �2H; PhCH2)], 4.69, 4.53
(ABq, 2J(H,H)� 12.0 Hz, �2H; PhCH2), 4.66, 4.50 (ABq, 3J(H,H)�
12.0 Hz, �2H; 3�PhCH2 , CHO2), 4.10 ± 4.23 (m, �2H; partial-H-2,
partial-H-3, CHI), 4.37 ± 4.27 (m, �1H; partial-H-2, H-5), 4.01 ± 3.76 (m,
�2H; partial-H-3, H-4, partial-H-6, H-6�), 3.72 (dd, 2J(H,H)� 11.0 Hz,
3J(H,H)� 2.0 Hz, �1H; partial-H-6), 3.67 ± 3.48, 3.40 ± 3.30 (2�m, 1H;
OCH(CH2)2), 1.95, 1.90, 1.89, 1.86 (4� d, 3J(H,H)� 7.0 Hz, 7.0 Hz, 7.0 Hz,
6.5 Hz, 3H; CH3), 1.94 ± 1.13 (m, 10H, (CH2)5); 13C NMR (125.7 MHz,
CDCl3): �� 138.9, 138.8, 138.6, 135.0, 134.5 (5� s, Ar-C), 132.4, 132.0,
129.4, 129.0, 128.9, 128.8, 128.8, 128.7, 128.6, 128.5, 128.4, 128.4, 128.3, 128.2,
128.1, 128.0, 127.9 (17�d, Ar-CH), 104.7, 102.2, 102.0, 80.7, 81.4, 76.5, 75.7,


74.9, 73.6, 73.4, 73.0, 72.7, 70.7, 70.3, 29.8, 28.8, 28.5, 28.3, 22.6, 21.9, 21.7, 19.5
(22�d/q,CHICH3, OCH(CH2)2, C-1, C-2, C-3, C-4, C-5, O2CH), 75.6, 75.5,
73.8, 72.6, 69.6, 69.3, 36.0, 33.7, 33.5, 33.3, 33.2, 26.1, 26.0, 25.9, 25.8, 24.6,
24.4, 24.3 (18� t, (CH2)5, C-6, 3�PhCH2); MS-APCI� : m/z (%): 831 (27)
[M�Na]� ; HRMS-CI: calcd for C42H53INO6S [M�NH4]�: 826.2638, found:
826.2635.


Phenyl 2-O-(1-benzyloxy-2-iodopropyl)-3,4,6-tri-O-benzyl-1-thio-�-�-
mannopyranoside (16d): Vinyl ether 3 (250 mg, 0.43 mmol) and benzyl
alcohol (0.11 mL, 1.06 mmol) gave mixed acetals 16d as a cloudy oil, an
inseparable mixture of diastereomers (341 mg, 97%). 1H NMR (500 MHz,
CDCl3, 25 �C): �� 7.75 ± 7.14 (m, 25H; 25�Ar-H), 5.61, 5.60, 5.55, 5.44
(4�d, 3J(H,H)� 2.0 Hz, 1H; H-1), 4.94 ± 4.87, 4.78 ± 4.50 (2�m, �9H;
4�PhCH2 , O2CH, partial-CHI), 4.37 ± 4.28 (m, �2H; partial-H-2, H-5,
partial-CHI), 4.25 (at, 3J(H,H)� 2.0 Hz, �1H; partial-H-2), 4.13 ± 4.04 (m,
�1H; partial-H-2, H-4), 3.95 ± 3.82 (m, 2H; H-3, H-6�), 3.77 (dd, 2J(H,H)�
11.0 Hz, 3J(H,H)� 1.5 Hz, 1H; H-6), 1.92, 1.90 (2� d, 3J(H,H)� 7.0 Hz,
3H; CH3); 13C NMR (125.7 MHz, CDCl3): �� 138.9, 138.7, 138.3, 134.0
(4� s, Ar-C), 132.4, 132.1, 129.4, 129.0, 128.9, 128.9, 128.8, 128.6, 128.5,
128.4, 128.4, 128.3, 128.3, 128.1, 128.0, 128.0, 127.8 (17� d, Ar-CH), 105.6,
105.1, 87.8, 87.5, 86.3, 81.1, 81.0, 76.5, 74.4, 75.2, 74.4, 73.5, 73.4 (13� d, C-1,
C-2, C-3, C-4, C-5, O2CH), 75.7, 75.4, 73.7, 73.5, 73.2, 73.0, 69.5, 69.4, 67.8,
67.4 (10� t, C-6, 4�PhCH2), 26.7, 26.4, 23.9, 23.7, 21.6 (5� d/q, CHICH3);
MS-APCI� : m/z (%): 839 (47) [M�Na]� ; HRMS-ES: calcd for C43H45I-
NaO6S [M�Na]�: 839.1879, found: 839.1868.


Phenyl 2-O-(2-iodo-1-(methyl 2,3,4-tri-O-benzyl-�-�-glucopyranosid-6-O-
yl)propyl)-3,4,6-tri-O-benzyl-1-thio-�-�-mannopyranoside (16e): Vinyl
ether 3 (100 mg, 0.17 mmol) and methyl 2,3,4-tri-O-benzyl-�-�-glucopyr-
anoside (213 mg, 0.46 mmol) gave mixed acetals 16e as a clear oil, an
inseparable mixture of diastereomers (181 mg, 90%). 1H NMR (400 MHz,
CDCl3, 25 �C): �� 7.56 ± 7.18 (m, 35H; 35�Ar-H), 5.83, 5.77, 5.73 (3� d,
3J(H,H)� 1.4 Hz, 1.0 Hz, 1.0 Hz, 1H; H-1man), 5.04 ± 4.44 (m, �14H;
partial-H-1glc, H-2man, O2CHCHI, 6�PhCH2), 4.43 (d, 3J(H,H)� 3.5 Hz,
�1H; partial-H-1glc), 4.38 ± 4.34 (m, 1H; H-5man), 4.24 ± 3.98 (m, 3H; H-3glc,
H-4man, CHI), 3.96 ± 3.56 (m, �6H; partial-H-2glc, partial-H-4glc, H-5glc,
H-6glc, H-6�glc, H-3man, H-6man, H-6�man), 3.52 (dd, 3J(H,H)� 9.6 Hz, 3.5 Hz,
�1H; partial-H-2glc), 3.44 (at, 3J(H,H)� 9.4 Hz, �1H; partial-H-4glc), 3.38,
3.37, 3.35 (3� s [relative intensities: 2:1:9], 3H; OCH3), 1.95, 1.92, 1.89 (3�
d, 3J(H,H)� 7.0 Hz, 7.0 Hz, 6.9 Hz, 3H; CHCH3); 13C NMR (100.6 MHz,
CDCl3): �� 138.8, 138.1, 138.0 (3� s, Ar-C), 135.0, 132.5, 130.4, 129.0,
128.5, 128.5, 128.4, 128.4, 128.4, 128.2, 128.1, 128.1, 128.0, 128.0, 127.8, 127.7,
127.7, 126.9 (18� d, Ar-CH), 106.5, 106.4, 103.6, 98.0, 97.8, 97.5, 87.1, 85.9,
82.0, 81.1, 80.4, 77.8, 74.9, 74.1, 72.9, 72.7, 70.2 (17�d, C-1glc, C-2glc, C-3glc,
C-4glc, C-5glc, C-1man, C-2man, C-3man, C-4man, C-5man, O2CH), 75.8, 75.3, 75.1,
75.0, 75.0, 73.4, 73.2, 73.1, 72.7, 72.6, 69.0, 66.0, 65.4, 64.3 (14� t, C-6glc,
C-6man, 6�PhCH2), 55.2, 55.2, 55.1 (3�q, OCH3), 26.7, 26.3, 25.8, 23.1, 23.1,
22.0 (6� d/q, CHICH3); MS-APCI� : m/z (%): 1195 (100) [M�Na]� ;
HRMS-ES: calcd for C64H69INaO11S [M�Na]�: 1195.3503, found:
1195.3494.


Phenyl 2-O-(2-iodo-1-(methyl 2-O-benzyl-(R)-4,6-O-benzylidene-�-�-
mannopyranosid-6-O-yl)-propyl)-3,4,6-tri-O-benzyl-1-thio-�-�-mannopyr-
anoside (16g): Vinyl ether 3 (108 mg, 0.19 mmol) and methyl 2-O-benzyl-
(R)-4,6-benzylidene-�-�-mannopyranoside (175 mg, 0.47 mmol) gave
mixed acetals 16g as a clear oil, a partially separable mixture of
diastereomers (170 mg, 85%). Rf� 0.55, 0.45 (petrol/ether 1:1). Data for
partially separated diastereomer at Rf� 0.45: 1H NMR (400 MHz, CDCl3,
25 �C): �� 7.56 (d, 3J(H,H)� 6.9 Hz, 2H; 2�Ar-H), 7.43 (dd, 3J(H,H)�
1.5 Hz, 8.0 Hz, 2H; 2�Ar-H), 7.26 ± 7.09 (m, 26H; 26�Ar-H), 5.86 (d,
3J(H,H)� 0.9 Hz, 1H; H-1SPh), 5.62 (s, 1H; PhCHO2), 4.87 (d, 3J(H,H)�
3.6 Hz, 1H; O2CHCHI), 4.70 (d, 3J(H,H)� 12.0 Hz, 1H; PhCHH � ), 4.69,
4.41 (ABq, 2J(H,H)� 10.4 Hz, 2H; PhCH2), 4.59 ± 4.55 (m, 6H; H-1OMe,
H-2SPh, PhCH2 , PhCHH �, PhCHH�), 4.39 (d, 2J(H,H)� 11.9 Hz, 1H;
PhCHH�), 4.16 ± 4.08 (m, 2H; H-4OMe, H-5SPh), 3.99 ± 3.93 (m, 2H;
H-3OMe, CHI), 3.88 (at, 3J(H,H)� 9.7 Hz, 1H; H-4SPh), 3.74 ± 3.64 (m, 5H;
H-2OMe, H-5OMe, H-6�OMe, H-6SPh, H-6�SPh), 3.51 (d, 2J(H,H)� 11.3 Hz, 1H;
H-6OMe), 3.45 (dd, 3J(H,H)� 3.1 Hz, 9.4 Hz, 1H; H-3SPh), 3.27 (s, 3H;
OCH3), 1.74 (3�d, 3J(H,H)� 7.0 Hz, 3H; CHCH3); 13C NMR (100.6 MHz,
CDCl3): �� 139.0, 139.0, 138.8, 138.4, 137.8, 134.7 (6� s, Ar-C),131.8, 130.0,
129.5, 129.0, 128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.2, 128.1, 128.0, 128.0,
127.9, 127.8, 127.7, 127.6, 127.5 (19� d, Ar-CH), 107.7, 103.1, 101.0, 88.3, 81.0,
80.3, 78.6, 74.9, 74.9, 74.8, 72.9, 64.4 (12� d, C-1OMe, C-2OMe, C-3OMe,
C-4OMe, C-5OMe, C-1SPh, C-2SPh, C-3SPh, C-4SPh, C-5SPh, O2CHCHI,







Stereoselective 1,2-cis Glycosylation 2608±2621


Chem. Eur. J. 2002, 8, No. 11 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2617 $ 20.00+.50/0 2617


PhCHO2), 75.7, 74.7, 73.5, 71.1, 69.7, 69.4 (6� t, C-6OMe, C-6SPh, 4�
PhCH2), 55.3 (q, OCH3), 26.4, 21.5 (2� d/q, CHICH3); MS-APCI� : m/z
(%): 1098 (3) [M�NH4]� ; HRMS-ES: calcd for C57H65INO11S [M�NH4]�:
1098.3323, found: 1098.3308.


Selected data for mixture of diastereomers at Rf� 0.55 and minor
component at Rf� 0.45: 1H NMR (400 MHz, CDCl3, 25 �C): �� 3.36,
3.17 (2� s, OCH3), 1.82, 1.66 (2�d, 3J(H,H)� 6.9 Hz, 7.0 Hz, CHCH3). A
side product was also isolated, a single diastereomer of succinimide trapped
thioglycoside 22 (22b), a clear oil (16 mg, 10%). Rf� 0.3 (petrol/ether 1:1);
[�]25�5D ��92.3 (c� 0.57 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): ��
7.48 ± 7.20 (m, 15H; 15�Ar-H), 5.63 (d, 1H; NCH), 5.30 (d, 3J(H,H)�
1.7 Hz, 1H; H-1), 5.13 (dq, 3J(H,H)� 10.2 Hz, 1H; CHI), 4.89, 4.68 (Abq,
2J(H,H)� 10.9 Hz, 2H; PhCH2), 4.85, 4.54 (ABq, 2J(H,H)� 10.9 Hz, 2H;
PhCH2), 4.60, 4.47 (ABq, 2J(H,H)� 12.0 Hz, 2H; PhCH2), 4.20 ± 4.16 (m,
1H; H-5), 4.10 (at, 3J(H,H)� 2.0 Hz, 1H; H-2), 3.96 ± 3.83 (m, 2H; H-3,
H-4), 3.75 (dd, 2J(H,H)� 11.0 Hz, 3J(H,H)� 4.9 Hz, 1H; H-6�), 3.69 (dd,
2J(H,H)� 11.0 Hz, 3J(H,H)� 1.9 Hz, 1H; H-6), 2.60 ± 2.54 (m, 4H;
(CH2)2), 2.00 (d, 3J(H,H)� 6.9 Hz, 3H; CH3); 13C NMR (100.6 MHz,
CDCl3): �� 138.3, 138.0, 137.6, 133.8 (4� s, Ar-C), 131.8, 129.1, 128.6, 128.5,
128.4, 128.3, 128.2, 128.0, 127.9, 127.7, 127.6, 127.5, 126.3, 125.5 (14� d, Ar-
CH), 86.6, 80.0, 76.2, 76.2, 74.6, 73.2 (6�d, C-1, C-2, C-3, C-4, C-5, NCH),
75.1, 73.2, 72.8, 69.0 (4� t, C-6, 3�PhCH2), 27.8 (t, (CH2)2), 25.0, 23.8 (2�
d/q, CHICH3); IR (thin film): �� � 1715 cm�1 (C�O); MS-APCI� : m/z (%):
825 (8) [M�NH4]� ; HRMS-ES: calcd for C40H46IN2O7S [M�NH4]�:
825.2071, found: 825.2078.


Phenyl 2-O-(2-iodo-1-(p-methoxyphenyl 3,6-di-O-benzyl-2-deoxy-2-
phthalimido-�-�-glucopyranosid-4-O-yl)-propyl)-3,4,6-tri-O-benzyl-1-
thio-�-�-mannopyranoside (16h): Vinyl ether 3 (94 mg, 0.16 mmol) and p-
methoxyphenyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyrano-
side (128 mg, 0.21 mmol) gave mixed acetals 16h as a clear oil, an
inseparable mixture of diastereomers (19 mg, 9%). Rf� 0.15 (petrol/ethyl
acetate 4:1). 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.82 ± 6.66 (m, 38H;
38�Ar-H), 6.43 (br s, 1H; H-1Man), 5.61 (d, 3J(H,H)� 8.2 Hz, 1H; H-1Glc),
5.11 (d, 2J(H,H)� 13.0 Hz, 1H; PhCHH�), 4.81 ± 3.66 (m, 23H;), 3.72 (s,
3H; OCH3), 1.60 (d, 3J(H,H)� 7.1 Hz, 3H; CHCH3); 13C NMR
(100.6 MHz, CDCl3): �� 155.3, 150.8 (2� s, C�O), 138.9, 138.8, 138.3,
137.9, 137.7 (5� s, Ar-C), 133.6, 133.2, 132.5, 129.3, 128.8, 128.7, 128.6, 128.4,
128.3, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.5, 127.5, 127.4,
127.3, 126.9, 126.7, 123.2, 118.8, 114.3 (26� d, Ar-CH), 104.5 (d, O2CCHI),
97.8 (d, C-1Glc), 86.1 (d, C-1Man), 80.8, 80.0, 77.5, 76.0, 75.6, 75.4, 73.7, 56.0
(8�d, C-2Man, C-3Man, C-4Man, C-5Man, C-2Glc, C-3Glc, C-4Glc, C-5Glc), 75.7,
75.1, 74.0, 73.0, 72.5, 69.3, 67.8 (7� t, C-6Man, C-6Glc, 5�PhCH2), 55.6 (q,
OCH3), 29.7 (d, CHI), 23.7 (q, CHICH3); IR (thin film): �� � 1716 cm�1


(C�O); elemental analysis calcd for C71H70INO13S: C 65.38, H 5.41, N 1.07;
found: C 65.36, H 5.44, N 1.10.


Two side products were also isolated, being two diastereomers of
succinimide trapped thioglycoside 22 as clear oils. Data for first diaster-
eomer of 22 (22a) (13 mg, 10%). Rf� 0.35 (petrol/ethyl acetate 4:1);
[�]24D ��22.4 (c� 0.62 in CHCl3); 1H (500 MHz, CDCl3, 25 �C): �� 7.55 ±
7.21 (m, 15H; 15�Ar-H), 5.54 (d, 1H; H-1), 5.30 (d, 1H; NCH), 5.18 (dq,
3J(H,H)� 10.1 Hz, 1H; CHI), 4.86, 4.59 (ABq, 2J(H,H)� 10.9 Hz, 2H;
PhCH2), 4.73, 4.57 (ABq, 2J(H,H)� 11.6 Hz, 2H; PhCH2), 4.61, 4.51 (ABq,
2J(H,H)� 11.9 Hz, 2H; PhCH2), 4.32 (ddd, 3J(H,H)� 8.1 Hz, 3.5 Hz,
1.8 Hz, 1H; H-5), 4.11 (dd, 3J(H,H)� 2.5 Hz, 2.1 Hz, 1H; H-2), 4.00 (at,
3J(H,H)� 9.6 Hz, 1H; H-4), 3.83 ± 3.79 (m, 2H; H-3, H-6�), 3.75 (dd,
2J(H,H)� 10.9 Hz, 3J(H,H)� 1.8 Hz, 1H; H-6), 2.65 ± 1.85 (br, 4H;
(CH2)2), 1.99 (d, 3J(H,H)� 6.8 Hz, 3H; CH3); 13C NMR (125.7 MHz,
CDCl3): �� 138.2, 138.0, 133.4 (3� s, Ar-C), 132.5, 129.0, 128.4, 128.3,
128.2, 127.8, 127.8, 127.8, 127.6, 127.6, 127.4, 127.3 (12� d, Ar-CH), 86.0, 85.9,
79.3, 78.2, 75.2, 72.9 (6� d, C-1, C-2, C-3, C-4, C-5, NCH), 75.1, 73.1, 73.0,
68.8 (4� t, C-6, 3�PhCH2), 27.6 (t, (CH2)2), 24.9, 22.8 (2� d/q, CHICH3);
IR (thin film): �� � 1710 cm�1 (C�O); MS-APCI� : m/z (%): 825 (4)
[M�NH4]� ; HRMS-ES: calcd for C40H46IN2O7S [M�NH4]�: 825.2071,
found: 825.2078.


The second diastereomer of 22 (22b) (77 mg, 60%) was identical in all
respects to the material described previously.


General procedure B : gluco/S-methyl NIS tethering : The alcohol
(1.5 equiv), NIS (3 equiv) and powdered 4 ä molecular sieves (ca.
250 mg) were stirred in dichloroethane (4 mL) under argon at �40 �C.
Vinyl ether 10 (typically �0.2 mmol) was added by cannula under argon


and the mixture was allowed to warm slowly to room temperature. After
1 h, the mixture was partitioned between dichloromethane and 10%
aqueous sodium thiosulfate. The organic phase was dried (MgSO4),
filtered, concentrated in vacuo and the resulting residue was purified by
flash column chromatography to give the mixed acetals 18a ± f as clear oils.
(Successful tethering to form 18 f required the addition of triethylamine
before work-up, presumably to stabilise the mixed acetal.)


Methyl 2-O-(2-iodo-1-methoxypropyl)-3,4,6-tri-O-benzyl-1-thio-�-�-glu-
copyranoside (18a): Vinyl ether 10 (100 mg, 0.19 mmol) and methanol
(0.012 mL, 0.29 mmol) gave mixed acetals 18a (128 mg, 98%) as a
colourless oil. MS-APCI� : m/z (%): 701 (100) [M�Na]� .


Methyl 2-O-(1-(1,2 :3,4-di-O-isopropylidene-�-�-galactopyranos-6-O-yl)-
2-iodopropyl)-3,4,6-tri-O-benzyl-1-thio-�-�-glucopyranoside (18b): Vinyl
ether 10 (100 mg, 0.19 mmol) and diacetone galactose (75 mg, 0.29 mmol)
gave mixed acetals 18b (147 mg, 84%) as a colourless oil. MS-APCI� : m/z
(%): 929 (100) [M�Na]� .


Methyl 2-O-(1-cyclohexyloxy-2-iodopropyl)-3,4,6-tri-O-benzyl-1-thio-�-�-
glucopyranoside (18c): Vinyl ether 10 (100 mg, 0.19 mmol) and cyclo-
hexanol (0.061 mL, 0.577 mmol) gave mixed acetals 18c (115 mg, 80%) as
a colourless oil. MS-APCI� : m/z (%): 769 (100) [M�Na]� .


Methyl 2-O-(1-benzyloxy-2-iodopropyl)-3,4,6-tri-O-benzyl-1-thio-�-�-glu-
copyranoside (18d): Vinyl ether 10 (80 mg, 0.15 mmol) and benzyl alcohol
(0.03 mL, 0.31 mmol) gave mixed acetals 18d (110 mg, 95%) as a colour-
less oil. MS-APCI� : m/z (%): 793 (72) [M�K]� , 777 (100) [M�Na]� , 772
(35) [M�NH4]� .


Methyl 2-O-(2-iodo-1-(methyl 2,3,4-tri-O-benzyl-�-�-glucopyranosid-6-O-
yl)propyl)-3,4,6-tri-O-benzyl-1-thio-�-�-glucopyranoside (18e): Vinyl
ether 10 (100 mg, 0.19 mmol) and methyl 2,3,4-tri-O-benzyl-�-�-glucopyr-
anoside (134 mg, 0.29 mmol) gave mixed acetals 18e (76 mg, 36%) as a
colourless oil. MS-APCI� : m/z (%): 1133 (100) [M�Na]� .


Methyl 2-O-(2-iodo-1-(methyl 2,3,4-tri-O-benzyl-�-�-mannopyranosid-6-
O-yl)propyl)-3,4,6-tri-O-benzyl-1-thio-�-�-glucopyranoside (18 f): Vinyl
ether 10 (40 mg, 0.077 mmol) and methyl 2,3,4-tri-O-benzyl-�-�-manno-
pyranoside (71 mg, 0.15 mmol) gave mixed acetals 18 f (54 mg, 63%) as a
colourless oil. MS-APCI� : m/z (%): 1133 (100) [M�Na]� .


General procedure C : Intramolecular glycosylation with NIS/AgOTf : The
mixed acetals 16a ± e,g (typically �0.1 mmol), NIS (5 equiv), silver triflate
(1 equiv), 2,6-di-tert-butyl-4-methylpyridine (DTBMP) (5 equiv) and pow-
dered 4 ä molecular sieves (ca. 250 mg) were dissolved in dry dichloro-
ethane under argon. The solution was then stirred at room temperature (or
50 �C) until TLC indicated disappearance of the starting material.
Trifluoroacetic acid (10 mL), methanol (2 mL), THF (2 mL) and water
(2 mL) were added and the solution was stirred for a further 1 ± 4 h.
Dichloromethane was added, the mixture filtered through Celite washed
with saturated aqueous sodium bicarbonate, and the aqueous layers were
re-extracted with dichloromethane. The combined organic extracts were
washed with 10% sodium thiosulfate, dried (MgSO4), filtered and
concentrated in vacuo. The resulting residue was purified by flash column
chromatography to give the pure �-mannoside 20a ± e,g.


Methyl 3,4,6-tri-O-benzyl-�-�-mannopyranoside (20a): Mixed acetals 16a
(62 mg, 0.083 mmol) gave �-mannoside 20a as a clear, colourless oil (30 mg,
77%). [�]22D ��16.6 (c� 0.95 in CHCl3); 1H NMR (400 MHz, CDCl3,
25 �C): �� 7.40 ± 7.20 (m, 15H; 15�Ar-H), 4.90, 4.55 (ABq, 2J(H,H)�
10.8 Hz, 2H; PhCH2), 4.78, 4.69 (ABq, 2J(H,H)� 11.9 Hz, 2H; PhCH2),
4.65, 4.58 (ABq, 2J(H,H)� 12.3 Hz, 2H; PhCH2), 4.35 (s, 1H; H-1), 4.11 (d,
3J(H,H)� 3.0 Hz, 1H; H-2), 3.88 (at, 3J(H,H)� 9.4 Hz, 1H; H-4), 3.80 (dd,
2J(H,H)� 10.8 Hz, 3J(H,H)� 2.1 Hz, 1H; H-6�), 3.74 (dd, 2J(H,H)�
10.8 Hz, 3J(H,H)� 5.1 Hz, 1H; H-6), 3.57 (s, 3H; CH3), 3.60 ± 3.52 (m,
1H; H-3), 3.45 (ddd, 3J(H,H)� 9.7 Hz, 5.1 Hz, 2.1 Hz, 1H; H-5), 2.43 (br s,
1H; OH); 13C NMR (100.6 MHz, CDCl3): �� 138.2, 138.1, 137.8 (3� s, Ar-
C), 128.5, 128.4, 128.3, 128.0, 127.9, 127.9, 127.8, 127.7, 127.6 (9�d, Ar-
CH),100.7 (d, 1J (C,H)� 158 Hz, C-1), 81.5, 75.2, 74.2, 68.2 (4�d, C-2, C-3,
C-4, C-5), 75.2, 73.5, 71.4, 69.1 (4� t, C-6, 3�PhCH2), 57.0 (q, CH3); MS-
APCI� :m/z (%): 487 (27) [M�Na]� . The spectroscopic and analytical data
were in agreement with those reported in the literature.[26]


3,4,6-Tri-O-benzyl-�-�-mannopyranosyl-(1� 6)-1,2 :3,4-di-O-isopropyli-
dene-�-galactopyranose (20b): Mixed acetals 16b (62 mg, 0.064 mmol)
gave �-manno disaccharide 20b as a pale oil (28 mg, 63%). (Treatment of a
mixture of isolated side products with lithium hydroxide in a solution of
methanol/water (4:1), followed by treatment with Dowex 50WX8 (H�
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form) in a solution of methanol/water (4:1) led to the isolation of additional
product (8 mg, 63� 81%). [�]22D ��50 (c� 0.75 in CHCl3); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 7.39 ± 7.19 (m, 15H; 15�Ar-H), 5.55 (d,
3J(H,H)� 5.0 Hz, 1H; H-1a), 4.66, 4.78 (ABq, 2J(H,H)� 11.9 Hz, 2H;
PhCH2), 4.60 (dd, 3J(H,H)� 7.9 Hz, 2.4 Hz, 1H; H-3a), 4.64, 4.55 (ABq,
2J(H,H)� 12.2 Hz, 2H; PhCH2), 4.91, 4.52 (ABq, 2J(H,H)� 10.8 Hz, 2H;
PhCH2), 4.51 (s, 1H; H-1b), 4.32 (dd, 3J(H,H)� 5.0 Hz, 2.4 Hz, 1H; H-2a),
4.23 ± 4.21 (m, 2H; H-4a, H-2b), 4.14 (dd, 2J(H,H)� 11.2 Hz, 3J(H,H)�
2.9 Hz, 1H; H-6�a), 4.05 ± 4.03 (m, 1H; H-5a), 3.92 (at, 3J(H,H)� 9.4 Hz,
1H; H-4b), 3.79 ± 3.71 (m, 3H; H-6a, H-6b, H-6�b), 3.56 (dd, 3J(H,H)�
9.1 Hz, 3.0 Hz, 1H; H-3b), 3.42 (ddd, 3J(H,H)� 9.7 Hz, 4.6 Hz, 2.1 Hz,
1H; H-5b), 2.50 (br s, 1H; OH), 1.54, 1.44, 1.34, 1.32 (4� s, 12H; 4�CH3);
13C NMR (100.6 MHz, CDCl3): �� 138.3, 138.2, 137.8 (3� s, Ar-C), 128.4,
128.3, 128.1, 128.0, 127.9, 127.9, 127.8, 127.6, 127.5 (9�d, Ar-CH), 109.3,
108.7 (2� s, 2�C(CH3)2), 100.2 (d, 1J (C,H)� 158 Hz, C-1b), 96.3 (d, C-1a),
81.2, 77.0, 75.2, 75.1, 74.1, 73.5, 71.4, 71.1, 70.7, 70.2, 69.1, 67.9, 67.8 (13� d�t,
C-2a, C-3a, C-4a, C-5a, C-6a, C-2b, C-3b, C-4b, C-5b, C-6b, 3�PhCH2), 26.1,
25.9, 24.9, 24.3 (4� q, 4�CH3); MS-APCI� :m/z (%): 715 (100) [M�Na]� .
The spectroscopic and analytical data were in agreement with those
reported in the literature.[13b]


Cyclohexyl 3,4,6-tri-O-benzyl-�-�-mannopyranoside (20c): Mixed acetals
16c (89 mg, 0.11 mmol) gave �-mannoside 20c as a clear oil (40 mg, 68%).
[�]22D ��23 (c� 0.93 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): ��
7.41 ± 7.23 (m, 15H; 15�Ar-H), 4.91, 4.57 (ABq, 2J(H,H)� 10.8 Hz, 2H;
PhCH2), 4.80, 4.68 (ABq, 2J(H,H)� 11.9 Hz, 2H; PhCH2), 4.63, 4.58 (ABq,
2J(H,H)� 12.5 Hz, 2H; PhCH2), 4.56 (s, 1H; H-1), 4.08 (d, 3J(H,H)�
2.9 Hz, 1H; H-2), 3.86 (at, 3J(H,H)� 9.4 Hz, 1H; H-4), 3.80 (dd,
2J(H,H)� 10.8 Hz, 3J(H,H)� 2.0 Hz, 1H; H-6�), 3.77 ± 3.68 (m, 2H; H-6,
OCH(CH2)2), 3.58 (dd, 3J(H,H)� 9.1 Hz, 2.9 Hz, 1H; H-3), 3.43 (ddd,
3J(H,H)� 9.7 Hz, 5.6 Hz, 2.0 Hz, 1H; H-5), 2.49 (br s, 1H; OH), 2.06 ± 1.16
(m, 10H; (CH2)5); 13C NMR (100.6 MHz, CDCl3): �� 138.3, 138.2, 137.9
(3� s, Ar-C), 128.4, 128.3, 128.3, 128.1, 127.9, 127.8, 127.7, 127.5 (8�d, Ar-
CH), 97.3 (d, 1J (C,H)� 156 Hz, C-1), 81.7, 77.2, 75.2, 75.1, 74.3, 73.4, 71.3,
69.4, 68.9 (9� d/t, C-2, C-3, C-4, C-5, C-6, OCH(CH2)2, 3�PhCH2), 33.5,
31.6, 25.5, 24.1, 24.0 (5� t, (CH2)5); MS-APCI� : m/z (%): 555 (53%)
[M�Na]� . The spectroscopic and analytical data were in agreement with
those reported in the literature.[13b]


Benzyl 3,4,6-tri-O-benzyl-�-�-mannopyranoside (20d): Mixed acetals 16d
gave �-mannoside 20d as a clear, transparent oil (45 mg, 76%). [�]22D ��50
(c� 1.3 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.39 ± 7.13 (m,
20H; 20�Ar-H), 4.77, 4.68 (ABq, 2J(H,H)� 11.9 Hz, 2H; PhCH2), 4.66,
4.60 (ABq, 2J(H,H)� 10.8 Hz, 2H; PhCH2), 4.91, 4.56 (ABq, 2J(H,H)�
10.8 Hz, 2H; PhCH2), 4.48 (s, 1H; H-1), 4.13 (d, 3J(H,H)� 3.1 Hz, 1H;
H-2), 3.90 (at, 3J(H,H)� 9.3 Hz, 1H; H-4), 3.82 (dd, 2J(H,H)� 10.7 Hz,
3J(H,H)� 1.9 Hz, 1H; H-6�), 3.76 (dd, 2J(H,H)� 10.7 Hz, 3J(H,H)�
5.2 Hz, 1H; H-6), 3.56 (dd, 3J(H,H)� 9.0 Hz, 3.1 Hz, 1H; H-3), 3.44
(ddd, 3J(H,H)� 9.4 Hz, 5.2 Hz, 1.9 Hz, 1H; H-5), 2.50 (br s, 1H; OH);
13C NMR (100.6 MHz, CDCl3): �� 138.2, 138.2, 137.8, 136.8 (4� s, Ar-C),
128.5, 128.4, 128.3, 128.2, 128.0, 128.0, 127.9, 127.8, 127.8, 127.7, 127.6 (11�d,
Ar-CH), 98.1 (d, 1J (C,H)� 157 Hz, C-1), 81.5, 75.3, 74.2, 68.3 (4� d, C-2,
C-3, C-4, C-5), 75.1, 73.5, 71.4, 70.5, 69.2 (5� t, C-6, 4�PhCH2); MS-
APCI� :m/z (%): 558 (5) [M�NH4]� . The spectroscopic and analytical data
were in agreement with those reported in the literature.[27]


Methyl 3,4,6-tri-O-benzyl-�-�-mannopyranosyl-(1� 6)-2,3,4-tri-O-benzyl-
�-�-glucopyranoside (20e): Mixed acetals 16e (94 mg, 0.08 mmol) gave the
�-manno disaccharide 20e as a white solid (47 mg, 65%). M.p. 105 ± 108 �C
(ether/petrol); [�]22D ��22 (c� 0.9 in CHCl3); 1H NMR (400 MHz, CDCl3,
25 �C): �� 7.41 ± 7.14 (m, 30H; 30�Ar-H), 5.02 (ABq, 2J(H,H)� 13.6 Hz,
1H; PhCHH � ), 4.91 ± 4.52 (m, 11H; 5�PhCH2 , PhCHH�), 4.58 (d,
3J(H,H)� 2.7 Hz, 1H; H-1a), 4.14 (s, 1H; H-1b), 4.12 (d, 2J (H,H)�
12.8 Hz, 1H; H-6�b), 4.02 (at, 3J(H,H)� 8.9 Hz, 1H; H-4b), 3.94 (s, 1H;
H-2b), 3.82 (at, 3J(H,H)� 9.6 Hz, 1H; H-4a), 3.81 ± 3.78 (m, 1H; H-5b),
3.76 ± 3.70 (m, 2H; H-6a, H-6�a), 3.60 ± 3.45 (m, 4H; H-2a, H-3a, H-3b, H-6b),
3.36 (m, 1H; H-5a), 3.36 (s, 3H; CH3), 2.41 (br s, 1H; OH); 13C NMR
(100.6 MHz, CDCl3): �� 138.7, 138.3, 138.2, 138.2, 138.0, 137.8 (6� s, Ar-
C), 128.5, 128.4, 128.4, 128.3, 128.1, 128.1, 127.9, 127.9, 127.9, 127.7, 127.6,
127.5, 125.5 (13� d, Ar-CH), 99.9 (d, 1J (C,H)� 159 Hz, C-1b), 97.8 (d,
C-1a), 82.1 (d, C-4b), 81.2, 79.8, 77.4 (3� d, C-2a, C-3a, C-3b), 75.3 (d, C-5a),
74.2 (d, C-4a), 75.7, 75.2, 74.7, 73.4, 73.4, 71.3 (6� t, 6�PhCH2), 69.7 (d,
C-5b), 69.2 (t, C-6a), 68.2 (d, C-2b), 68.0 (t, C-6b), 55.2 (q, CH3); MS-APCI� :


m/z (%): 919 (29) [M�Na]� ; HRMS-ES: calcd for C55H60O11Na [M�Na]�:
919.4033; found: 919.4052. The spectroscopic and analytical data were in
agreement with those reported in the literature.[2b]


Methyl 3,4,6-tri-O-benzyl-�-�-mannopyranosyl-(1� 6)-2-O-benzyl-(R)-
4,6-O-benzylidene-�-�-mannopyranoside (20g): Mixed acetals 16g
(86 mg, 0.08 mmol) gave the �-manno disaccharide 20g as a clear oil
(57 mg, 89%). Rf� 0.25 (petrol/ethyl acetate 5:2); [�]25D ��1.7 (c� 0.46 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.66 ± 7.17 (m, 25H; 25�
Ar-H), 5.60 (s, 1H; PhCHO2), 4.86 (d, 2J(H,H)� 10.8 Hz, 1H; PhCHH � ),
4.77 (d, 3J(H,H)� 1.7 Hz, 1H; H-1a), 4.75 (d, 2J(H,H)� 11.0 Hz, 1H;
PhCHH � ), 4.72 (d, 2J(H,H)� 12.3 Hz, 1H; PhCHH � ), 4.64 ± 4.47 (m, 6H;
H-3a, 3�PhCHH�, PhCH2), 4.27 (dd, 2J(H,H)� 9.7 Hz, 3J(H,H)� 4.1 Hz,
1H; H-6a�), 4.26 (d, 3J(H,H)� 3.5 Hz, 1H; H-1b), 4.18 (at, 3J(H,H)�
9.6 Hz, 1H; H-4a), 3.94 ± 3.80 (m, 4H; H-2a, H-5a, H-6a, H-2b), 3.88 (at,
3J(H,H)� 9.8 Hz, 1H; H-4b), 3.38 (dd, 3J(H,H)� 3.5 Hz, 2H; H-6b, H-6b�),
3.32 (s, 3H; CH3), 3.28 ± 3.24 (d(at), 3J(H,H)� 9.5 Hz, 3.5 Hz, 3.5 Hz, 1H;
H-5b); 13C NMR (100.6 MHz, CDCl3): �� 138.5, 138.3, 138.1, 137.7, 137.3
(5� s, Ar-C), 129.2, 128.4, 128.4, 128.4, 128.3, 128.2, 128.2, 128.1, 128.0,
127.8, 127.7, 127.7, 127.4, 126.1 (14� d, Ar-CH), 101.8 (d, PhCHO2), 99.7 (d,
1J (C,H)� 169 Hz, C-1a), 96.4 (d, 1J (C,H)� 159 Hz, C-1b), 80.9 (d, C-3b),
77.3 (d, C-4a), 75.9 (d, C-5b), 75.1 (d, C-5a), 74.0 (d, C-4b), 73.5, 73.0, 71.1
(3� t, 4�PhCH2), 71.9 (d, C-3a), 69.0, 68.8 (2� t, C-6a, C-6b), 68.4 (d, C-2a),
64.0 (d, C-2b), 54.9 (q, CH3); IR (thin film): �� � 3480 cm�1 (OH); MS-
APCI� : m/z (%): 827 (11) [M�Na]� ; HRMS-ES: calcd for C48H56NO11


[M�NH4]�: 822.3853; found: 822.3845.


General procedure D : Intramolecular glycosylation with MeOTf : The
mixed acetals 18a ± f (0.08 ± 0.18 mmol) and DTBMP (3 equiv) were
dissolved in dry dichloroethane under argon. Methyl triflate (5 equiv)
was added and the solution was stirred at room temperature until TLC
indicated disappearance of the starting material. Trifluoroacetic acid
(2 mL) and water (1 mL) were added and the solution was stirred until a
major product was detected (typically 1 ± 4 h). The reaction mixture was
partitioned between dichloromethane and 10% aqueous sodium bicar-
bonate. The organic phase was dried (MgSO4), filtered and concentrated in
vacuo. The resulting residue was purified by flash column chromatography
to give the pure �-glucosides 21a ± f.


Methyl 3,4,6-tri-O-benzyl-�-�-glucopyranoside (21a): Mixed acetals 18a
(125 mg, 0.184 mmol) gave �-glucoside 21a (56 mg, 65%) as a white solid
which was recrystallised from ether/petrol. M.p. 78 ± 81 �C (ether/petrol);
[�]22D ��71 (c� 1.2 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): ��
7.36 ± 7.11 (m, 15H; Ar-H), 4.88, 4.83 (ABq, 2J(H,H)� 11.2 Hz, 2H;
PhCH2), 4.79, 4.47 (ABq, 2J(H,H)� 10.7 Hz, 2H; PhCH2), 4.78 (d,
3J(H,H)� 3.2 Hz, 1H; H-1), 4.62, 4.49 (ABq, 2J(H,H)� 12.1 Hz, 2H;
PhCH2), 3.76 ± 3.60 (m, 6H; H-2, H-3, H-4, H-5, H-6, H-6�), 3.40 (s, 3H;
OCH3), 2.11 (d, 3J(H,H)� 7.4 Hz, 1H; OH-2). The spectroscopic and
analytical data were in agreement with those reported in the literature.[26]


3,4,6-Tri-O-benzyl-�-�-glucopyranosyl-(1� 6)-1,2 :3,4-di-O-isopropyli-
dene-�-galactopyranose (21b): Mixed acetals 18b (64 mg, 0.075 mmol)
gave �-gluco disaccharide 21b (34 mg, 70%) as a colourless oil. [�]22D ��28
(c� 0.35 in CHCl3): 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.41 ± 7.12 (m,
15H; Ar-H),5.53 (d, 3J(H,H)� 4.9 Hz, 1H; H-1a), 4.98, 4.82 (ABq,
2J(H,H)� 10.7 Hz, 2H; PhCH2), 4.93 (d, 3J(H,H)� 3.2 Hz, 1H; H-1b),
4.83, 4.49 (ABq, 2J(H,H)� 10.3 Hz, 2H; PhCH2), 4.64, 4.50 (ABq,
3J(H,H)� 11.7 Hz, 2H; PhCH2), 4.63 (dd, 3J(H,H)� 7.8 Hz, 2.2 Hz, 1H;
H-3a), 4.34 (dd, 3J(H,H)� 4.9 Hz, 2.2 Hz, 1H; H-2a), 4.25 (dd, 3J(H,H)�
7.8 Hz, 1.9 Hz, 1H; H-4a), 4.00 (dat, 3J(H,H)� 6.7 Hz, 6.7 Hz, 1.9 Hz, 1H;
H-5a), 3.91 (dd, 2J(H,H)� 10.2 Hz, 3J(H,H)� 6.7 Hz, 1H; H-6�a), 3.85 (ddd,
3J(H,H)� 9.9 Hz, 2.2 Hz, 3.0 Hz, 1H; H-5b), 3.79 ± 3.63 (m, 6H; H-2b, H-3b,
H-4b, H-6b, H-6�b, H-6a), 1.54, 1.45, 1.35, 1.34 (4� s, 12H; 4�CH3). The
spectroscopic and analytical data were in agreement with those reported in
the literature.[26]


Cyclohexyl 3,4,6-tri-O-benzyl-�-�-glucopyranoside (21c): Mixed acetals
18c gave �-glucoside 21c (44 mg, 77%) as a white solid which was
recrystallised from ether/petrol. M.p. 92 ± 94 �C (ether/petrol); [�]22D �
�90.0 (c� 0.3 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.42 ±
7.14 (m, 15H; Ar-H), 5.03 (d, 3J(H,H)� 3.5 Hz, 1H; H-1), 4.99, 4.84 (ABq,
2J(H,H)� 11.0 Hz, 2H; PhCH2), 4.65, 4.51 (ABq, 2J(H,H)� 12.0 Hz, 2H;
PhCH2), 4.83, 4.49 (ABq, 2J(H,H)� 10.7 Hz, 2H; PhCH2), 3.90 ± 3.87 (m,
1H; H-5), 3.77 (dd, 2J(H,H)� 10.7 Hz, 3J(H,H)� 3.9 Hz, 1H; H-6�), 3.75 ±
3.61 (m, 5H; H-2, H-3, H-4, H-6, cyclohexyl OCH), 2.06 (d, 3J(H,H)�
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2.7 Hz, 1H; OH-2), 1.92 ± 1.24 (m, 10H; cyclohexyl-H). The spectroscopic
and analytical data were in agreement with those reported in the
literature.[13b]


Benzyl 3,4,6-tri-O-benzyl-�-�-glucopyranoside (21d): Mixed acetals 18d
(110 mg, 0.146 mmol) gave �-glucoside 21d (53 mg, 67%) as a colourless
oil. [�]22D ��82 (c� 0.5 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): ��
7.39 ± 7.14 (m, 20H; Ar-H), 5.04 (d, 3J(H,H)� 3.4 Hz, 1H; H-1), 4.95, 4.84
(ABq, 2J(H,H)� 11.2 Hz, 2H; PhCH2), 4.76, 4.56 (ABq, 2J(H,H)�
11.7 Hz, 2H; PhCH2), 4.65, 4.53 (ABq, 2J(H,H)� 12.1 Hz, 2H; PhCH2),
4.83, 4.50 (ABq, 2J(H,H)� 10.6 Hz, 2H; PhCH2), 3.85 ± 3.81 (m, 1H; H-5),
3.80 ± 3.64 (m, 4H; H-2, H-3, H-4, H-6�), 3.63 (dd, 2J(H,H)� 10.5 Hz,
3J(H,H)� 1.9 Hz, 1H; H-6). The spectroscopic and analytical data were in
agreement with those reported in the literature.[13b]


Methyl 3,4,6-tri-O-benzyl-�-�-glucopyranosyl-(1� 6)-2,3,4-tri-O-benzyl-
�-�-glucopyranoside (21e): Mixed acetals 18e (153 mg, 0.14 mmol) gave
�-gluco disaccharide 21e (81 mg, 66%) as a colourless oil. [�]22D ��82 (c�
0.85 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.39 ± 7.13 (m, 30H;
Ar-H), 5.00, 4.81 (ABq, 2J(H,H)� 10.9 Hz, 2H; PhCH2), 4.93 (d,
3J(H,H)� 3.4 Hz, 1H; H-1b), 4.93, 4.82 (ABq, 2J(H,H)� 11.1 Hz, 2H;
PhCH2), 4.92, 4.58 (ABq, 2J(H,H)� 10.7 Hz, 2H; PhCH2), 4.82, 4.47 (ABq,
2J(H,H)� 10.9 Hz, 2H; PhCH2), 4.79, 4.68 (ABq, 2J(H,H)� 12.2 Hz, 2H;
PhCH2), 4.60 (d, 3J(H,H)� 3.4 Hz, 1H; H-1a), 4.58, 4.44 (ABq, 2J(H,H)�
12.3 Hz, 2H; PhCH2), 4.00 (at, 3J(H,H)� 9.3 Hz, 1H; H-3a), 3.93 (dd,
2J(H,H)� 11.3 Hz, 3J(H,H)� 4.5 Hz, 1H; H-6�a), 3.79 ± 3.76 (m, 1H; H-5a),
3.75 ± 3.61 (m, 6H; H-2b, H-3b, H-4b, H-5b, H-6�b, H-6a), 3.54 (dd,
2J(H,H)� 10.8 Hz, 3J(H,H)� 1.9 Hz, 1H; H-6b), 3.51 (dd, 3J(H,H)�
9.7 Hz, 3.4 Hz, 1H; H-2a), 3.48 (at, 3J(H,H)� 9.7 Hz, 1H; H-4a), 3.36 (s,
3H; OCH3). The spectroscopic and analytical data were in agreement with
those reported in the literature.[28]


Methyl 3,4,6-tri-O-benzyl-�-�-glucopyranosyl-(1� 6)-2,3,4-tri-O-benzyl-
�-�-mannopyranoside (21 f): Mixed acetals 18 f (91 mg, 0.082 mmol) gave
�-gluco disaccharide 21 f (53 mg, 72%) as a colourless oil. [�]22D ��66 (c�
1.1 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.39 ± 7.14 (m, 30H;
Ar-H), 5.00 (d, 3J(H,H)� 2.9 Hz, 1H; H-1b), 4.98, 4.62 (ABq, 2J(H,H)�
11.1 Hz, 2H; PhCH2), 4.92, 4.71 (ABq, 2J(H,H)� 11.1 Hz, 2H; PhCH2),
4.84, 4.47 (ABq, 2J(H,H)� 10.8 Hz, 2H; PhCH2), 4.72 (s, 2H; PhCH2), 4.70
(d, 3J(H,H)� 2.0 Hz, 1H; H-1a), 4.62 (s, 2H; PhCH2), 4.61, 4.48 (ABq,
2J(H,H)� 12.2 Hz, 2H; PhCH2), 4.10 ± 4.04 (m, 2H; H-4a, H-6�a), 3.91 (dd,
3J(H,H)� 9.4 Hz, 1H; H-3a), 3.80 ± 3.59 (m, 8H; H-2b, H-3b, H-4b, H-5b,
H-6b, H-6�b, H-5a, H-6a), 3.79 (dd, 3J(H,H)� 3.0 Hz, 2.0 Hz, 1H; H-2a), 3.30
(s, 3H; OCH3); 13C NMR (100.6 MHz, CDCl3): �� 138.9, 138.4, 138.3,
138.2, 138.0 (5� s, Ar-C), 128.4, 128.3, 128.3, 128.1, 128.0, 127.9, 127.9, 127.8,
127.8, 127.7, 127.6, 127.6, 127.4 (13�d, Ar-CH), 100.6, 98.9 (2�d, C-1b,
C-1a), 83.3, 79.9, 77.0, 74.2, 73.8, 71.3, 70.7, 74.1 (8� d, C-2b, C-3b, C-4b, C-5b,
C-2a, C-3a, C-4a, C-5a), 75.2, 75.1, 75.0, 73.4, 72.8, 72.0, 68.4, 67.7 (8� t, 6�
PhCH2, C-6b, C-6a), 54.9 (q, CH3); MS-APCI� : m/z (%): 919 (55)
[M�Na]� ; MS-APCI� : m/z (%): 931 (10) [M�Cl]� ; HRMS-ES: calcd for
C55H61O11 [M�H]�: 897.4214; found: 897.4229.


Synthesis of Man�(1� 4)GlcNAc disaccharide


Phenyl 2-O-(2-iodo-1-(p-methoxyphenyl 3,6-di-O-benzyl-2-deoxy-2-
phthalimido-�-�-glucopyranosid-4-O-yl)-propyl)-3,4,6-tri-O-benzyl-1-
thio-�-�-mannopyranoside (16h): Iodine (76 mg, 0.30 mmol), silver tri-
fluoromethane sulfonate (77 mg, 0.30 mmol) and 2,4,6-collidine (0.78 mL,
0.60 mmol) were dissolved in dichloromethane (1.5 mL) with molecular
sieves (powdered, 4 ä, ca. 250 mg). After stirring for 15 min this mixture
was cooled to�78 �C and a solution of vinyl ether 3 (86 mg, 0.15 mmol) and
glucosamine acceptor 27 (178 mg, 0.30 mmol) in dichloromethane (1.5 mL)
was added. The solution came to room temperature over 20 h, after which
time, TLC (petrol/ethyl acetate 3:1) showed no remaining starting vinyl
ether (Rf� 0.9) and the formation of a major product (Rf� 0.3). Dichloro-
methane (50 mL) was added and the solution was filtered through Celite,
washed with 10% aq sodium thiosulfate (30 mL), dried (MgSO4), filtered
and concentrated in vacuo. Purification by flash column chromatography
(petrol/ether 1:1) gave mixed acetals 16h as a white foam, an inseparable
mixture of diastereomers (113 mg, 80% over recovered starting vinyl
ether) identical to the material described previously.


p-Methoxyphenyl 3,4,6-tri-O-benzyl-�-�-mannopyranosyl-(1� 4)-3,6-di-
O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranoside (20h): Mixed ace-
tals 16h (12.2 mg, 0.009 mmol), molecular sieves (powdered, 4 ä, ca.
250 mg) and DTBMP (9.7 mg, 0.047 mmol) were stirred at room temper-


ature in dichloroethane (4 mL). Silver triflate (27.0 mg, 0.105 mmol), and
iodine (7.0 mg, 0.028 mmol) were then added. The resulting mixture was
stirred at room temperature for 20 min, after which time, TLC (petrol/ethyl
acetate 2:1) showed no remaining starting material (Rf� 0.80) and the
formation of a major product (Rf� 0.25). Dichloromethane (30 mL) was
added and the mixture was filtered through Celite, washed with 10% aq
sodium thiosulfate (20 mL) and the aqueous layers were re-extracted with
dichloromethane (15 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (petrol/ethyl acetate 2:1) to give disacchar-
ide 20h as a clear oil (6.4 mg, 66%). [�]25D ��52 (c� 0.59 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 �C): �� 7.78 ± 7.73 (brm, 4H; 4�Ar-H),
7.34 ± 7.20 (m, 21H; 21�Ar-H), 7.02 ± 7.00 (m, 2H; 2�Ar-H), 6.85 ± 6.77
(m, 4H; 4�Ar-H), 6.72 ± 6.68 (m, 2H; 2�Ar-H), 5.62 (d, 3J(H,H)�
8.0 Hz, 1H; H-1a), 4.93 (d, 2J(H,H)� 12.5 Hz, 1H; PhCHH � ), 4.86 (d,
2J(H,H)� 10.9 Hz, 1H; PhCHH � ), 4.69 (s, 1H; H-1b), 4.68 (d, 2J(H,H)�
12.0 Hz, 1H; PhCHH � ), 4.64 (d, 2J(H,H)� 11.5 Hz, 1H; PhCHH � ), 4.54
(brm, 1H; H-2a), 4.57 ± 4.43 (m, 6H; PhCH2, 4�PhCHH�), 4.17 (at,
3J(H,H)� 8.9 Hz, 1H; H-3a), 4.05 (brd, 3J(H,H)� 3.0 Hz, 1H; H-2b),
3.89 ± 3.73 (m, 6H; H-4a, H-5a, H-6a, H-6a, H-4b, H-6�b), 3.71 (s, 3H; CH3),
3.63 (dd, 2J(H,H)� 10.8 Hz, 3J(H,H)� 4.7 Hz, 1H; H-6b), 3.43 (dd,
3J(H,H)� 9.2 Hz, 3.0 Hz, 1H; H-3b), 3.36 (ddd, 3J(H,H)� 9.8 Hz, 4.7 Hz,
1.5 Hz, 1H; H-5b), 2.56 (br s, 1H; OH); 13C NMR (125.7 MHz, CDCl3): ��
138.3, 138.2, 138.1, 137.7 (4� s, Ar-C), 133.6, 128.4, 128.2, 128.2, 128.2, 127.9,
127.8, 127.8, 127.7, 127.7, 127.7, 127.6, 127.6, 127.3, 126.9, 123.2, 118.7, 114.2
(18�d, Ar-CH), 100.3 (d, 1J (C,H)� 159 Hz, C-1b), 97.6 (d, 1J (C,H)�
169 Hz, C-1a), 81.6 (d, C-3b), 78.1 (d, C-3a), 77.8 (d, C-5b), 75.3, 74.6, 73.8
(3�d, C-4a, C-5a, C-4b), 75.0, 74.8, 73.4, 73.2, 71.2 (5� t, 5�PhCH2), 68.8,
68.4 (2� t, C-6a, C-6b), 67.9 (d, C-2b), 55.6, 55.5 (2� d/q, C-2a, CH3); IR
(thin film): �� � 3500 (OH), 1714, 1776 cm�1 (imide O�CNC�O); MS-ES� :
m/z (%): 1050.4 (100) [M�Na]� , 1066.3 (45) [M�K]� . MS-isotopic
distribution [M�Na]�: m/z (%): calcd for C62H61NO13Na: 1st peak
1050.40 (100), 2nd peak 1051.41 (71), 3rd peak 1052.41 (27%); found: 1st
peak 1050.38 (100), 2nd peak 1051.38 (74), 3rd peak 1052.37 (27%). The
spectroscopic and analytical data were in agreement with those reported in
the literature.[29]


General procedure E :One-pot tethering and glycosylation with MeOTf : A
solution of vinyl ether 6 (0.092 g, 0.176 mmol), the aglycon alcohol (either
cyclohexanol or diacetone galactose, 0.088 mmol) and powdered molecular
sieves 4 ä (ca. 200 mg) was stirred for 1 h in dry acetonitrile (3 mL) at RT
under argon. The mixture was cooled to at �30 �C and then DTBMP
(0.036 g, 0.176 mmol) and NIS (0.0596 g, 0.265 mmol) were added. After
stirring at�30 �C for 2 h, TLC (ethyl acetate/petrol 1:2) indicated complete
consumption of the aglycon alcohol. Methyl triflate (0.05 mL, 0.441 mmol)
was then added, and stirring continued for another 18 h at RT. The reaction
was then quenched by the addition of triethylamine (2 mL), and stirred for
a further 1 h, before being diluted with dichloromethane (50 mL) and
filtered through Celite The organic extracts were washed with 10% aq
sodium thiosulfate (20 mL), saturated aqueous sodium bicarbonate
(20 mL), water (20 mL), dried (MgSO4), filtered and concentrated in
vacuo. The crude residue was purified by flash column chromatography
(ethyl acetate/petrol 1:1), to afford solely either the desired �-mannoside
20b (0.044 g, 72%) or �-mannoside 20c (0.045 g, 67%), respectively.


Methyl 2-O-(1-ethoxyethyl)-1-thio-3,4,6-tri-O-benzyl-�-�-mannopyrano-
side (23): Alcohol 4 (182 mg, 0.38 mmol) and ethyl vinyl ether (0.10 mL,
0.95 mmol) were dissolved in dichloromethane (5 mL). Pyridinium p-
toluenesulfonate (10 mg, 0.04 mmol) was added, and the mixture was
stirred at room temperature under an atmosphere of argon. After 2 h
45 min, TLC (petrol/ethyl acetate 4:1) indicated the formation of a single
product (Rf� 0.4) with no starting material remaining (Rf� 0.1). The
reaction mixture was diluted with dichloromethane (20 mL) and washed
with aq satd sodium bicarbonate (2� 20 mL) and then aq satd brine (2�
20 mL). The organic layer was dried (MgSO4), filtered, and concentrated in
vacuo. Purification by flash column chromatography (petrol/ethyl acetate
6:1) gave an inseparable diastereomeric mixture of mixed acetals 23
(190 mg, 91%) as a colourless oil (a:b 1.2:1). 1H NMR (400 MHz, CDCl3,
25 �C): �� 7.38 ± 7.20 (m, 15H; 15�Ar-H), 5.28 ± 5.27 (m, 1H; H-1), 4.94 ±
4.53 (m, 7H; 3�PhCH2, O2CH), 4.15 ± 4.02 (m, 2H; H-2, H-4), 4.02 ± 3.81
(m, 1H; H-5), 3.83 ± 3.75 (m, 1H; H-3), 3.93 ± 3.74 (m, 2H; H-6, H-6�),
3.87 ± 3.61 (m, 1H; OCHaHbCH3), 3.59 ± 3.48 (m, 1H; OCHaHbCH3), 2.16,
2.15 (2� s, 3H; SCH3), 1.43 ± 1.39 (m, 3H; O2CHCH3), 1.21 ± 1.16 (m, 3H;
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OCH2CH3); 13C NMR (100.6 MHz, CDCl3): �� 138.6 ± 138.1 (5� s, 5�Ar-
C), 128.4 ± 127.4 (15�d, Ar-CH), 101.0, 98.7 (2� d, O2CH), 85.2, 84.1 (2�
d, C-1), 80.4, 79.5 (2� d, C-3), 75.0, 74.5 (2� d, C-4, C-5), 73.3, 73.2, 72.3,
72.3 (4� t, 2�PhCH2), 72.1, 72.0 (2� d, C-2), 69.2 (t, C-6), 60.1, 60.0 (2� t,
OCH2CH3), 20.2, 20.1 (2� q, O2CHCH3), 15.3, 15.2 (2� q, OCH2CH3),
13.8, 13.8 (2� q, SCH3); HRMS-ES: calcd for C32H40O6SNa [M�Na]�:
575.2443; found: 575.2441.


Methyl 2-O-(1-n-propoxyethyl)-1-thio-3,4,6-tri-O-benzyl-�-�-mannopyra-
noside (24): Alcohol 4 (156 mg, 0.33 mmol) and n-propyl vinyl ether
(0.10 mL, 0.81 mmol) were dissolved in dichloromethane (5 mL). Pyridi-
nium p-toluenesulfonate (8 mg, 0.03 mmol) was added, and the mixture
stirred at room temperature under an atmosphere of argon. After 50 min,
TLC (petrol/ethyl acetate 4:1) indicated the formation of two products
(Rf� 0.4, 0.45) with no starting material remaining(Rf� 0.1). The reaction
mixture was diluted with dichloromethane (20 mL) and washed with aq
satd sodium bicarbonate (2� 20 mL) and then aq satd brine (2� 20 mL).
The organic layer was dried (MgSO4), filtered, and concentrated in vacuo.
Purification by flash column chromatography (petrol/ethyl acetate 6:1)
gave a partially separable diastereomeric mixture of mixed acetals 24
(149 mg, 82%) as a colourless oil (a:b 1.3:1). 1H NMR (400 MHz, CDCl3,
25 �C): �� 7.42 ± 7.21 (m, 15H; 15�Ar-H), 5.30 ± 5.29 (m, 1H; H-1), 4.92 ±
4.53 (m, 7H; 3�PhCH2, O2CH), 4.16 ± 4.06 (m, 2H; H-2, H-4), 4.05 ± 3.90
(m, 1H; H-5), 3.91 ± 3.86 (m, 1H; H-3), 3.84 ± 3.71 (m, 2H; H-6, H-6�),
3.69 ± 3.47 (m, 1H; OCHaHbCH2), 3.47 ± 3.40 (m, 1H; OCHaHbCH2), 2.15,
2.14 (2� s, 3H; SCH3), 1.61 ± 1.55 (m, 2H; OCH2CH2CH3), 1.41 ± 1.38 (m,
3H; O2CHCH3), 0.96 ± 0.91 (m, 3H; OCH2CH2CH3); 13C NMR
(100.6 MHz, CDCl3): �� 138.5 ± 137.6 (6� s, 3�Ar-C), 128.6 ± 127.4
(22�d, 15�Ar-CH), 101.2, 98.9 (2� d, O2CH), 85.3, 84.0 (2� d, C-1),
80.5, 79.5 (2� d, C-3), 75.1, 74.5 (2� t, PhCH2), 75.0, 73.4 (2� d, C-5), 73.2,
72.4, 72.2, 72.2 (4� t, 2�PhCH2), 72.0, 71.4, 69.6 (3�d C-2, C-4), 69.2, 68.9
(2� t, C-6), 67.3, 66.1 (2� t, OCH2CH2), 23.1 (t, OCH2CH2), 23.0, 20.1 (2�
q, O2CHCH3), 13.8, 13.8 (2� q, SCH3), 10.7, 10.6 (2� q, CH2CH3); HRMS-
ES: calcd for C33H42O6SNa [M�Na]�: 589.2599; found: 589.2570.


Methyl 2-O-(2-iodo-1-succinimidopropyl)-3,4,6-tri-O-benzyl-�-�-manno-
pyranoside (25a and 25b): A solution of mixed acetals 16a (439 mg,
0.59 mmol) in 1,2,-dichloroethane (10 mL) was added to a mixure of NIS
(682 mg, 3.03 mmol), DTBMP (600 mg, 2.92 mmol) and molecular sieves
(powdered, 4 ä, ca. 450 mg). This solution was stirred at room temperature
for 70 h, and then subsequently at 50 �C for a further 7 h, after which time,
TLC (petrol/ethyl acetate 3:1) showed no remaining starting material (Rf�
0.7) and the formation of several more polar products. After cooling to
room temperature, dichloromethane (200 mL) was added and the mixture
was filtered through Celite washed with 10% aq sodium thiosulfate (2�
50 mL) and brine (20 mL), dried (MgSO4), filtered and concentrated in
vacuo. Purification by flash column chromatography (petrol/ethyl acetate
4:1� 1:2, with 1% added triethylamine) gave methyl �-mannoside 20a as a
clear, colourless oil (64 mg, 23%). Rf� 0.2 (petrol/ethyl acetate 1:1),
identical to the material described previously. Further purification allowed
complete separation and isolation of two side products.


First diastereomer of succinimide trapped material, 25a, a clear oil (52 mg,
12%). Rf� 0.3 (petrol/ethyl acetate 3:1); [�]23D ��41 (c� 0.7 in CHCl3);
1H NMR (500 MHz, CDCl3, 25 �C): �� 7.45 ± 7.23 (m, 15H; 15�Ar-H),
5.58 (d, 3J(H,H)� 10.2 Hz, 1H; NCH), 5.31 (dq, 3J(H,H)� 10.2 Hz, 6.9 Hz,
1H; CHI), 4.88, 4.64 (ABq, 2J(H,H)� 10.9 Hz, 2H; PhCH2), 4.76, 4.59
(ABq, 2J(H,H)� 12.0 Hz, 2H; PhCH2), 4.73, 4.65 (ABq, 2J(H,H)�
12.3 Hz, 2H; PhCH2), 4.38 (s, 1H; H-1), 4.08 (d, 3J(H,H)� 2.8 Hz, 1H;
H-2), 3.94 (at, 3J(H,H)� 9.6 Hz, 1H; H-4), 3.86 ± 3.79 (m, 2H; H-6, H-6�),
3.58 (s, 3H; OCH3), 3.48 ± 3.44 (m, 2H; H-3, H-5), 2.81, 2.60 ± 2.45, 2.40 ±
2.03, 2.15 ± 2.05 (4�br, 4H; (CH2)2), 2.17 (d, 3J(H,H)� 6.9 Hz, 3H;
CHCH3); 13C NMR (125.7 MHz, CDCl3): �� 178.1, 176.5 (2� s, 2�C�O),
138.9, 138.7, 138.5 (3� s, Ar-C), 129.0, 128.8, 128.8, 128.7, 128.4, 128.3, 128.2,
128.2, 128.0, 127.4 (10� d, Ar-CH), 101.9 (d, C-1), 88.2 (d, NCH), 81.8, 76.4
(2�d, C-3, C-5), 77.2 (d, C-2), 76.4, 73.8, 73.3 (3� t, 3�PhCH2), 75.7 (d,
C-4), 69.5 (t, C-6), 57.0 (q, OCH3), 28.1 (br t, (CH2)2), 25.9 (q, CHCH3), 25.4
(d, CHI); IR (thin film): �� � 1710 cm�1 (C�O); MS-APCI� : m/z (%): 753
(100) [M�Na]� ; HRMS-ES: calcd for C35H44IN2O8 [M�NH4]�: 747.2142;
found: 747.2130.


Second diastereomer 25b (65 mg, 15%) a white solid. Rf� 0.4 (petrol/ethyl
acetate 1:1); m.p. 120 ± 121 �C (ethyl acetate/petrol); [�]22�5D ��3.0 (c� 0.5
in CHCl3); 1H NMR (500 MHz, CDCl3, 25 �C): �� 7.50 ± 7.24 (m, 15H;
15�Ar-H), 5.52 (d, 3J(H,H)� 10.2 Hz, 1H; NCH), 5.34 (dq, 3J(H,H)�


10.2 Hz, 6.9 Hz, 1H; CHI), 4.89, 4.61 (ABq, 2J(H,H)� 10.9 Hz, 2H;
PhCH2), 4.88, 4.73 (ABq, 2J(H,H)� 11.1 Hz, 2H; PhCH2), 4.67, 4.62 (ABq,
2J(H,H)� 12.0 Hz, 2H; PhCH2), 4.22 (s, 1H; H-1), 4.03 (d, 3J(H,H)�
2.8 Hz, 1H; H-2), 3.82 ± 3.73 (m, 3H; H-4, H-6, H-6�), 3.58 (dd,
3J(H,H)� 9.3 Hz, 2.8 Hz, 1H; H-3), 3.46 (s, 3H; OCH3), 3.44 (ddd,
3J(H,H)� 9.7 Hz, 6.0 Hz, 1.8 Hz, 1H; H-5), 2.83 ± 2.78, 2.75 ± 2.69, 2.66 ±
2.59 (3�m, 4H; (CH2)2), 2.04 (d, 3J(H,H)� 6.9 Hz, 3H; CHCH3);
13C NMR (125.7 MHz, CDCl3): �� 178.4, 176.3 (2� s, 2�C�O), 138.9,
138.4, 138.0 (3� s, Ar-C), 129.0, 128.8, 128.7, 128.6, 128.6, 128.4, 128.2, 127.9
(8�d, Ar-CH), 100.9 (d, C-1), 88.1 (d, NCH), 82.4 (d, C-3), 76.5 (d, C-2),
76.1 (d, C-5), 75.5, 73.9, 72.8 (3� t, 3�PhCH2), 74.9 (d, C-4), 69.8 (t, C-6),
57.4 (q, OCH3), 28.4 (t, (CH2)2), 25.9 (q, CHCH3), 24.1 (d, CHI); IR (thin
film): �� � 1709 cm�1 (C�O); MS-APCI� : m/z (%): 752 (100) [M�Na]� ;
elemental analysis calcd (%): for C35H40INO8: C 57.62, H 5.53, N 1.92;
found: C 57.42, H 5.76, N 1.91.


The remaining side products were not separated, although crude data
(NMR/MS) suggested that further diastereomers of 25 were produced,
along with material probably incorporating two units of the desired methyl
�-mannoside linked through the 2-iodopropyl tether.


Competition reaction : Methanol (0.006 mL, 0.15 mmol), NIS (167 mg,
0.74 mmol), silver triflate (41 mg, 0.16 mmol), DTBMP (151 mg,
0.74 mmol) and molecular sieves (powdered, 4 ä, ca. 250 mg) were added
to a solution of mixed acetals 16d (119 mg, 0.14 mmol) in 1,2-dichloro-
ethane (4 mL). This solution was heated to 50 �C and stirred for 1.5 h, after
which time, TLC (petrol/ethyl acetate 3:1) showed no remaining starting
material (Rf� 0.7) and the formation of several more polar products. After
cooling to room temperature, dichloromethane (50 mL) was added and the
mixture was filtered through Celite washed with 10% aq sodium
thiosulfate (50 mL), dried (MgSO4), filtered and concentrated in vacuo.
Attempts to separate and analyse the product mixture using flash column
chromatography and NMR, respectively, were inconclusive. Therefore, the
combined products were treated with a mixture of TFA, THF, methanol
and water (5:2:2:1, 20 mL). After stirring at room temperature overnight,
the mixture was poured into saturated aqueous sodium bicarbonate
(100 mL). Dichloromethane (50 mL) was added, the organic layers
separated and washed with saturated aqueous sodium bicarbonate
(100 mL). The aqueous layers were re-extracted with dichloromethane
(50 mL) and the combined organic layers were dried (MgSO4), filtered and
concentrated in vacuo. Purification by flash column chromatography
(petrol/ethyl acetate 2:1� 1:1) gave benzyl 3,4,6-tri-O-benzyl-�-�-manno-
pyranoside (20d) as a clear, transparent oil (24 mg, 31%). Rf� 0.6 (petrol/
ethyl acetate 1:1), data consistent with that reported above; methyl 3,4,6-
tri-O-benzyl-�-�-mannopyranoside (20a) as a clear, transparent oil (10 mg,
15%). Rf� 0.25 (petrol/ethyl acetate 1:1), data consistent with that
reported above; and methyl 3,4,6-tri-O-benzyl-�-�-mannopyranoside
(28) as a clear, transparent oil (15 mg, 22%). Rf� 0.4 (petrol/ethyl acetate
1:1); [�]22D ��49 (c� 0.61 in CHCl3); 1H NMR (200 MHz, CDCl3, 25 �C):
�� 7.22 ± 6.99 (m, 15H; 15�Ar-H), 4.82 (d, 3J(H,H)� 1.7 Hz, 1H; H-1),
4.59 (s, 2H; PhCH2), 4.68, 4.55 (ABq, 2J(H,H)� 12.2 Hz, 2H; PhCH2),
4.84, 4.51 (ABq, 2J(H,H)� 10.6 Hz, 2H; PhCH2), 4.05 (br s, 1H; H-2),
3.88 ± 3.75 (m, 5H; H-3, H-4, H-5, H-6, H-6�), 3.38 (s, 3H; CH3), 2.50 (brd,
1H; OH); MS-APCI� :m/z (%): 487 (14) [M�Na]� . The spectroscopic and
analytical data were in agreement with those reported in the literature.[26]
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Abstract: Several independent synthetic routes are described leading to the
formation of a novel unsaturated tetracyclic phosphorus carbon cage compound
tBu4C4P6 (1), which undergoes a light-induced valence isomerization to produce the
first hexaphosphapentaprismane cage tBu4C4P6 (2). A second unsaturated isomer
tBu4C4P6 (9) of 1 and the bis-[W(CO)5] complex 13 of 1 are stable towards similar
isomerization reactions. Another starting material for the synthesis of the hexa-
phosphapentaprismane cage tBu4C4P6 (2) is the trimeric mercury complex
[(tBu4C4P6)Hg]3 (11), which undergoes elimination of mercury to afford the title
compound 2. Single-crystal X-ray structural determinations have been carried out on
compounds 1, 2, 9, 11, and 13.


Keywords: cage compounds ¥
heterocycles ¥ pentaprismanes ¥
phosphorus ¥ strained molecules


Introduction


Cage compounds, especially those which exhibit highly
symmetric structures, such as prismane C6H6,[1] cubane
C8H8,[2] or pentaprismane C10H10,[3] have always been a
subject of interest and fascination for chemists. If one or
more of the CH fragments of these molecules are substituted
by the isoelectronic P moiety, we enter the field of phospho-
rus ± carbon cage compounds. A recent book gives a compre-
hensive account of the phosphorus ± carbon analogy.[4]


Phosphaalkynes, RC�P, are ideal starting materials for the
formation of organophosphorus cage compounds because of
their enormous potential for cycloaddition and cyclooligo-
merization reactions.[5] For example, thermolysis of tert-
butylphosphaacetylene tBuC�P (3) leads to six different
P�C cage compounds,[6] one of which is the highly sym-
metrical tetra-tert-butyltetraphosphacubane, tBu4C4P4 (4).
This compound exhibits fascinating spectroscopic and struc-
tural features resulting from a unique bonding situation, in
which the strong interaction of P lone pair electrons with the
P�C �*-antibonding orbitals of the cube considerably reduces
the nucleophilicity of the P atoms.[7]


Phosphaalkynes can be oligomerized with the aid of metal
organic reagents or Lewis acids,[8] and the zirconocene-
mediated tetramerization of phosphaalkynes is the route of
choice for the high-yield preparation of tetraphosphacubane


[a] Prof. Dr. U. Zenneck, Dr. F. W. Heinemann, Dr. M. Zeller
Institut f¸r Anorganische Chemie
Universit‰t Erlangen-N¸rnberg, Egerlandstrasse1
91058 Erlangen (Germany)
Fax: (�49)9131-852-7367
E-mail : zenneck@chemie.uni-erlangen.de


[b] Prof. Dr. M. Regitz, Dr. U. Bergstr‰˚er, Prof. Dr. B. Breit
Dr. A. Mack
Fachbereich Chemie der Universit‰t Kaiserslautern
Erwin-Schrˆdinger-Strasse, 67663 Kaiserslautern (Germany)
Fax: (�49)631-205-3921
E-mail : regitz@rhrk.uni-kl.de


[c] Prof. Dr. B. Breit
Institut f¸r Organische Chemie, Universit‰t Freiburg
Albertstrasse21a, 79104 Freiburg (Germany)


[d] Prof. J. F. Nixon, M. M. Al-Ktaifani, Dr. M. D. Francis
Dr. P. B. Hitchcock
School of Chemistry, Physics and Environmental Science
University of Sussex, Brighton, BN19QJ (UK)
Fax: (�44)1273-677196
E-mail : j.nixon@sussex.ac.uk


[e] Priv.-Doz. Dr. W. Bauer
Institut f¸r Organische Chemie
Universit‰t Erlangen-N¸rnberg, Henkestrasse42
91054 Erlangen (Germany)


[f] Dr. H. Pritzkow
Anorganisch-Chemisches Institut, Universit‰t Heidelberg
Im Neuenheimer Feld270, 69120 Heidelberg (Germany)


FULL PAPER


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2622 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 112622







2622±2633


Chem. Eur. J. 2002, 8, No. 11 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0811-2623 $ 20.00+.50/0 2623


derivatives.[9] Other saturated
cage compounds such as pen-
tameric tBu5C5P5


[10] and the
hexameric tBu6C6P6


[11] have
been described by us by cou-
pling reactions of the tBu2C2P3


and tBu3C3P2 ring systems, as
well as partially unsaturated
cages formed by the reaction
of highly reactive arene iron(0)
complexes with tert-butylphos-
phaalkyne (3).[12]


Results and Discussion


In this paper we describe the
formation of a novel hexaphos-
phapentaprismane derivative
tBu4C4P6 2, which can be pre-
pared either by light-induced
valence isomerization of an un-
saturated precursor tBu4C4P6 1
or by metal elimination of the
remarkable trimeric mercury
complex [(tBu4C4P6)Hg]3 (11).
Both 1 and 2 open a new gate-
way to organophosphorus cage
chemistry. They have been synthesized independently by
different methods in the laboratories of the authors. In order
to prevent unnecessary overlap and duplication of results, we
decided to present our results in a single joint publication.


The first synthetic route is based on the zwitterionic
species 5, the Lewis acidic AlCl3 group of which can be
removed by treatment with dimethyl sulfoxide (DMSO) as a
Lewis base. The presence of tert-butylphosphaalkyne tBuC�P
(3) as a trapping reagent leads (depending on the reaction
conditions) to the formation of two isomeric phosphaalkyne
cyclotetramers each having cage structures.[13] When, how-
ever, the spirocyclic zwitterion 5 is treated in the absence of a
trapping reagent with an excess of DMSO at �78 �C, the
tetracyclic P6(C�tBu)4 cage compound 1 can be isolated in
22% yield (Scheme 1).


Compound 1 can be viewed as a dimer of the initially
formed spirocyclic diphosphete 6, which has undergone
elimination of one molecule of di-tert-butylacetylene
tBuC�C�tBu.


The tetracycle 1 is formed more efficiently, however, by
reactions utilizing triphospholyl metal complexes such as
i) triorganylstannyltriphospholes (7)[14] or ii) the potassium
salt of 1,2,4-triphospholyl anion (8),[15] respectively, as the
transfer reagents for the 1,2,4-triphospholyl ring.


Thus treatment of trimethylstannyltriphosphole (7a) with
an equimolar amount of [CrCl3(thf)3] led to a mixture of
several P�C cage compounds together with small amounts of
the hexaphosphachromocene (10),[16] depending on the reac-
tion conditions employed (Scheme 2).


When the components are reacted for a maximum of two
hours, the unsaturated tetracyclic cage compound 1 is the


main product and can be isolated in 31% yield by column
chromatography. Since the overall composition of cage 1
consists of two neutral 1,2,4-triphospholyl units, a formal
coupling of two triphospholyl radicals has taken place, the
reaction might involve an electron transfer process.


Interestingly, longer reaction times significantly change the
composition of the reaction mixture, and 31P NMR studies
monitoring the course of the reaction show that the amount of
1 decreases as new P�C cages are built up; these include both
the hexaphosphapentaprismane 2 and a new unsaturated
tBu4C4P6 valence isomer 9 (Scheme 2). The pentaprismane
tBu4C4P6 (2) is most probably formed by a light-induced
valence isomerization of 1 (vide infra). The second unsatu-
rated tBu4C4P6 isomer 9 can be readily isolated by chromato-
graphic workup as a mixture with hexaphosphachromocene
(10), which is not easy to separate. No NMR signals for 10 are
observable owing to its paramagnetism, thus no accurate
determination of the yield of 9 can be given. Compound 9
contains only one 1,2,4-triphospholene ring, which can be
readily traced back to the starting material 7a, thus indicating
a complex rearrangement reaction, the mechanism of which is
not yet clear.


The unsaturated compound 1, which is red, readily under-
goes a light-induced valence isomerization and on exposure to
visible light, even diffuse daylight is sufficient, rearranges to
form the hexaphosphapentaprismane cage (2) in about 40%
yield (Scheme 3).


In contrast to 1, bright yellow isomer 9, however, does not
undergo a similar isomerization to form the title compound 2.


Better yields of 1 and/or 2 can be achieved by the reaction
of 7a or 8 with mercury(��) chloride followed by the
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degradation of the intermediate triphospholyl mercury com-
pounds. Thus, when two equivalents of [K(tBu2C2P3)] were
treated with one equivalent of HgCl2 in THF, under the
influence of daylight a yellow suspension developed over a
24 h period, and after longer stirring precipitation of elemen-
tal mercury resulted together with the formation of an orange
solution. Hexaphosphapentaprismane tBu4C4P6 (2) can be
obtained in about 20% yield by extracting with toluene and
keeping this solution at �25 �C for a further 24 h (Scheme 4).


Although, like the method utilizing chromium(���) and
stannyltriphosphole 7a, the hexaphosphapentaprismane
tBu4C4P6 (2) was clearly formed by an overall coupling of
two tBu2C2P3 fragments, but in this case the reaction pathway
appeared to involve other intermediates, and the reaction was
investigated more thoroughly. When the reaction of
[K(tBu2C2P3)] and HgCl2 was stopped after about 10 h, the
yellow suspension mentioned above could be isolated and
identified as a remarkable trimercury cluster compound
[(tBu4C4P6)Hg]3 (11) (45% yield, Scheme 5).


Scheme 3. Light-induced valence isomerization of compound 1 and
rearrangement to form 2.


31P NMR spectroscopic studies on reaction mixtures suggest
that other oligomers of the type [(tBu4C4P6)Hg]n may also be
present in solution, but the compounds have not yet been


isolated. When a solution of 11 is put aside for a few hours,
elemental mercury begins to precipitate. As the pentapris-
mane substructure is already preformed in 11 a direct
elimination of the metal occurs with no signs from NMR
spectroscopy of any intermediates.


However, when HgCl2 is treated with stannyltriphosph-
ole 7a in diethyl ether, not the trimercury complex 11 but a
compound 12 can be isolated in almost quantitative yield,
which we believe to be bis(�1-1,2,4-triphospholyl)mercury. It
is a dark red amorphous solid, which is stable in air and
moisture resistant. In contrast to this remarkable stability, it
decomposes rapidly when brought into contact with nonpolar
solvents like n-hexane or toluene. The unsaturated PC cage 1
is formed this way in good yield together with metallic
mercury. Compound 12 has been proven to be insoluble in any
solvent tested so far, and thus no solution spectra are
available. 31P NMR CPMAS spectra of the solid exhibit two
isotropic signals at �� 295 and 161, respectively. This may be
interpreted as a hint to a symmetrical bonding mode of the
triphospholyl ligand or a rapid exchange process in the solid
state. Assuming a linear coordinated mercury(��) center as the
basic structural feature and a corresponding metal ± ligand
bonding situation as for the stannyl compounds 7, we found
that a fluxional Hg�P bond in the solid state would explain the
experimental findings best. One possible explanation is a fast
1,5-sigmatropic shift of the Hg atom between the two
neighboring phosphorus atoms (Scheme 6). The activation
barrier for such a process can be as small as the 31 kJmol�1 we
determined for 1-triphenylstannyl-1,2,4-triphosphole 7b.[14]


The insolubility of 12, even in coordinating solvents such as
THF, acetone, or water, is surprising. A possible explanation
may be a significant interaction of the Lewis acidic mercury


atom with the triphospholyl
ligands of an other molecule
and the formation of a poly-
meric structure. This would re-
sult in an increase of the coor-
dination number of the Hg
atom and a bent P�Hg�P inter-
action, but it is compatible with
the spectroscopic results for 12.
A polymeric chain structure has
been reported recently for bis-
(triphospholyl)strontium in the
solid state.[17]


The formation of the two
mercury triphospholyl com-
plexes 11 and 12 with the same
empirical formula but different
states of aggregation is some-
how surprising and cannot be
fully explained at the moment.
The main difference between
both starting materials stannyl-
triphosphole 7a and triphos-
pholyl potassium 8 is the coor-
dination mode of the metal and
the formal charge of the ring.
While in 7a the tin atom is
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fluxionally �1-coordinated to a neutral ring, in 8 the potassium
cation is mainly electrostatically attached to the aromatic
triphospholyl anion. Since both the synthesis of 11 and 12
have been carried out in donor solvents like Et2O and THF, a
stabilization of a possible bis(triphospholyl)mercury com-
pound by the ether seems to be of minor importance.
Interestingly, when the reaction of [K(tBu2C2P3)] and HgCl2
is carried out in the dark, no formation of 11 is observed. This
is a clear hint towards a photochemically initiated formation
of 11. In contrast to that, no signs for a formation of the
trimeric mercury complex 11 are found when the reaction of
stannyltriphosphole 7a and HgCl2 is carried under the influ-
ence of daylight.


When the reaction of HgCl2 and stannyltriphosphole 7a is
carried out in toluene, 12 is not isolable but decomposes
almost immediately. After separation of elemental mercury
from the reaction mixture, 1 can be isolated in a yield of 72%
(Scheme 7).


While for the reaction of 7a with chromium(���) the
formation of 1 occurs most probably by an oxidative coupling
of the triphospholyl units, this appears not to be the case for
bis(triphospholyl)mercury (12). Its degradation reaction
seems to be somewhat autocatalytic. After an induction
period without any visible decay, the reaction starts at some
randomly appearing pale gray points. These regions of
mercury formation rapidly expand until all 12 is consumed.
We take this as a hint to a chain reaction, and, with mercury
being involved, a radical chain mechanism is very likely.


As observed for 12, some other main group bis(triphos-
pholyl) complexes exhibit a tendency towards reductive
elimination of the metal, for example, although the
bis(1,2,4-triphospholyl) complexes of lead(��) and tin(��) are
moderately stable, under the influence of light, or even during
workup they often undergo decomposition.[18] The corre-
sponding diphosphastibolyl derivatives are even more unsta-
ble, and attempts to synthesize metal � complexes of these
ring anions resulted in the formation of a PSbC cage
compound, which is isostructural with 1.[19]


Structural and NMR spectro-
scopic studies : All the tBu4C4P6


valence isomers 1, 2, and 9 as
well as the trimeric mercury
complex 11 have been studied
by X-ray crystallography (Fig-
ures 1, 2, 3, and 4, and Tables 1,
2, 3, 4, 5, and 6). The three cages
are chiral and contain several
stereogenic centers but only
one pair of enantiomers is ob-
servable in the solid state.


Figure 1. Molecular structure of 1 in the solid state; hydrogen atoms are
omitted for clarity.


Compound 1 crystallizes in the non-centrosymmetric space
group Pca21, and both enantiomeric crystal forms are present.
The unit cell contains two crystallographically independent
molecules of one enantiomer, which are structurally almost
identical.


Compound 9 exhibits crystals belonging to the triclinic
space group P1≈. Again, both enantiomeric forms are present
in the unit cell. The two P�C cage compounds 1 and 9 differ
from 2 in that they are both unsaturated and each contain two
phosphorus carbon double bonds.


The smallest cyclic unit of 1 is a four-membered P3C ring,
having a typical ™envelope∫ structure. In line with this, the
bond angles within the four-membered cycle are all below 90�
and are 74.4(1) to 82.7(2)� at phosphorus and 89.5(3)� at
carbon. From a general point of view, 1 can be regarded as a
dimer of 1,2,4-triphospholyl rings, which have been split into
separate diphosphaallyl and P�C double bond � systems. The


formal dimerization occurs by
the connection of the
P1�P3�C2 and P5�C4�P6 di-
phosphaallyl subunits by three
single bonds, and the P�C dou-
ble bonds remain unaffected.
The bond lengths within the
two five-membered rings are
unexceptional, whereas, both
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Figure 2. Molecular structure of 9 in the solid state; hydrogen atoms are
omitted for clarity.


the bridging P�P bonds as well as the P�C bonds are
remarkably long. The bond length P3�P5 is 2.243(3) ä, which
is in the upper range observed for P�P single bonds,[20] and the
bonds P1�C4 and C2�P6 are 1.921(8) and 1.908(8) ä,
respectively. It appears that the linkage between the two
triphospholyl units in 1 is somewhat strained and thereby
contributes to its ready rearrangement.


The second tBu4C4P6 isomer 9 exhibits a three-membered
P2C ring as the smallest cyclic unit. The interior angles of this
three-membered ring are 55.66(8) and 54.75(7)� at phospho-
rus and 69.60(8)� at carbon. In contrast to 1, all bond lengths


Figure 3. Molecular structure of 2 in the solid state; hydrogen atoms are
omitted for clarity.


Figure 4. Molecular structure of 11 in the solid state; hydrogen atoms are
omitted for clarity.


Table 1. Selected bond lengths [ä] and angles [�] for 1.


P2�C1 1.645(9) P6�C2 1.908(8)
P4�C3 1.686(8) P1�C4 1.921(8)
P1�P3 2.203(3) P1�C1�P2 118.0(5)
P4�P6 2.223(3) P4�C3�P5 119.5(4)
P3�P5 2.243(3) P1�P3�P5 74.4(1)
P1�C1 1.855(9) P3�P5�C4 82.1(3)
P2�C2 1.871(8) C4�P1�P3 82.7(2)
P5�C3 1.823(8) P5�C4�P1 89.5(3)
P5�C4 1.897(7) P5�C4�P6 104.7(3)
P6�C4 1.874(8) P1�C4�P6 110.7(4)


Table 2. Selected bond lengths [ä] and angles [�] for 9.


P2�C2 1.674(2) P4�C3 1.853(2)
P5�C3 1.683(2) P6�C2 1.817(2)
P6�P4 2.183(1) P2�C1 1.820(2)
P4�P3 2.227(1) P1�P3�C1 54.75(7)
P3�P1 2.163(1) P3�P1�C1 55.66(8)
P1�C1 1.884(2) P1�C1�P3 69.60(8)
P3�C1 1.905(2) P2�C2�P6 125.8(2)
P5�C4 1.897(2) P4�C3�P5 119.4(2)


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


P1�P2 2.218(1) P2�C1�P3 117.31(9)
P4�P5 2.221(1) C1�P3�C2 103.41(8)
P1�P4 2.282(1) P3�C2�P1 116.55(9)
C1�P2 1.880(2) C2�P1�P2 101.01(6)
C1�P3 1.873(2) P4�P5�C3 101.44(6)
C2�P3 1.877(2) P5�C3�P6 117.18(9)
C2�P1 1.887(2) C3�P6�C4 103.34(8)
C3�P5 1.878(2) P6�C4�P4 116.94(9)
C3�P6 1.873(2) C4�P4�P5 100.27(6)
C4�P6 1.876(2) P2�C1�P6 92.22(8)
C4�P4 1.898(2) P3�C1�P6 92.18(8)
C1�P6 1.913(2) P2�C4�P4 100.39(8)
C2�P5 1.907(2) C1�P2�C4 87.06(8)
C3�P3 1.903(2) C1�P3�C3 87.54(8)
C4�P2 1.913(2) C4�P4�P1 87.96(6)
P1�P2�C1 100.87(6) P2�P1�P4 81.14(2)
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lie in the expected range, and there is no sign of strain in the
molecule.


The third tBu4C4P6 isomer hexaphosphapentaprismane 2
crystallizes in the monoclinic space group P21/c. As for the
other cages, both enantiomeric forms are present in the unit
cell. In the crystal the molecule slightly deviates from the
expected C2 symmetry.


As for its precursor 1, compound 2 is a strained molecule.
The P�C and the P�P bond lengths can be divided into two
groups. The bond lengths in the five-membered rings lie in the
range expected for P�C and P�P single bonds,[20] whereas the


other skeletal bonds, which connect the two five-membered
rings by generating five four-membered rings, are surprisingly
long. The mean P�C bond length of those bonds is 1.880 ä,
and the bond length P1�P4 is 2.282(1) ä. P�P single bond
lengths of this size are very rare and have not been previously
observed within P�C cage compounds. Comparable values
have been found only for some allotropes of phosphorus[21] or
in certain polyphosphorus compounds.[22]


The bond angles within the two five-membered rings lie
between 100.27(6) and 103.34(8)� at phosphorus and
116.55(9) and 117.18(9)� at carbon, respectively. The deviation
from the ideal five-membered ring value of 109� is significant,
but agrees well with the findings for other P�C heterocycles
and results from the different sizes of the two atoms in these
types of compounds. On the other hand, the interior angles of
the four-membered rings correspond very closely to the
pentaprismane basic structure; the CPC angles are a little
below 90� (87.10(8) to 89.46(5)�), and the PCP angles are
slightly above this value (92.18(8) to 92.50(8)�). The deviation
from the idealized value is even smaller than previously
observed for tetraphosphacubane 4, another sign for the
concentration of the molecular strain in the bonds which
connect the five-membered 1,2,4-triphospha rings. Due to the
fixed pentaprismane structure, which is constructed of build-
ing blocks of different size, the atoms of the P4 chain
P2�P1�P4�P5 are squeezed slightly out of the cage, and the
PPP angles are reduced to 80.66(2) and 81.14(2)�, respectively.


According to detailed theoretical calculations, the penta-
phosphaprismane cage 2 represents a molecule, the reactivity
of which is likely to be associated mainly with the unique P�P
bond linking the two five-membered 1,2,4-triphospholane
subunits, and in support of this thesis, 2 readily reacts with S,
Se, and Te at this P�P bond to quantitatively afford new cage
molecules of the type EC4tBu4P6 (E� S, Se, Te).[23]


A single-crystal X-ray diffraction study reveals the remark-
able structure of 11 in the solid state (Figure 4, Table 4, and
Table 6), which consists of three HgC4tBu4P6 units; each unit
is linked to the other two by coordinative bonds from
phosphorus lone pairs.


In each individual HgC4tBu4P6 unit the two C2tBu2P3 rings
are linked together, as a result of an internal cycloaddition
reaction, in such a way that each P atom from one ring is
bonded to a C atom of the other ring, while the Hg atom
bridges the two remaining phosphorus atoms. Within each
HgP6C4tBu4 unit, the mean Hg�P(�3�3) bond length is
2.4421 ä, which is significantly shorter than the mean
Hg�P(�3�4) bond length (2.8321 ä), and the mean P�Hg�P
angle is 79.30�. The three HgC4tBu4P6 units are linked in a
way resulting in a distorted hexagon [Hg1�P1�Hg2�
P7�Hg3�P13]; the mean Hg�P�Hg angle is 131.40�, whereas
the mean P�Hg�P angle is 105.09� within the hexagon. In the
HgC4tBu4P6 trimer, the mean P(�3�3)�Hg�P�(�3�4) angle is
very close to linearity (169.29�). Not surprisingly the bond
lengths (C�P and P�P) within each unit of the trimer 11 do
not differ remarkably from the corresponding values found in
the hexaphosphapentaprismane 2.


All NMR data of the cage compounds 1, 2, and 9 as well as
those of trimercury complex 11 are in line with the structural
findings for the crystalline material. The C1-symmetric


Table 4. Selected bond lengths [ä] and angles [�] for 11.


Hg1�P1 2.436(2) Hg3�P7 2.865(2)
Hg2�P12 2.431(2) P14�Hg1�P13 79.13(5)
Hg3�P13 2.423(2) P1�Hg2�P2 79.67(5)
Hg1�P14 2.448(2) P7�Hg3�P8 79.12(5)
Hg1�P13 2.811(2) P1�Hg1�P14 171.13(6)
Hg2�P2 2.442(2) P2�Hg2�P7 173.43(6)
Hg2�P1 2.821(2) P8�Hg3�P13 163.31(6)
Hg3�P8 2.436(2)


Table 5. Crystal data and structure refinement of 1[a] and 9.


1 9


empirical formula C20H36P6 C20H36P6


Mr 462.31 462.31
solvent n-hexane n-hexane
crystals orange plate yellow fragment
T [K] 200(2) 200(2)
crystal system orthorhombic triclinic
space group Pca21 P1≈


unit cell dimensions a [ä] 20.698(3) 10.050(1)
b [ä] 12.738(4) 11.118(1)
c [ä] 18.832(2) 12.003(2)
� [�] 90 92.37(1)
� [�] 90 102.43(1)
� [�] 90 104.83(1)
V [ä] 4965.1(18) 1259.5(3)
Z 8 2
�calcd [gcm�3] 1.237 1.219
� [mm�1] 0.437 0.431
F(000) 1968 492
crystal size [mm] 0.9� 0.4� 0.08 0.60� 0.40� 0.30
� range [�] 1.85 ± 27.00 1.90 ± 27.00
index ranges � 1�h� 26 � 12� h� 1


� 1�k� 16 � 13� k� 14
� 1� l� 24 � 15� l� 15


reflns collected 6797 6445
independent reflns 5918 [Rint� 0.0327] 5486 [Rint� 0.0264]
reflns [I� 2	(I)] 4384 4268
completeness to �� 27.0� [%] 99.9 99.8
absorption correction 
 scan none
max. and min. transmission 0.5165/0.4485 ±
refinement method full-matrix least-squares on F 2


data/restraints/parameters 5918/1/470 5486/0/343
goodness-of-fit on F 2 1.016 1.012
final R indices [I� 2	(I)] R1 0.0649 0.0418
wR2 0.1526 0.0956
R indices (all data) R1 0.0962 0.0603
wR2 0.1723 0.1038
largest diff. peak hole [eä�3] 1.131/� 0.430 0.527/� 0.320


[a] The unit cell of 1 contains two crystallographically independent
molecules of one enantiomer, which are structurally almost identical. The
measured crystal was an inversion twin, the domain proportions had been
approximately 50%.
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molecules 1 and 9 exhibit four 1H NMR signals and six 31P
NMR resonances. Each two of the 31P NMR signals appear at
very low field around �� 300 and can be assigned to the P�C
double bonds. The other four 31P NMR signals of 1 are located
between �� 32 and �13. Compound 9 exhibits one signal at
�� 23, and the three remaining ones are located between ��
�113.5 and �124.4. Such high field resonances are regularly
observed for P atoms as parts of three-membered rings.[24] The
coupling patterns of both 1 and 9 are in full accord with their
solid-state structures. In the case of 1 three JPP coupling
constants of the four-membered ring P1�P3�P5�C4 exhibit
values, which are regarded as characteristic for 1JPP coupling
constants (131, 149, and 187 Hz). However, one of them must
be a 2JPP. Due to the folding of the ring, the orientation of the
lone pairs of P1 and P5 is close to parallel and allows a strong
interaction between these two nuclei, which explains the
surprisingly high 2J coupling constant. A comparable obser-
vation is made in the 31P NMR spectrum of 9 for the 3J
coupling between P2 and P4 across a six-membered ring. The
value of 19.7 Hz is markedly high and can be explained by the
interaction of the lone pair of P4 with the � system of the P�C
double bond, which are directing towards each other.


C2-symmetric 2 exhibits only two 1H and three 31P NMR
signals. The 31P NMR resonance of the P2 bridge P1�P4
appears at ���3.8, and the other two signals are detected at
surprisingly low field for �3�3 phosphorus atoms (P2, P5: ��
178.1; P3, P6: �� 241.9). As for tetraphosphacubanes, these
unusual 31P NMR positions are a hint to a strong participation
of the P lone pairs in the P�C �* orbitals of the cage.[7]


The 31P coupling pattern of 2 has been fully analyzed by
iterative spectrum simulation (Figure 5 and Table 7). The 1J
coupling constants are opposite in sign, and their numeric
values are 63.7 and 86.4 Hz. The range of 1JPP coupling
constants includes values from �620 to �800 Hz. The �3�3


phosphorus atoms are generally associated with negative
values of three figure numbers,[25] thus a surprising shift
towards positive numbers can be stated. As for the unusual 31P
NMR resonance positions, this may be related to the
strong participation of the phosphorus lone pairs in the P�C
� bonds.


As the signs of the coupling constants cannot be determined
directly from the 1J values, the 2J coupling constants are
utilized instead. Two of the 2J coupling constants are relatively
high, and their numeric values are 33.3 and 29.6 Hz. Since


Table 6. Crystal data and structure refinement of 2 and 11.[a]


2 11


empirical formula C20H36P6 C66H128Hg3O2P18


Mr 462.31 2136.93
solvent n-hexane diethyl ether
crystals orange fragment yellow prism
T [K] 173(2) 173(2)
crystal system monoclinic monoclinic
space group P21/c P21/c
unit cell dimensions a [ä] 10.5672(6) 14.7235(3)
b [ä] 10.3418(5) 28.4257(7)
c [ä] 22.505(1) 22.0497(3)
� [�] 90 90
� [�] 100.053(1) 103.680(2)
� [�] 90 90
V [ä3] 2421.7(2) 8966.6(3)
Z 4 4
�calcd [gcm�3] 1.268 1.583
� [mm�1] 0.448 5.483
F(000) 984 4248
crystal size [mm] 0.32� 0.08� 0.07 0.30� 0.20� 0.10
� range [�] 1.84 ± 28.29 3.71 ± 25.02
index ranges � 14�h� 13 � 17� h� 16


0� k� 13 � 27� k� 33
0� l� 29 � 26� l� 24


reflns collected 16658 39454
independent reflns 5858 [Rint� 0.039] 15548 [Rint� 0.057]
reflections [I� 2	(I)] 4318 12397
completeness to �� 28.29� [%] 97.4 98.2
absorption correction semi-empirical from multiscan equivalents
max./min. transmission 0.928/0.773 0.383/0.314
refinement method full-matrix least-squares on F 2 full-matrix least-squares on F 2


data/restraints/parameters 5858/0/379 15548/0/782
goodness-of-fit on F 2 0.933 1.099
final R indices [I� 2	(I)] R1 0.0323 0.0480
wR2 0.0693 0.1012
R indices (all data) R1 0.0534 0.0673
wR2 0.0745 0.1085
largest diff. peak hole [eä�3] 0.567/� 0.247 1.405/� 1.433


[a] In the unit cell of 11 there are two ether solvate molecules, one ordered and the other disordered, which were approximated by including eight carbon
atoms at 1³2 occupancy.
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such coupling constants are in most cases positive,[25] all signs
are assigned according to this (Table 7).


In contrast to the parent pentaprismane 2, the trimeric
mercury compound 11 lacks C2 symmetry, and as a conse-
quence six phosphorus resonances are seen (Figure 6) instead


Figure 6. 31P{1H} NMR spectrum of [(tBu4C4P6)Hg]3 (11) (121.68 MHz,
CDCl3, 25 �C).


of the three observed in 2 (Figure 5). The six resonances can
all be assigned (see Experimental Section for details), and
they are all complex multiplets, however the large 1JPP
coupling constants can be readily identified in each of the
four resonances corresponding to those phosphorus centers,
which are singly bonded to another phosphorus atom in the
cage. These couplings, which are 269 and 285 Hz, respectively,
are quite typical for 1JPP coupling constants.


The light-induced valence isomerization of 1 can be blocked
by � complexation to tungsten pentacarbonyl fragments. If 1 is
treated with two equivalents of [W(CO)5(thf)], the bis(pen-


tacarbonyltungsten) complex 13 is formed and can be isolated
in 46% yield (Scheme 8).


P


P


P


P P
PtBu


tBu
tBu


tBu


 2 [W(CO)5(thf)]
P


P


P


P P
PtBu


tBu
tBu


tBu
 W(CO)5


 W(CO)5


THF, RT


1 13


Scheme 8. Treatment of 1 with two equivalents of [W(CO)5(thf)] to give
bis(pentacarbonyltungsten) complex 13.


Compound 13 has been fully characterized including multi-
nuclear NMR andX-ray structural analysis. It crystallizes in the
monoclinic space group P21/n (Figure 7 and Tables 8 and 9).


Figure 7. Molecular structure of 13 in the solid state; hydrogen atoms are
omitted for clarity.


Figure 5. Experimental (upper part: 161.7 MHz, CDCl3, 24.7 �C) and simulated (lower part) 31P{1H} NMR spectra of 2. Data see Table 7.


Table 7. 31P NMR coupling constants of 2.


Y� Y X� X A�


A 3.56 33.33 4.46 � 86.42 63.74
X 29.55 � 3.80 5.99
Y � 6.74
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As one would suppose, the complexation of the cage does
not change the structural and spectral parameters of 1
dramatically. The differences between 13 and 1 are clearly
due to interaction of the lone pairs of P3 and P4 with the metal
atoms, and the interaction does not interfere significantly
with the framework of the P�C skeleton. Therefore the
stabilization effect of the [W(CO)5] fragments is probably
due to the increase of a sterically crowded situation at the
surface of the cage structure. The P�W distances are in the
typical range of those evaluated for comparable com-
pounds.[26]


During the rearrangement of 1 into 2 two P�C double
bonds are replaced by four P�C single bonds, and the number
of P�P bonds is constant. As for more simple types of
phosphaalkenes, the formation of saturated follow-up prod-
ucts is the thermodynamically favored process. Since visible
light of low intensity is sufficient to initiate the isomerization
reaction, a photochemical activation seems to be the key step.
We assume that the absorption of a photon causes the
homolysis of an appropriate bond of the molecule. Bond
strength, radical stabilization, and reduction of molecular
strain lead us to assume that the bond P3�P5 is broken.
Biradical 1a would be the short-lived primary product of the
process (Scheme 9).


To find evidence for this hypothesis, photolysis experiments
with 1 have been done under EPR spectroscopic control. If 1
is exposed to daylight in non-
polar solvents like n-hexane or
toluene, a doublet radical 1b
can be detected (�g�� 2.013).
It exhibits strong coupling with
six inequivalent 31P nuclei, and
the coupling pattern has been
determined by spectrum simu-
lation (Figure 8).


By irradiation of solutions of
1 in hexane with a 75 W xenon
short cut lamp, the signal of 1b
gets stronger, and after two
hours a maximal intensity is
reached (ca. nine times the
starting value). Then the inten-
sity stays almost constant for
several hours. Compound 1b
can be detected even after stor-


ing samples for one week at �30 �C in the dark. As the
spectral parameters of 1b exclude a biradical, and due to its
long lifetime, 1b cannot be identical with 1a, but is believed to
be a consecutive product, for which a localized radical
function of biradical 1a abstracted a hydrogen atom from
the solvent (Scheme 9). This process competes with the
rearrangement 1	 1a	 2, and the complete consumption


Table 8. Selected bond lengths [ä] and angles [�] for 13.


W1�P2 2.544(2) P7�C6 1.922(5)
W2�P8 2.501(2) P3�C10 1.921(5)
P8�C9 1.679(6) C9�P8�W2 138.1(2)
P5�C4 1.681(7) P7�P8�W2 119.67(7)
P3�P2 2.192(2) C9�P8�P7 101.5(2)
P2�P1 2.240(2) C4�P5�C6 101.5(3)
P7�P8 2.222(2) P8�C9�P1 115.4(3)
P3�C4 1.834(6) P5�C4�P3 118.1(3)
C10�P7 1.871(5) P3�P2�P1 75.59(7)
C10�P1 1.893(5) C10�P3�P2 81.7(2)
P5�C6 1.886(6) C10�P1�P2 81.0(2)
C6�P2 1.899(6) P1�C10�P3 90.8(2)
C9�P1 1.830(6) P7�C10�P1 105.2(3)


Table 9. Crystal data and structure refinement of 13.


13


empirical formula C30H36O10P6W2


Mr 1110.11
solvent n-pentane
crystals orange red fragment
T [K] 293(2)
crystal system monoclinic
space group P21/n
unit cell dimensions a [ä] 11.067(2)
b [ä] 21.731(4)
c [ä] 17.776(4)
� [�] 90
� [�] 108.11(3)
� [�] 90
V [ä3] 4063.0(14)
Z 4
�calcd [gcm�3] 1.815
� [mm�1] 5.942
F(000) 2136
crystal size [mm] 0.35� 0.25� 0.20
� range [�] 2.15 ± 26.06
index ranges � 12� h� 12


� 26� k� 26
� 21� l� 21


reflns collected 42675
independent reflns 7626 [Rint� 0.1333]
reflns [I� 2	(I)] 6587
refinement method full-matrix least-squares on F 2


data/restraints/parameters 7626/0/433
goodness-of-fit on F 2 0.994
final R indices [I� 2	(I)] R1 0.0468
wR2 0.1189
R indices (all data) R1 0.0538
wR2 0.1284
largest diff. peak hole [eä�3] 2.293 �1.574


Scheme 9. Initial photochemical P�P bond breaking, a P�C bond dissociation, and a radical recombination
reaction can form a closed-shell intermediate 1c. This can undergo a twofold [2�2] cyclic addition reaction to give
hexaphosphapentaprismane (2).
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Figure 8. EPR spectrum of the doublet radical 1b, which is formed by
photolysis of 1 in n-hexane (xenon short cut lamp, 120 min, 75 W). Lower
part: experimental spectrum (9.45 GHz, 2.01 mW, 0.2 G modulation
amplitude, n-hexane, 260 K); upper part: simulated spectrum (�g��
2.013, �a� (31P)� 3.6, 20.0, 32.6, 40.0, 80.0, and 84.0 G).


of 1 therefore stops the new formation of 1b. Of course, the
observed radical formation cannot fully prove the proposed
radical reaction mechanism, but it gives evidence of a
photolytic homolysis of 1.


After the initial photochemical P�P bond breaking, a P�C
bond dissociation and a radical recombination reaction might
form a closed shell intermediate 1c as shown in Scheme 9. The
latter has the constitutional requirements for a twofold [2�2]
cyclic addition reaction furnishing hexaphosphapentapris-
mane (2).


All structural and spectroscopic data of the three chiral
cage compounds give clear evidence that only one pair of
enantiomers is almost exclusively observable in the solid state
as well as in solutions, in spite of the fact, that the number of
stereogenic centers would allow the formation of many
diastereomers. As the preparative access to key molecule 1
is based on achiral (8) or racemic (6, 7a) starting materials
with smaller numbers of stereogenic centers, the highly
preferred formation of the two observed enantiomers of 1
must be based on a cascade of highly diastereoselective
reaction steps. The same must be true for the rear-
rangement 1	 2. This is a very interesting feature of these
cage compounds, and it seems to be a general one.[14]


Experimental Section


General considerations : All experiments were conducted under an inert
atmosphere of nitrogen or argon by using standard Schlenk and cannula
techniques. Solvents were dried according to described procedures[27] and
used freshly distilled from the drying agent. Compound 1-trimethylstannyl-
3,5-di(tert-butyl)-1,2,4-triphosphole (7a) was prepared as described pre-
viously[14] and distilled in an oil pump vacuum for purification. tert-
Butylphosphaacetylene (3)[28] and the potassium triphospholyl anion (8)[15]


were prepared as described in the literature. Iterative simulations of 31P
NMR spectra have been carried out using the programs g-NMR for
Windows4.1.0, Cherwell Scientific Publishing Ltd. 1997 (2) and Nuts 2D
Version5.084, and NMR Data Processing Program, Acorn NMR1995 (9).
Simulation of EPR spectra (1b) has been carried out using the program
Simfonia from Bruker.


Tetra(tert-butyl)hexaphosphadecadiene tBu4C4P6 (1), first method : A
suspension of 5 in dichloromethane (15 mL) was prepared from AlCl3
(2.22 g, 16.7 mmol) and tert-butylphosphaalkyne (3, 1.58 g, 15.8 mmol) as
described in the literature.[13] The solvent and all volatile substances were
removed in vacuo at 25 �C. The residue was suspended again in dichloro-
methane (10 mL). DMSO (1.39 mL) in dichloromethane (9 mL) was added
slowly at �78 �C to the stirred suspension. After 15 minutes the solution


was allowed to reach room temperature and was stirred for 36 hours. The
solvents and all volatile substances were removed in vacuo, and the residue
was extracted seven times with n-pentane (each 10 mL). Chromatographic
workup on silica gel with n-pentane as eluent yielded 1 (0.27 g, 0.58 mmol,
22%) as the second fraction. From n-pentane tufts of orange crystals were
obtained.


Second method : All procedures were carried out under exclusion of light as
far as possible. A sample of [CrCl3(thf)3] (0.416 g, 1.110 mmol) was
suspended in THF (30 mL). At �40 �C, [(�1-tBu2C2P3)Sn(Me)3] (7a)
(0.416 g, 1.089 mmol) in THF (20 mL) was added. The color of the mixture
changed first to purple and later on to brown. After two hours, the solution
was allowed to warm up and was stirred for half an hour at room
temperature. The solvent and all volatile substances were removed in a
vacuum. The residue was extracted with n-hexane (20 mL), the solution
was filtered, and the solvent was removed in a vacuum again. The residue
was purified by chromatography on silica gel/5% H2O with an n-hexane/
toluene mixture (1:1) as eluent. The main orange fraction was collected to
get 1 (314 mg, 0.68 mmol, 31%) as a red solid.


Third method : All procedures were carried out under exclusion of light as
far as possible. A sample of HgCl2 (0.491 g, 1.8 mmol) was suspended in
toluene (60 mL). At 0 �C, (�1-tBu2C2P3)(SnMe3) 7a (1.28 g, 3.45 mmol) in
toluene (20 mL) was added. Immediately a red substance coagulated and
redissolved. The reaction mixture was stirred for four hours at 0 �C. The
volume of the solvent was reduced in vacuo to 10 mL, and the orange-gray
residue was extracted several times with n-hexane. The orange solution was
filtered, vacuum dried, and purified by chromatography on silica gel/5%
H2O with a n-hexane/toluene mixture (1:1) as eluent. One orange fraction
was collected. From n-hexane, 1 (601 mg, 1.30 mmol, 72%) crystallized at
�18 �C as thin intergrown plates.


Spectroscopic data for 1: M.p. 98 �C; 1H NMR (269.71 MHz, C6D6, RT):
�� 1.34 (d, 3J(H,P)� 1.16 Hz, 9H; CH3), 1.30 (d, 3J(H,P)� 1.62 Hz, 9H;
CH3), 1.16 (s, 9H; CH3), 1.07 (s, 9H; CH3); 31P{1H} NMR (161.7 MHz,
C6D6, 24 �C): �� 357.4 (dm, 1J(P4,P6)� 315 Hz, 1P; P4), 352.6 (m, 1P; P2),
32 (ddd, 1J(P4,P6)� 315, 2J(P,P)� 32, 2J(P,P)� 21 Hz, 1P; P6), 31.02 (dddd,
1 or 2J(P,P)� 187, 1 or 2J(P,P)� 149, 2J(P,P)� 38, 2J(P,P)� 21 Hz, 1P; P1, 3 or
5), 10.9 (ddd, 1 or 2J(P,P)� 187, 1 or 2J(P,P)� 131, 2J(P,P)� 32 Hz, 1P; P1, 3 or
5), �13.4 (dd, 1 or 2J(P,P)� 149, 1 or 2J(P,P)� 131 Hz, 1P; P1, 3 or 5);
13C NMR (100 MHz, C6D6, RT): �� 236.9 (each m, C5 and C7), 207.8, 81.8
(each m, C6 and C8), 76.3, 44.9 (dd, 2J(C,P)� 21.9 and 10.5 Hz; C(CH3)3),
41.8 (pt, 2J(C,P)� 15.3 Hz; C(CH3)3), 38.1 (dd, 2J(C,P)� 15.3 and 11.4 Hz;
C(CH3)3), 37.7 (m, C(CH3)3), 35.1 (br s, C(CH3)3), 33.6 (pquin, 3J(C,P)� 7.6
and 5.7 Hz; C(CH3)3), 32.2 (d, 3J(C,P)� 11.4 Hz; C(CH3)3), 32.0 (d,
3J(C,P)� 8.6 Hz; C(CH3)3); MS (FD�, n-hexane): m/z (%): 462 (100)
[M�]; MS (EI, 70 eV): m/z (%): 462 (97) [M�], 400 (20) [M�� 2P], 362
(24) [M�� (PC�tBu)], 169 (100) [P�(C�tBu)2].


Tetra(tert-butyl)hexaphosphadecadiene tBu4C4P6 (9): A sample of
[CrCl3(thf)3] (0.813 g, 2.17 mmol) was suspended in THF (40 mL). At
�50 �C, (�1-tBu2C2P3)(SnMe3) (7a) (0.864 g, 2.188 mmol) in THF (20 mL)
was added. The mixture was allowed to warm up overnight to 8 �C and was
stirred for half an hour at room temperature. Due to 31P NMR analysis of
the reaction mixture, tBu4C4P6 1, tBu4C4P6 2, tBu4C4P6 9, and the partially
hydrogenated P�C cage tBu4C4P6H2


[29] were formed in the ratio
1:1.3:3.2:8.3.


Workup of 9 : This involved cooling down the solution to �70 �C to
precipitate most of the tBu4C4P6H2 as crystals, removing the THF in a
vacuum, dissolving the residue in n-hexane, filtration, and chromatography
on silica gel/5% H2O with n-hexane as eluent. The first yellowish green
fraction yielded a mixture of tBu4C4P6 9 and hexaphosphachromocene [(�5-
tBu2C2P3)2Cr] (10) (92 mg). Repeated recrystallization led to a few crystals
of pure 9, which were suitable for X-ray diffraction.


Spectroscopic data for the mixture of 9 and NMR-silent 10 : 1H NMR
(399.65 MHz, C6D6, 20.9 �C): �� 1.48 (s, 9H; CH3), 1.35 (s, 9H; CH3), 1.34
(s, 9H; CH3), 1.32 (s, 9H; CH3); 31P{1H} NMR (161.7 MHz, C6D6, 20.5 �C):
�� 339.7 (1P; P2), 286.5 (1P; P5), 23.0 (1P; P4), �113.5 (1P; P3), �116.4
(1P; P1),�124.4 (1P; P6), simulated coupling constants: 1J(P4,P6)� 240.3,
1J(P3,P7)� 245.1, 1J(P4,P3)� 296.4, 2J(P2,P3)� 27.2, 2J(P2,P1)� 21.7,
2J(P2,P6)� 21.4, 2J(P5,P4)� 6.4, 2J(P5,P1)��4.6, 2J(P5,P6)� 11.4,
2J(P4,P1)��4.2, 2J(P3,P5)� 37.4, 2J(P1,P6)� 5.9, 3J(P2,P4)� 19.7,
3J(P5,P3)� 1.8, 4J(P2,P5)� 2.5 Hz; the relative signs of the coupling
constants were only unambiguous for those parts of the spectrum with
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second-order couplings; 13C{1H} NMR (100.40 MHz, C6D6, 20.6 �C): ��
44.5 (ddd, 2J(C,P)� 3.2, 2J(C,P)� 23.8, 2J(C,P)� 27.0 Hz; C(CH3)3), 43.7
(dd, 2J(C,P)� 16.9, 2J(C,P)� 16.9 Hz; C(CH3)3), 41.3 (ddd, 2J(C,P)� 8.7,
2J(C,P)� 8.7, 2J(C,P)� 22.0 Hz; C(CH3)3), 38.9 (ddd, 2J(C,P)� 14.2,
2J(C,P)� 14.2, 2J(C,P)� 8.7 Hz; C(CH3)3), 33.3 (ddd, 3J(C,P)� 8.2,
3J(C,P)� 8.2, 3J(C,P)� 8.2 Hz; C(CH3)3), 32.7 (dd, 3J(C,P)� 9.6,
3J(C,P)� 16.1 Hz; C(CH3)3), 32.2 (dd, 3J(C,P)� 6.8, 3J(C,P)� 14.2 Hz;
C(CH3)3), 30.9 (ddd, 3J(C,P)� 6.4, 3J(C,P)� 6.4, 3J(C,P)� 12.9 Hz;
C(CH3)3); the signals of the skeletal C atoms were not detected; MS
(FD�, n-hexane): m/z (%): 462 (100) [tBu4C4P6


�], 514 (65) [tBu4C4P6Cr�].


Tris[tetra(tert-butyl)hexaphosphadecyl mercury] [(tBu4C4P6)Hg]3 (11): A
solution of HgCl2 (0.454 g, 1.6 mmol) in THF (20 mL) was added to
[K(tBu2C2P3)] (8, 0.9 g, 3.3 mmol) in THF (20 mL) at �40 �C. The
temperature of the mixture was allowed to slowly rise to room temperature.
It was stirred overnight to afford a yellow suspension. The solvent was
filtered off, and the yellow powder extracted with chloroform to give a very
light-sensitive solution. After removal of the solvent in vacuo,
[(tBu4C4P6)Hg]3 (11) (0.5 g, 0.25 mmol, 47%) was obtained as a yellow
powder.


Spectroscopic data for 11: 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.30 (s,
27H), 1.27 (s, 27H), 1.22 (s, 27H), 1.15 (s, 27H); 31P{1H} NMR
(121.68 MHz, CDCl3, 25 �C, all signals were complex multiplets due to
only partially resolved long-range P�P coupling, the multiplicity given
deals with the dominant 1J(P,P), only see Figure 6): �� 179.9 (s, P4), 145.7
(s, P5), 104.5 (d, 1J(P,P)� 285 Hz; P3), 74.1 (d, 1J(P,P)� 269 Hz; P6), 11.4
(d, 1J(P,P)� 269 Hz; P1), �65.3 (d, 1J(P,P)� 285 Hz; P2).


Bis[3,5-di(tert-butyl)-1,2,4-triphospholyl]mercury (�1-�-tBu2C2P3)2Hg
(12): HgCl2 (0.177 g, 0.65 mmol) was dissolved in diethyl ether (7 mL).
At �80 �C, (�1-tBu2C2P3)(SnMe3) (7a, 0.489 g, 1.24 mmol) in diethyl ether
(10 mL) was added. Immediately a red solid coagulated. The mixture was
allowed to warm up to �30 �C with exclusion of light. The solid
precipitated, and the diethyl ether was removed by syringe. The residue
was washed several times with diethyl ether at 0 �C to remove HgCl2 and
[SnCl(Me)3]. The solvent was evaporated in a stream of nitrogen gas, and
product 12 (411 mg, 0.62 mmol, 95%) was dried in vacuo to yield a dark red
amorphous solid.


Spectroscopic data for 12 : IR (KBr): �� � 2953 (s, (CH)), �as� 1460 (m,
(C(CH3)3)), 1457 (m), �sy� 1385 (s, (C(CH3)3)), 1361 (s), �� � 1111 (br s,
(C�P)), �� � 802 cm�1 (m, (C�P)); CPMAS 31P NMR (202.35 MHz, RT):
�� 297, 161. To identify the isotropic signals, the measurement was carried
out at three different rotation frequencies (4185, 5280, and 6526 Hz). The
product was insoluble in DMSO or water and stable for several days at
least. In diethyl ether it decomposed within days at room temperature, and
mercury was eliminated. In acetone or methanol, the decomposition took a
few hours, in toluene or n-hexane, 12 decomposed nearly immediately.


Tetra(tert-butyl)hexaphosphapentaprismane tBu4C4P6 (2); first method :
The starting material 1 was prepared from 5 and DMSO. A solution of 1
(0.05 g, 0.11 mmol) in C6D6 (0.5 mL) was exposed to diffuse daylight and
stirred for two days at room temperature. By slowly cooling the solution
down to 8 �C, compound 2 (20 mg, 0.043 mmol, 40%) was obtained after
about 24 hours as orange needles.


Second method : The starting material 1 was prepared by the second
method from [CrCl3(thf)3] and 7a without the concluding column
chromatography. Crude 1 (243 mg, �0.526 mmol) was dissolved n-hexane
(20 mL). The solvent was removed by reduced pressure to produce a thin
film of 1 on the glass surface. The film was exposed to the usual laboratory
light for two hours and was dissolved in a small amount of n-hexane. At
�18 �C, 2 (98 mg, 0.212 mmol, 40%) crystallized.


Third method : HgCl2 (0.15 g, 0.5 mmol) in THF (10 mL) was added to
[K(tBu2C2P3)] (0.3 g, 1.1 mmol) in THF (10 mL) at �40 �C, and then the
temperature was allowed to rise to room temperature. The color of the
solution initially changed to red brown. While stirring for 24 hours an
orange solution was formed slowly, and mercury precipitated. The solvent
was removed in vacuo, and the residue extracted with toluene. Com-
pound 2 (50 mg, 0.11 mmol, 20%) was isolated as orange crystals by
recrystallization from toluene at �40 �C.


Spectroscopic data for 2 : M.p. 188 �C; 1H NMR (399.65 MHz, CDCl3,
22.5 �C): �� 1.28 (s, 18H; CH3), 1.21 (s, 18H; CH3); 31P{1H} NMR
(161.7 MHz, CDCl3, 24.7 �C): �� 241.9 (2P; P(Y�Y�)�P1,P6), 178.1
(2P; P(X�X�)�P1,P4), [AA�XX�YY�] spin system, �3.78 (2P;


P(A�A�)�P1,P4), simulated coupling constants: 1J(PA,PA�)� 63.74,
1J(PA,PX)��86.42, 2J(PA,PY)� 33.33, 2J(PA,PX�)� 4.46, 3J(PA,PY�)�
3.56, 3J(PX,PX�)� 5.99, 2J(PX,PY)��3.80, 2J(PX,PY�)� 29.55,
2J(PY,PY�)��6.74 Hz; 13C{1H} NMR (100.4 MHz, CDCl3, 24.9 �C): ��
128.83 (d, 1J(P,P)� 83.4 Hz; Cskeletal), 128.00 (t, 1J(P,P)� 24.0 Hz; Cskeletal),
36.47 (m, C(CH3)), 32.64 (m, C(CH3)), 27.26 (m, C(CH3)), 25.41 (m,
C(CH3)).


[Tetra(tert-butyl)hexaphosphadecadiene]bis(pentacarbonyl)tungsten
(tBu4C4P6)[W(CO)5]2 (13): [W(CO)6] (101 mg, 0.29 mmol) was dissolved in
THF (60 mL) and irradiated in a pyrex glass apparatus with a 125 W high-
pressure mercury lamp for 25 minutes. Compound 1 (60 mg, 0.13 mmol) in
THF (5 mL) was added, and the solution was stirred for five hours at room
temperature. The solvent was removed in vacuo. The residue was purified
by chromatography on silica gel with pentane as eluent. After a first yellow
run, the second orange red fraction was collected and recrystallized from
n-pentane to yield binuclear complex 13 (67 mg, 0.06 mmol, 46%).


Spectroscopic data for 13 : M.p. 156 �C (decomp); 1H NMR (400 MHz,
C6D6, 75 �C): �� 1.47 (s, 9H; CH3), 1.42 (s, 9H; CH3), 1.29 (s, 9H; CH3),
1.07 (s, 9H; CH3); 31P{1H} NMR (81 MHz, C6D6, RT): �� 355.8 (1P; P5),
281.6 (1P; P8), 56.9 (1P; P2), 56.8 (1P; P7), 30.0 (1P; P1), �1.9 (1P; P3),
simulated coupling constants: 1J(P7,P8)� 366.5, 1J(P2,P1)� 201.0,
1J(P2,P3)� 183.1, 2J(P1,P3)� 109.0, 2J(P1,P8)� 56.6, 2J(P5,P7)� 29.8,
2J(P2,P5)� 19.0, 2J(P3,P7)� 16.0, 2J(P2,P7)� 13.4, 3J(P2,P8)� 11.0 Hz,
3J(P3,P5)� 8.9, 1J(P8,183W)� 252.9 Hz; MS (EI, 70 eV): 1110 (7) [M�],
1082 (14) [M��CO], 231 (100) [P�(PC�tBu)2]; elemental analysis calcd
(%) for C30H36O10P6W2 (1110.11): C 32.46, H 3.27; found: C 32.67, H 3.32.


Crystal structure determination of 1 and 9 : Intensity data were collected on
a SiemensP4 diffractometer (-scan technique, 6.0�min�1, MoK� radiation,
graphite monochromator, �� 0.71073 ä) at 200 K by using the
XSCAnS2.20 software.[30] All data were corrected for Lorentz and
polarization effects. For 1, absorption effects have been corrected by using

 scans (Tmin� 0.449, Tmax� 0.517), while for 9, absorption effects have
been neglected. The structures were solved by direct methods and refined
by the full-matrix least-squares method against F 2 with all reflections using
SHELXTL programs.[31] All non-hydrogen atoms were refined anisotropi-
cally. For 1, the crystal under study proved to be an inversion twin with the
twin component ration 0.5. All hydrogen atoms of 1 were geometrically
positioned with isotropic displacement parameters 1.5 times the equivalent
isotropic displacement parameter of the adjacent carbon atom. In the case
of 9, the positions of all hydrogen atoms were taken from a difference
Fourier synthesis, and their positional parameters were defined with a fixed
common isotropic displacement parameter. Crystal data and experimental
details are listed in Table 5.


Crystal structure determination of 2 : Crystal data were collected on a
BrukerAXS SMART1000 diffractometer with a CCD area detector (MoK�


radiation, graphite monochromator, �� 0.71073 ä) at�100 �C by using the
SMART software.[32] The reflection intensities were integrated by using
SAINT[32] and corrected for absorption by using SADABS.[33] The
structures were solved by direct methods and refined by the full-matrix
least-squares method against F 2 with all reflections by using SHELXTL
programs.[34] All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were located in difference Fourier maps and refined
isotropically. Crystal data and experimental details are listed in Table 6.


Crystal structure determination of 11: Crystal data were collected on a
KappaCCD area detector with �� 0.71073 ä at 173(2)K. The structure was
solved and refined with the SHELX-97 suite of programs by using the
WinGX interface. A multiscan absorption correction was applied, and the
structure was refined by using the full-matrix least-squares method on F 2.
Crystal data and experimental details are listed in Table 6.


Crystal structure determination of 13 : Crystal data were collected on a
STOE-Imaging Plate Diffraction System at 293 K (MoK� radiation, graph-
ite monochromator, �� 0.71073 ä). The structure was solved by direct
methods and refined by the full-matrix least-squares method against F 2 by
using SHELXS-86 and SHELXL-93. All non-hydrogen atoms were refined
anisotropically. Crystal data and experimental details are listed in Table 9.


CCDC-163467 (1), CCDC-163468 (2), CCDC-163469 (9), CCDC-163470
(11), and CCDC-163471 (13) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
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tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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