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Palladium-Catalyzed Electrophilic Allylation Reactions via
Bis(allyl)palladium Complexes and Related Intermediates


K)lm)n J. Szab-*[a]


Introduction


Transformations catalyzed by allyl–palladium complexes
represent one of the most important areas of homogenous
catalysis.[1–3] A synthetically attractive feature of this type of
chemistry is the possibility of controlling the chemo-, regio-,
and stereoselectivity of the carbon–carbon bond formation
reaction between the employed reagent and the allyl moiety
of the complex. The catalytic cycle of these transformations
can be divided into two major parts. The first part is the
generation of the allyl–palladium intermediate, in which the
palladium is in oxidation state +2. This can be achieved
through many reactions by using appropriate palladium
sources and functionalized allylic precursors. In most reac-
tions so-called “spectator ligands” are also employed. These
ligands do not participate directly in the transformation of


the allyl moiety; nevertheless they have a decisive role in
the determination of the reactivity of the allyl–palladium in-
termediate. The second part of the reaction is the coupling
of the allyl moiety with an appropriate reagent. In the most
commonly used reactions, the allyl moiety has an electro-
philic character, and therefore it reacts with nucleophiles
(Scheme 1a). Typical nucleophiles are malonates and conge-
ners; however, a great variety of other conventional nucleo-
philes also work well.[1,2] The nucleophilic attack also leads
to reduction of palladium(ii) to palladium(0) necessitating a
subsequent oxidation step to maintain the catalytic cycle.


Possibilities to extend the synthetic scope of the allyl–pal-
ladium chemistry to electrophilic reagents, such as alde-
hydes, imines, and Michel acceptors have been the subject
of a great deal of interest in mechanistic and in synthetic or-
ganic chemistry.[4–18] The greatest challenge in these process-
es is to generate an allyl–palladium intermediate with a nu-
cleophilic allyl moiety (Scheme 1b). The electrophilic attack
on the allyl–palladium species does not change the oxidation
state of palladium, thus this process leads to the allylated
electrophile and a palladium(ii) species. Apparently, the
mechanistic features of the nucleophilic attack on allyl–pal-
ladium complexes (Scheme 1a) and the electrophlic attack
on analogue species are fundamentally different.


The subject of the present concept paper is to review the
synthetic and mechanistic aspects of the employment of
electrophilic reagents in allyl–palladium chemistry. There-
fore, this study involves rationalization of the nucleophilic
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Abstract: The synthetic scope of the allyl–palladium
chemistry can be extended to involve electrophilic re-
agents. The greatest challange in these reactions is the
catalytic generation of an allyl–palladium intermediate
incorporating a nucleophilic allyl moiety. A vast majori-
ty of the published reactions that involve palladium-cat-
alyzed allylation of electrophiles proceed via bis(allyl)-
palladium intermediates. The h1-moiety of the bis(allyl)-
palladium intermediates reacts with electrophiles, in-
cluding aldehydes, imines, or Michael acceptors. Recent-
ly, catalytic electrophilic allylations via mono-
allylpalladium complexes were also presented by em-
ployment of so-called “pincer complex” catalysts.


Keywords: allylation · density functional calculations ·
electrophilic substitution · homogeneous catalysis ·
palladium


Scheme 1. The most important processes in palladium-catalyzed allyla-
tion: generation of the allyl–palladium intermediate and reaction with
a) nucleophilic reagent or b) electrophilic reagent.
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reactivity of the appropriate allyl–palladium complexes, pos-
sibilities to generate these complexes, and the synthetic utili-
ty of the palladium-catalyzed transformations providing ally-
lated electrophiles (Scheme 1b). On the other hand, palladi-
um-catalyzed allylation reactions involving nucleophilic re-
agents (Scheme 1a) have been extensively reviewed,[1,3,19–23]


and, therefore, these reactions are not included in this
paper.


Bis(allyl)palladium Complexes


A vast majority of the published reactions involving palladi-
um-catalyzed allylation of electrophiles proceed via bis(al-
lyl)palladium intermediates. These complexes incorporate
two allyl moieties that can bind with different hapticity to
palladium (Scheme 2). The different complexes may inter-
convert by ligand coordination. Bis(allyl)palladium com-
plexes can easily be generated by reaction of mono-allylpal-
ladium complexes and allylmetal species, such as Grignard
reagents (Scheme 3).[4,24–26]


Although, complex 1 and its alkyl-substituted analogues
have been isolated and characterized by NMR spectroscopy
and X-ray diffraction,[4,24–29] these complexes are usually less
stable than their mono-allylpalladium analogues. It was
shown that bis(allyl)palladium complexes readily react with
electrophiles. Jolly and co-workers[30] have shown that the
bridged h3,h3-bis(allyl)palladium complex 3a can be pro-
tonated by acetic acid even at low temperature (Scheme 4).
Furthermore, Yamamoto and co-workers demonstrated that
complex 1 reacts readily with aldehyde electrophiles.[4]


A particularly interesting mechanistic question concerns
the orthogonal reactivity of the allyl moiety in bis(allyl)pal-
ladium (1) and mono-allylpalladium (2) complexes.


Reactivity of the Allyl Moiety in Mono- and
Bis(allyl)palladium Complexes


The major differences in the reactivity of mono- and bis(al-
lyl)palladium complexes arise from the different hapticity of
the allyl–palladium bonding. The basic reactivity of the
(h3-allyl)palladium complexes can be described by a simpli-
fied molecular orbital (MO) diagram constructed from the
allylic np orbital and the metallic dp fragment orbitals
(Scheme 5a).[31] This interaction leads to the carbon–metal


bonding orbital f1 and the unoccupied MO f2. The anti-
bonding f2 MO is energetically accessible for nucleophiles
and gives the allyl moiety an electrophilic character. The
MO relevant for the reactivity of the h1-allyl complexes can
be derived from the p* MO of the double bond and the ds


MO of the palladium–carbon s-bond.[12] This ds–p* interac-
tion is a classical hyperconjugation interaction, introducing
p* character into the f3 MO. The intensity of the hypercon-
jugative interactions can be enhanced by increasing the elec-
tron density on palladium.


As it is appears in Scheme 5, the nature of the allyl–metal
interactions is fundamentally different in (h3-allyl)palladium
and (h1-allyl)palladium complexes. In (h3-allyl)palladium
complexes, the allyl system donates electrons to the PdL2


fragment (Scheme 5a), and, therefore, p-acceptor ligands
(L), such as phosphanes, activate the allyl moiety towards a
nucleophilic attack. On the other hand, in (h1-allyl)palladi-
um complexes the palladium atom donates electrons to the
allyl moiety (Scheme 5b). Accordingly, the allyl moiety can
be activated toward electrophilic reagents by employment
of electron-donor ligands on palladium.


Density Functional Theory (DFT) Studies
Involving Bis(allyl)palladium Complexes


Both experimental[29,30] and theoretical studies[12,17,32] show
that h1,h3-bis(allyl)palladium complexes easily form from
the h3,h3 forms in the presence of ligands coordinating to
palladium. These ligands can be spectator ligands, such as
various phosphanes, or the electrophilic substrates, such as


Scheme 2. Bis(allyl)palladium complexes with different hapticity. 1a :
h3,h3-bisallypalladium complex (also called bis-p-allylpalladium com-
plex); 1b : h1,h3-bis(allyl)palladium complex; 1c : h1,h1-bis(allyl)palladium
complex.


Scheme 3. Generation of bis(allyl)palladium complexes from allyl–metal
species and mono-allylpalladium complexes.


Scheme 4. Facile protonation of 3 with a weak acid.


Scheme 5. Qualitative MO diagram to describe the most important fron-
tal orbital interactions in a) an (h3-allyl)palladium complex and b) in an
(h1-allyl)palladium complex.
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aldehydes and imines. Density functional calculations indi-
cate that the coordination of phosphanes to 1a and its deriv-
atives is a slightly exothermic or a slightly endothermic
process depending on the coordinating species (Scheme 6).


The hyperconjugative interactions in the h1-moiety
(Scheme 5b) of the h1,h3-bis(allyl)palladium complexes lead
to characteristic structural features. Density functional cal-
culations (at the B3PW91/LANL2DZ level of theory) for
complex 4a (Figure 1) revealed[12] that the Pd-C1-C2-C3 tor-
sional angle (t) is 104.88 ; this allows an optimal overlap be-


tween the p* and ds MOs in the h1-allyl moiety (Scheme
5b). Although, the C2�C3 bond has a distinct double-bond
character, it is somewhat longer (1.35 Q) than a typical C=C
double bond (1.33–1.34 Q), suggesting conjugative interac-
tions with the Pd�C1 bond. In order to analyze the nature
of the electronic interactions between the C2�C3 double
bond and the Pd�C1 bond in the h1-coordinated allyl
moiety, the geometrical parameters for complex 4b were
also calculated. Complex 4b was derived from 4a by re-
stricting the t torsional angle at 1808, in order to shut down
the hyperconjugative interactions between the p* and ds


MOs in the h1-allyl moiety. A decrease in the electronic in-
teractions on changing t from 1048 (4a) to 1808 (4b) is
clearly reflected by two factors: 1) the thermodynamic de-
stabilization of the complex by 6 kcalmol�1; and 2) a con-
traction of the Pd�C1 and C2�C3 bonds, and an elongation
of the C1�C2 bond in 4b.


DFT studies also revealed[12,17] that the electrophilic
attack by aldehyde electrophiles occurs with a low activation
barrier (8–15 kcalmol�1) at the C3 position of the h1-allyl


moiety (e.g., 4). The driving force of this reaction is the in-
creased hyperconjugation between the developing carboca-
tion center at C2 and the Pd�C1 bond. This interaction is
clearly reflected by the bond lengths of the h1-allyl moiety
in the TS structure 4b. As one goes from 4a to TS structure
4b the C1�C2 bond is shortened indicating an increased hy-
perconjugative interaction.


The mechanism of the electrophilic attack on the allyl
moiety of bis(allyl)palladium complexes triggering hyper-
conjugative interactions between a developing carbocation
and an electron-rich carbon–metal bond apparently resem-
bles the corresponding reactions involving main-group allyl–
metal reagents (such as allylsilanes and -stannanes) or
Grignard reagents. However there are some important dif-
ferences as well : 1) reactions proceeding through bis(allyl)-
palladium complexes requires only catalytic amounts (typi-
cally 5 mol%) of palladium; and 2) in bis(allyl)palladium
complexes the electronic and steric effects of the spectator
ligands (including the h3-allyl moiety) can be employed to
tune the reactivity and the selectivity of the electrophilic
attack.


Telomerization of
Conjugated Dienes


Telomerization of butadiene is
one of the earliest published
catalytic reactions involving
bis(allyl)palladium intermedi-
ates.[1–3,34,35] The first step of this
reaction is the dimerization of
the diene, such as butadiene
(Scheme 7), to give a bridged
bis(allyl)palladium complex
(3b). This complex reacts with
many protic reagents including


water, alcohols, carboxylic acids, and amines. Butadiene te-
lomerization with water is the first step in the commercial
production of n-octanol, which is one of the most important
industrial applications of allyl–palladium chemistry.[36] Alde-
hyde or imine reagents can also be employed in the telo-
merization reactions to give divinyl-substituted heterocyclic
products. The first step in these reactions is an electrophilic
attack at the C3 carbon atom of the h1-allyl moiety. The
facile stiochimetric protonation of complex 3 with acetic
acid (Scheme 4) indicates that this reaction easily occurs
under catalytic conditions.[12,30] Furthermore, attack at the
C3 carbon atom leads to an optimal hyperconjugative stabi-


Scheme 6. DFT-calculated complexation energies of 1a with PPh3 and
PH3 (using B3LYP[32] and B3PW91[33] functionals). The energies are given
in kcalmol�1.


Figure 1. DFT structure of h1,h3-bisallylpalladium complexes 4a,b and TS 4c. The dihedral angle t is defined
as Pd-C1-C2-C3 The t angle is frozen at 1808 in 4b (denoted by *). The energies are given in kcalmol�1, the
bond lengths are given in Q, and the angles are given in degrees.


Scheme 7. Examples for telomerization of butadiene via bis(allyl)palladi-
um complex 3b.
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lization of the TS structure (c.f. Figure 1) of the process.[12]


The electrophilic attack affords an h3-(mono-allyl)palladium
intermediate, which can undergo a subsequent nucleophilic
attack. The anionic nucleophile may be generated by depro-
tonation of the employed protic reagent, or by formation of
an enolate ion resulted in the electrophilic attack.


The palladium-catalyzed telomerization of conjugated
dienes with alcohols, phenols, and aldehydes continues to at-
tract considerable attention in both academic and industrial
research. The most important current development of this
reaction involves the increase of the reactivity and stability
of the catalyst in order to increase the so-called turnover
frequency (TOF) and turnover number (TON) of the cata-
lyst. With an appropriate choice of the spectator ligand L, a
high yield can be achieved by using 0.001–0.00033 mol%
palladium catalyst under moderate reaction conditions.[37]


Another important issue concerns the regioselectivity of the
nucleophilic attack, which can also be influenced by ligand
effects.[37–39]


Catalytic Generation of Bis(allyl)palladium
Complexes from Allyl Stannanes


Yamamoto and co-workers[4,5] have shown that bis(allyl)pal-
ladium complexes can be generated under catalytic condi-
tions from allyltributylstannane derivatives and palladium(ii)
salts. The bis(allyl)palladium complex formed in this reac-
tion readily reacts with aldehyde and imine electrophiles
(Scheme 8). Introduction of allylstannanes to generate bis-
(allyl)palladium complexes under catalytic conditions was
an important innovation, which considerably increased the
diversity of the allylic precursors employed in the reaction.


The synthetic scope of the electophilic substitution reac-
tion can be extended by in situ generation of the allylstan-
nane precursor of the reaction. This can be achieved by em-
ploying readily available allyl chloride and allyl acetate pre-
cursors in the presence of hexamethylditin (Scheme 9).[15–17]


The first step of this reaction is the palladium-catalyzed for-


mation of the transient allylstannane, which subsequently
form the bis(allyl)palladium complex and reacts with the
electrophile. By this dicatalytic, one-pot reaction various
allyl-substituted homoallylalcohol and -amine products can
be obtained.


The palladium-catalyzed electrophilic allylation reactions
with functionalized allylic substrates usually provide the
branched allylic isomer.[4,15–17] Selective formation of this al-
lylic isomer is in sharp contrast to the regioselectivity ob-
served for palladium-catalyzed nucleophilic substitutions,
which usually gives the linear allylic isomer.[2,20] The regiose-
lectivity of the electrophilic attack can be explained by the
influence of the substituent effects on the stability of the h1-
allyl moiety of the bis(allyl)palladium intermediate.[15–17]


DFT studies clearly show that the terminally substituted h1-
allyl complexes are more stable when the alkyl or aryl sub-
stituents are attached at the C3 carbon atom of the allyl
moiety (Scheme 10). Since the electrophilic attack also


occurs at the C3 position of the h1-allyl moiety, the catalytic
reaction affords the branched allylic isomer.[15–17] The dia-
stereoselectivity of the catalytic reaction is dependent on
the actual substrates and on the reaction conditions. A high
anti-diastereoselectivity can be achieved by employment of
bulky substituents, such as R=Ar, COOEt (Scheme 10).[17]


Yamamoto and co-workers[7,11] described a catalytic asym-
metric version of the allylation reaction of aldimines. In this
process the bis(allyl)palladium intermediate 6 is formed
from an (1S)-b-(�)pinene-based mono-allylpalladium com-
plex 5 (Scheme 11). Subsequently, this complex undergoes
electrophilic attack by aldimines affording homoallylamines
with up to 91% enantiomeric excess. The best results were
accomplished by using benzylimine derivatives. It was found
that the chiral information from the h3-allyl ligand is propa-
gated in the electrophilic attack involving bis(allyl)palladi-
um intermediate 6.


Electrophilic Attack Followed by Nucleophilic
Attack on Bis(allyl)palladium Intermediates


The palladium-catalyzed reaction of a 1:1 mixture of allyl
chloride and allyl stannane reagents with alkylidene maloni-
triles results in a double allylated product.[6,9] The mecha-
nism of this reaction is particularly interesting. The first step
of the reaction is an oxidative addition of the palladium(0)
catalyst to allyl chloride to give a mono-allylpalladium com-
plex (Scheme 12). This complex undergoes transmetallation
providing the bis(allyl)palladium intermediate (1b) of the


Scheme 8. Example for catalytic generation of bis(allyl)palladium com-
plexes 1a–b followed by reaction with an aldehyde electrophile.


Scheme 9. Electrophilic substitution of in situ generated functionalized
allyl stannanes.


Scheme 10. Stability of the isomeric disubstituted bis(allyl)palladium
complexes. The energy values are in kcalmol�1.
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reaction. Subsequently, the arylated carbon of alkylidene
malonitrile 7 attacks the h1-allyl moiety of 1b. This electro-
philic attack generates a mono-allylpalladium complex and
a malonitrile anion (8). This malonitrile derivative under-
goes a second allylation step by nucleophilic attack of the
mono-allylpalladium complex to give compound 9. This pe-
culiar behavior of bis(allyl)palladium complexes (such as
1b) involving an initial electrophilic attack followed by a
nucleophilic attack is classified as amphiphilic (or ambiphil-
ic) reactivity.


Control of the regioselectivity becomes an important
issue when substituted allyl chlorides and allyl stannanes are
employed as reagents. An interesting feature is that the re-
action with mono-alkyl-substituted precursors usually gives
a poor regioselectivity.[8,13,14, 40] For example the bis-allylation
process with methyl allyl chloride 10 gives a complex reac-
tion mixture involving both cross-coupling (11a–c) and ho-
mocoupling (12) products (Scheme 13).[13] On the other
hand, an excellent regiochemistry was obtained using 1,3-di-
alkyl-substituted allylic precursors, such as 13. This reaction
gives a single regioisomer 14 ; the homocoupled product (12)
was not detected (Scheme 14).[13] A similar regioselectivity


was obtained for the palladium-
catalyzed bis-allylation of iso-
cyanates with allyl chlorides
and allyl stannanes.[14]


The high regioselectivity with
allylic precursor 13 could be ex-
plained by the destabilizing ef-


fects of the alkyl substituents on the h1-allyl moiety.[13] In
the presence of spectator ligands (approximated by PH3) the
reaction of 13 and allylstannane with palladium(0) catalyst
(Scheme 15) may generate two isomeric h1,h3-bis(allyl)palla-
dium complexes 15a and 15b. Complex 15a, with an unsub-


stituted h1-allyl moiety, is more stable than its alkyl-substi-
tuted counterpart 15b. Since the double allylation reaction
is initiated by an electrophilic attack (Scheme 12) at the
phenyl-substituted carbon atom of 7 (Ar=Ph), the second
attack will take place on the substituted allyl moiety with a
high regioselectivity. It was also shown that the activation
energy of the initial electrophilic attack is lower on 15a than
on 15b ; this further improves the regioselection in the bis-
allylation reaction.[13]


Bis-allylation reactions can also be performed by using
only the functionalized allyl chloride precursor together
with hexamethylditin (Scheme 16).[15, 16] This catalytic trans-
formation also proceeds with a very high regioselectivity. A


particularly interesting mechanistic aspect of this reaction is
that palladium catalyzes three processes in each catalytic
cycle: 1) generation of the allylstannane precursor from allyl
chloride and hexamethylditin, 2) the electrophilic attack (c.f.
Scheme 12), and 3) the nucleophilic attack.


Scheme 11. Asymmetric allylation of aldimines in the presence of a chiral allyl–palladium catalyst.


Scheme 12. Bis-allylation reaction of alkylidene malonitriles (7).


Scheme 13. Employment of mono-alkyl-substituted allyl chloride 10 with
allylstanne gives poor regio- and chemoselectivity in the palladium-cata-
lyzed bis-allylation reaction.


Scheme 14. The bis-allylation reaction proceeds with an excellent regiose-
lectivity using dialkyl allyl chlorides 13.


Scheme 15. Alkyl substituents on the h1-allyl moiety destabilize the
bis(allyl)palladium complexes.


Scheme 16. Triple-catalytic approach for bis-allylation with functionalized
allyl chloride in the presence of hexamethylditin.


Chem. Eur. J. 2004, 10, 5268 – 5275 www.chemeurj.org � 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5273


Palladium Catalysis 5268 – 5275



www.chemeurj.org





Electrophilic Substitution via Mono-allylpalladium
Complexes


Although catalytic transformations via bis(allyl)palladium
intermediates have found many important synthetic applica-
tions, the diverse reactivity of the bis(allyl)palladium com-
plexes imposes serious limitations to the scope of these reac-
tions. As mentioned above, formation of unsymmetrically
substituted bis(allyl)palladium complexes may lead to diffi-
culties in controlling the regioselectivity of the reaction (c.f.
Scheme 13). A further important problem is that bis(allyl)-
palladium complexes may undergo allyl–allyl (Stille) cou-
pling instead of reaction with electrophiles.[10,26, 32] Accord-
ingly, further development of the palladium-catalyzed elec-
trophilic substitution reaction requires that the catalytic
transformations proceed entirely via mono-allylpalladium
intermediates without involvement of bis(allyl)palladium
species. However, development of such catalytic transforma-
tions poses a great challenge, since mono-allylpalladium
complexes are usually considerably more stable as h3-coordi-
nated species (Scheme 1a).[41] On the other hand, the theo-
retical calculations clearly indicate[12] that the electrophilic
attack occurs at the h1-allyl moiety of the complex, while
the h3-coordinated allyl moiety and L (1b) are considered as
spectator ligands. Accordingly, the nucleophilic reactivity of
the h1-allyl moiety could be maintained by replacement of
the h3-allyl moiety and L with strongly coordinating elec-
tron-supplying ligands.


Stoichiometric Reactions with h1-Allylpalladium
Complexes


Although the majority of the reactions involving mono-allyl-
palladium complexes have been performed with nucleo-
philes, certain mono-allylpalladium complexes have been re-
ported to undergo electrophilic attack. Kurosawa and co-
workers showed that the h1-allyl moiety of complex 16 was
nucleophilic, and therefore it readily reacts with electrophil-
ic reagents. For example, the reaction of 16 with HCl and
Br2 afforded propene and allylbromide, respectively
(Scheme 17).


It is important to note that the electrophilic allylation re-
actions reported by Kurosawa and co-workers[42,43] require
the use of stoichiometric amounts of palladium complex 16,
which considerably limits the synthetic scope of these trans-
formations.


Catalytic Electrophilic Allylation via Mono-
allylpalladium Complexes


Recently, Szab? and co-workers[18] reported a new palladi-
um-catalyzed electrophilic substitution reaction proceeding
entirely via mono-allylpalladium intermediates without in-
volvement of bis(allyl)palladium species. In these processes
so-called “pincer complexes”[44–46] (17–19, Scheme 18) were
used to catalyze the electrophilic substitution reaction of al-
lylstannanes with aldehyde and imine electrophiles
(Scheme 19).


The allyl–palladium intermediate (20) of the catalytic
transformation is generated by transmetallation of the allyl-
stannane with the corresponding pincer complex. This inter-
mediate was observed under the reaction conditions of the
catalytic process.[47] In complex 20 palladium is complexed
by a strongly coordinating terdentate (“pincer”) ligand, and
therefore the allyl moiety is constrained to an h1-coordina-
tion state required for the nucleophilic reactivity (c.f. Scheme
5b). Furthermore, the aryl group in 20 is an efficient s-
donor ligand ensuring a high electron density on palladium;
this increases the nucleophilicity of the allyl moiety. The cat-
alytic activity of the various pincer complexes depends on
the electronic effects of the heteroatom in the pincer ligand
and on the coordination ability of the counterion. Phospho-
rus-containing pincer complexes with weakly coordinating
counterions, such as 19, exhibit a high catalytic activity in
electrophilic substitution reactions.


Conclusion and Outlook


Palladium-catalyzed electrophilic allylation reactions repre-
sent a conceptually new approach in allyl–palladium chemis-
try. This approach involves tuning the reactivity of the allyl
moiety by choice of the spectator ligands on palladium.
Commonly used monodentate ligands (such as phosphanes)


Scheme 17. Electrophilic substitution at the h1-allyl moiety of mono-allyl-
palladium complex 16 with N-bromosuccinimide (NBS).


Scheme 18. So-called “pincer complexes” employed in catalytic allylation
of electrophiles.


Scheme 19. Palladium-catalyzed electrophilic substitution via a mono-al-
lylpalladium intermediate.
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in h3-coordinated allyl–palladium complexes provide elec-
trophilic allyl moieties, which react with nucleophiles
(Schemes 1a and 5a). However, the h1-moiety in bis(allyl)-
palladium complexes (1b) and in specially constructed aryl-
palladium complexes (such as 16 and 20) is electrophilic,
and therefore these complexes react with a great variety of
electrophilic reagents, such as aldehydes, imines, and Mi-
chael acceptors. Bis(allyl)palladium complexes can be readi-
ly generated under catalytic conditions, and thus many syn-
thetic applications have been presented for single and even
for double allylation of electrophiles (Schemes 7–9 and 14).
These reactions can be performed by using simple precur-
sors involving conjugated dienes, allyl stannanes, allyl chlor-
ides, and allyl acetates. Catalytic generation of chiral bis(al-
lyl)palladium complexes offer an attractive new method for
asymmetric catalysis (Scheme 11). The synthetic scope of
the palladium-catalyzed electrophilic substitution reactions
can be extended by use of pincer complex catalysts
(Scheme 19). These catalysts operate via mono-allylpalladi-
um complexes eliminating the side-reactions arising from
the diverse reactivity of bis(allyl)palladium complexes.


The future development of the palladium-catalyzed elec-
trophilic allylation reactions will certainly involve new
regio-, stereo-, and enatioselective processes. The unique
amphiphilic reactivity of the bis(allyl)palladium complexes
can be employed to bis-allylation of Michael acceptors
(Scheme 12) and related systems. The level of the selectivity
of the electrophilic attack on the allylic precursor can be fur-
ther increased by employment of various pincer complexes
or analogue catalysts. The majority of the above-mentioned
electrophilic allylation reactions proceed under mild and
neutral conditions without the occurrance of redox process-
es in the palladium catalyst; therefore, these reactions can
also be combined with other catalytic reactions to develop
new multicatalytic systems (c.f. Scheme 9).
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Superconductivity in Copper, Silver, and Gold Compounds


Sven Larsson*[a]


Introduction


High-temperature superconductivity was discovered in
La2�xBaxCuO4


[1] and somewhat later, with a very high criti-
cal temperature, in YBa2Cu3O7�x.


[2] Since equally charged
atoms in the same group of the periodic table tend to have
similar chemical and physical properties, d9 systems corre-
sponding to AgII and AuII might be expected to form super-
conducting compounds in the same way as CuII, as discussed
by Sleight,[3] and Grochala and Hoffmann.[4] In reality AgII


and AuII systems usually do not support superconductivity.
This might be due to differences in size and ensuing struc-
tural differences. In silver compounds superconductivity has
been found only in Ag7O8X, in which X�=NO3


� , F� or
BF4


� , with a low critical temperature.[5] Superconductivity


exists also in disulphides, diselenides and ditellurides[6,7] of
copper, silver and gold. Since superconductivity occurs also
in the elements S, Se and Te, the important atom may be
the chalcogenide atom in this case rather than the coinage
metal atom. Compounds of S, Se, and Te therefore left out
of the discussion here.


In AgII compounds with fluorine ligands, such as CsAgF3


and Cs2AgF4, planar sheets are formed within the crystal as
in the superconducting cuprates,[8] but superconductivity has
not been reported. This is also the case for tertiary CuII fluo-
rides[9,10] and CuF2.


[11] An evident difference is that the men-
tioned fluorides are stoichiometric (d9), while the formal
number of d electrons in the superconducting cuprate
planes usually is less than nine per metal atom, depending
on doping. If x=0.5 in YBa2Cu3O7�x all copper atoms in the
plane are in oxidation state II, but the compound is not a su-
perconductor. Thus the density of states at the Fermi level is
of evident importance for superconductivity, but it is not
known exactly how. It could be directly, by occupancy of or-
bitals, or indirectly, if the geometric structure depends on
the number of electrons. It is well known that a rather small
change in the orbital occupancy of the localized, antiferro-
magnetic state may lead to a delocalised, superconducting
state.


In the layered compounds CsAuX3 or Cs2AuX4 (X=Cl,
Br, I), the geometry suggests AuI–AuIII mixed valence.[12]


The electron count corresponds to exactly one hole per site.
CsAuX3 and Cs2AuX4 are semiconductors (at low pressure)
with large activation energies.[13,14] The conductivity is non-
metallic, but increased by several orders of magnitude at
high pressures of a few GPa;[13–16] however, superconductivi-
ty has not been reported.


Silver is more stable in valence state II with fluorine
rather than oxygen as ligands, and F� is close to O2� in its
ligand field effects. Grochala and Hoffmann in an interest-
ing paper[4] have pointed out a number of silver fluoride
structures, which they hypothesise might possess supercon-
ducting properties in doped form or with a different second
metal ion (in tertiary compounds). Their conditions for pos-
sible superconductivity are rather mild and based on mixed
valence (MV) between two successive oxidation states, in
this case AgI/AgII or AgIII/AgII. The conditions of the pres-
ent paper are more restrictive.


[a] Prof. S. Larsson
Department of Chemistry
Chalmers University of Technology
412 96 GEteborg (Sweden)


Abstract: High-temperature superconductivity exists in
layered, square-planar cuprates, but is almost absent in
most other CuII compounds and in most AgII and AuII


compounds. Valence state II is quite unusual in silver
and gold and often disproportionates to valence states I
and III (“negative-U compounds”). The two-electron
difference in oxidation state is suggestive of electron
pairing, a prerequisite for superconductivity. In the pres-
ent paper the connection between disproportionation
and geometrical structure on one hand and supercon-
ductivity on the other is discussed by using the accepted
theory for mixed valence complexes. It is concluded
that absence of superconductivity in gold and silver
compounds can be connected to the instability of oxida-
tion state II and the large difference in equilibrium ge-
ometry between oxidation states I and III.


Keywords: copper · gold · mixed-valent compounds ·
silver · superconductors
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Connections between mixed valence and superconductivi-
ty have been suspected for a long time, even before the
advent of the high Tc cuprates (Tc=critical temperature) in
1986.[17,18] At first the cuprates were not connected to mixed
valence, since valencies I and III cannot be identified in the
superconducting state. Nevertheless Wilson considered the
existence of three oxidation states for copper in general as
relevant for the occurrence of superconductivity in doped
La2CuO4 and YBa2Cu3O7.


[19] Simon,[20] Sleight,[3,21] Buss-
man–Holder et al.,[22] Burdett[23] and Brandow[24] put for-
ward similar ideas. The present author connected activation
barrier and resistivity to geometry changes in three oxida-
tion states.[25,26] Prassides,[27] de Jongh[28] and others[3,24–31]


have discussed doped BaBiO3, in which oxidation states III
and V are involved on the bismuth atom, using similar argu-
ments. The mentioned “valence-fluctuation models”[19–31] are
different in details, however.


Band models cannot be easily applied to mixed valence
systems. In a d8–d10 system, the Fermi level should be in the
d8 band in spite of the expected higher ionisation energy for
a more highly charged ion AuIII. Furthermore d8 systems
like NiO are often insulators in spite of the fact that the
Fermi level is located in a continuous d-band. Mott has sug-
gested a solution to this problem by comparing coupling to
interelectronic repulsion (U),[32] measured as the difference
between electron affinity and ionisation energy. The latter
quantity is zero for a metal and a few eV for an insulator. In
any case experimentally measured characteristics can hardly
be used to predict the same property. For this reason the
Mott model will not be used in the present paper.


Localization is rather easy to predict theoretically in a
finite mixed-valence system. If it cannot be directly calculat-
ed one may compare coupling (t=D/2) and reorganization
energy (l) in the Marcus–Hush model[33–35] (Figure 1). On
the experimental side Creutz has convincingly shown that
the Creutz–Taube complex is delocalized, while similar
RuII/III complexes with longer bridges are localized.[36] This
result is consistent with the Marcus–Hush model, for which
a large ratio D/l leads to disappearence of the activation
barrier and delocalization. Larsson and Klimkāns suggested


an extended model for the infinite case.[37] This model may
also be used for two-electron transfer in superconductors, al-
though this problem is more complicated.


Theories on systems in which three consecutive oxidation
states are involved in ground states or in low excited states
will here be called MV-3 theories, as opposed to MV-2 theo-
ries, in which only two oxidation states are involved. The
lowest and highest oxidation states, different in two elec-
trons, are of relevance to electron-pair transfer (EPT)
[Eq.(1)]:


*Mðnþ1Þþ þMðn�1Þþ !*Mðn�1Þþ þMðnþ1Þþ ð1Þ


It is easy to think of a mixed valence system in which half
the sites have the lower oxidation state and the alternating,
equivalent sites have the higher oxidation state. We may
view the electron pair transferred in Equation (1) as the lo-
calized version of the Cooper pair. We thus use as a working
hypothesis that “chemical pairs” in a repetitive structure act
as Cooper pairs if they are delocalized in the sense of
Hush.[34,35] The pairing discussion is carried out in the local-
ized, simplified form. Delocalization of the pairs is treated
as a separate problem.


It turns out that delocalization of a chemical pair strongly
depends on the intermediate oxidation state.[25] Chemically
the intermediate oxidation state belongs to the “compropor-
tionated” left-hand member in Equation (2).


2Mnþ $ Mðnþ1Þþ þMðn�1Þþ ð2Þ


The disproportionated phase of the right-hand member
corresponds to the “negative-U” state, a term used in solid-
state physics. That the Mott parameter U in some cases may
be negative illustrates the difficulties with too simplified
models. Alternative terms are “charge density wave”
(CDW) or a “charge-ordered” phase. Both have appeared in
connection with superconductivity. In the present model the
CDW state is the localized version of the superconducting
state. The comproportionated phase may be antiferromag-
netic and form a spin density wave (SDW). According to
the present model superconductivity arises if the CDW and
SDW states have about the same energy and similar equili-
brium geometries.[25,26]


A microscopic description of a finite CDW–SDW system
may be achieved by using quantum chemical methods that
include correlation effects in a many configuration treat-
ment, for example, CASSCF.[38] In the square-planar case a
“gedanken” calculation of finite square systems with (2L)2


(L is a natural number) equivalent sites and (2L)2 active
electrons would result in electronic states in the form of po-
tential-energy surfaces (PESs). Geometry optimisation
under the restriction of square planarity and equal distances
between the sites, but with no restrictions on metal–ligand
distance on the different sites, would lead either to SDW,
CDW, or a common vibronic ground state. In the last case
and the SDW case the metal–ligand distances would be the
same and in the CDW case alternating. The coinage metal
group provides a number of examples of these two cases,
since oxidation state II is gradually less stable in the series


Figure 1. Potential-energy curves in the MV-2 case. l is the reorganiza-
tion energy. The left-hand parabola corresponds to the oxidation states v
and v+1 on the two sites and the right-hand parabola to oxidation states
v+1 and v.
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copper!silver!gold. The third phase with a common vi-
brational ground state appears as a clear possibility. This
phase, if delocalized, would have the properties of a super-
conducting phase.[25]


Theoretical Models for Two-Site MV-2 and MV-3
Systems


MV-2 theory is based on the well-known electron-transfer
(ET) models of Marcus (Figure 1),[33] Holstein[39] and Piepho
et al. ,[40] while the MV-3 model is an extension based on a
model of Prassides and Day.[41] Electron-pair transfer (EPT)
between two equivalent sites may be described by PESs, cor-
responding to the site occupations (v�1,v+1) and
(v+1,v�1), with equivalent minima (Figure 2). Each mini-


mum corresponds to localization of the electron pair to
either of the two metal sites. Vertical excitation (l1) from
the lower to the upper energy surface is equivalent to ET
between the two metal atoms, leading to equivalent sites.


The classification scheme of Robin and Day[42] for MV-2
systems can be rather well extended to MV-3 systems, as fol-
lows:


1) In Class I the sites are nonequivalent and cannot be in-
terchanged by changing bond lengths, in other words
cannot comproportionate.


2) In Class II there is an activation barrier for EPT due to
geometry difference between the oxidation states, imply-
ing localization and electrical resistance. Applied pres-
sure leads to smaller differences and a lower barrier.
The absorption spectrum is partly due to site interac-
tions.[43]


3) Finally in Class III systems the charge is delocalized. If
the SDW and CDW energies are similar at T=0, the vi-
bronic interactions lead to superconductivity, according
to the hypothesis. If the energies agree at an elevated
temperature, delocalization only appears in a narrow
temperature window at the phase transition.


The reorganisation energy l (eV) is defined as the sum of
energy relaxations after one (or two) electron has been
added at the site of the higher oxidation state and removed
from the other. l may be written as Equation (3).


l ¼
X


i


1=2kidd
2
i � 15


X


i


dd2
i ð3Þ


The summation extends over all bond length (and possi-
bly bond angle) changes (ddi) on both sites. In the approxi-
mate expression of the right member, ddi should be given in
M. The force constant used corresponds to a vibrational
wave number of 500 cm�1 and an effective mass of
16 atomic units.


When interactions are “switched on”, the PES intersec-
tions become avoided crossings. The effective coupling is
half of the gap (H12=D/2) between the interacting PESs.
The usually large ET coupling in MV-2 systems leads to a
decreased activation barrier (Ea). In the symmetric case Ea


decreases from l/4 at jD j=0 to zero at jD j=l [Eq. (4) if
jD j<l].


Ea ¼
ðl�jDjÞ2


4 l
ð4Þ


Similarly large coupling at asymmetric CDW–SDW cross-
ings may lead to a disappearing activation barrier. The cou-
pling corresponding to EPT is very small unless the PES cor-
responding to equal oxidation states, the (v,v) state in
Figure 2, is involved at about the same energy as the CDW
state.[25, 29]


Oxidation states are defined by the geometry and charge
of the site. The most important single factor connected to
the oxidation state of a metal ion site is the average metal–
ligand distance. At the respective energy minima, the sites
have distances typical for the different oxidation states (if
jD j is small). The average metal–ligand distance is smaller
the larger the oxidation state. The “reaction path” for ET or
EPT therefore involves metal–ligand distance increase at
one site and decrease at the other. In the right-hand mini-
mum of Figures 1 and 2, the equilibrium geometries and oxi-
dation states are swapped. The most important vibrational
modes of this reaction coordinate are the breathing modes
�500 cm�1. These modes give the coupling between elec-
trons and nuclei in their motion because of the direct con-
nection to the oxidation states. Bussman-Holder et al. have
considered other possibilities for geometrical fluctuation.[30]


The oscillator strength of the vertical intervalence transi-
tion (v+1,v�1)!(v�1,v+1) is very small, since the wave
functions are different in two spin orbitals. However, if the
PESs of the SDW and CDW intersect, large oscillator
strengths are obtained for transitions between CDW and


Figure 2. Potential-energy curves in the MV-3 case. l1 and l2 are reorgan-
ization energies for the transfer of one or two electrons, respectively. v is
the valence state of the comproportionated state and v�1 and v+1 of
the disproportionated state. The latter state is here assumed to be lower
in energy in the figure (negative-U state). For CuII systems the (v,v)
curve is probably lower (and for AuII systems higher) relative to (v+
1,v�1) and (v�1,v+1) than shown in the figure.
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SDW. Strong absorption in MV-3 complexes consequently
strongly suggests that the (v,v) state (SDW) is present.


A well-known MV-3 system is SetterbergNs complex
Cs2SbCl6. The two different Sb sites correspond to the va-
lence states SbIII and SbV.[41] Since Cs2SbCl6 is strongly blue,
SbIV is involved as an excited state. Prassides and Day have
simulated an intervalence spectrum with great success[41] by
assuming that it arises from a transition of the type SbIII+


SbV!2SbIV and energy l1 (Figure 2). Since SbIII+SbV is the
ground state, Cs2SbCl6 is a “negative-U” compound. The
bond lengths are very different[38]: SbIII�Cl=2.646 M and
SbV�Cl=2.384 M. The difference (0.26 M) leads to l=12 eV
by Equation (3), since twelve bonds are changed.


Other examples of MV-3 systems are Ba1�xKxBiO3 and
BaPbxBi1�xO3.


[44–45] As the doping levels are increased (in-
creased value of x) the system changes from a typical
class II to a class III system, that is, from localized CDW to
a delocalized superconductor.[46] The main reason is proba-
bly that increased doping leads to equalization of metal–
ligand bond lengths and, hence, lower reorganization
energy. If, for example, dd=0.02 M is used in Equation (3)
for 12 bonds, we obtain l=0.07 eV, which is of the same
order of magnitude as the vibrational energy. The coupling
remains the same and therefore the ratio D/l increases; this
is favourable for an insulator-to-metal transition.[37] For x=0
(BaBiO3) the two sites correspond to Bi3+ and Bi5+ sites as
in the case of Cs2SbCl6.


[44–46]


As mentioned above disproportionation is common in the
case of silver and, particularly, gold. AgII systems are not
disproportionated in fluorides at low temperatures.[4,8, 11,47,48]


WellsN salt, CsAuCl3, is probably the first and best-known
example of disproportionation in gold compounds.[12–16] At
normal pressure the distances of the xy plane are 0.4 M
smaller in AuIII�Cl than corresponding distances in AuI�Cl.
Along the z axis only AuI forms a bond to Cl� . The distan-
ces are 2.31 M for AuICl and 3.13 M for AuIIICl.[12] In
CsAuCl3 the activation barrier for direct EPT is, hence, very
large.


Importance of the Jahn–Teller effect


The phonon coupling typical for superconductivity is some-
times mixed up with the Jahn–Teller (JT) effect. The JT the-
orem states that degeneracy of the ground state is removed
by nuclear distortions, leading to a ground state with low-
ered symmetry and energy. This is of importance for super-
conductivity in the layered perovskite case, since the shorter
bonds between copper and oxygen (�1.9 M) are always in
the same CuO2 plane, while the longer bonds (�2.1 M) are
perpendicular to this plane. This way the most antibonding,
singly unoccupied spin orbital is always in the plane and this
restricts conductivity to this plane. If the JT distortion is in
different directions superconductivity is hindered.


The “second-order JT effect” (SOJT) refers to a nonde-
generate case with mixing of the ground state and a low-
energy excited state. The JT and SOJT theorems do not sug-
gest anything about the extent of the distortions, only that
distortions may take place. The difference between two JT


geometries may be so small that there are common vibra-
tional levels. In this sense the JT and SDW–CDW distortions
behave similarly. However, JT and SOJT distortions refer to
a single site, while the SDW–CDW distortions extend over
at least two sites.


Delocalization


Transition metal oxides are usually localized and spin or-
dered. CuII and AgII oxides are d9 systems, and as such very
often SDW systems with one hole per site. If the hole has
spin up on one site, the alternating site has spin down. The
orbital product may symbolically be written as (›oOofl),
where o denotes an empty spin orbital.


After symmetrisation the two-site disproportionation may
be written as Equation (5):


ð" o� o #Þ  ð# o� o "Þ $ ðooþ "#Þ  ð"# þooÞ ð5Þ


In the CDW state on the right, the electrons are paired on
a single site. If “a” is the orbital on left and “b” the equiva-
lent orbital on the right, a= spin up and b= spin down, we
may write Equation (6):


ðabþ baÞðab�baÞ�=2 ! ðaa bbÞ ðab�baÞ=2 ð6Þ


On the left-hand side the oxidation states are the same
for the two sites and therefore the metal–ligand bond
lengths are also the same. In the localized CDW-phase un-
symmetric functions are obtained on the right-hand side,
either aa(ab�ba) or bb(ab�ba).


Since we normally find a metallic phase between the insu-
lator and superconductor phases, the fact that the localized
SDW and CDW phases occur close to the delocalized, super-
conducting phase in cuprates was a surprising discovery. Fur-
thermore the Mott–Hubbard U is supposed to be small or
even negative for high Tc superconductors, but CuO is not a
metal and hence U@0. The solution of Edwards et al. to
this problem is that the insulator–metal and insulator–super-
conductor delocalization occur under the same conditions.[49]


In the present paper a more radical view is taken, whereby
the Mott model for localization is abandoned and replaced
by a more realistic model that includes nuclear coordi-
nates.[31] Since MV-3 theory requires interaction between
SDW and CDW for both superconductivity and delocaliza-
tion, there is no reason to assume a metallic phase between
the insulating and superconducting phase. Ordinary metals
correspond to the delocalized MV-2 case.


Delocalization of charges need not occur under the same
conditions as delocalization in absorption spectra. CuO is
black, but not NiO. Both are insulators. In the Bloch model
both CuO and NiO are delocalized. The Bloch model is
simply nonapplicable for these “strongly correlated” sys-
tems. In NiO the local triplet wave function has a lower
energy than the delocalized metallic one. The triplets inter-
act to form the antiferromagnetic lattice, but this interaction
does not lead to any broadening of the spectrum, since the
bandwidth due to triplet–triplet interaction is too small. In
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the d9 systems this is completely different, since the site in-
teractions are of one-electron type and large. Finally the
d–d transitions in AuIII d8 systems are of a singlet type, but
at too high an energy to cause absorption in a large part of
the visible spectrum. In a mixed valence AuI–AuIII system
the black absorption is instead due to intermetal mixed-va-
lence transitions.[34,43]


Application to Superconductivity in Coinage Metal
Systems


We will now go through some relevant copper, silver and
gold oxides and their salts to try to correlate conductivity
properties with site, crystal and electronic structure on the
basis of MV-3 theory, extended as described above and in
earlier papers.


Cuprates : The superconducting CuII systems La2CuO4 and
YBa2Cu3O7 have square-planar layers with copper octahe-
drally coordinated to oxygen. The axial bonds to the oxygen
atoms in the neighbouring layers are always the long
bonds.[50] Therefore, the half-empty orbital is always the
3dx2�y2 orbital, along the bonds of the CuO2 x,y plane. This
ordering is important for superconductivity, since s-currents
are then possible in a perpendicular magnetic field.[25]


The corresponding AgII systems have not been made. This
may depend on the fact that the AgII ion is larger than the
CuII ion and, therefore, does not fit with the intervening
layers. If square-planar AgII layered systems can be made,
they are not necessarily superconducting, since the valencies
may still be localized.


CuO : CuO has a tenorite structure in which each CuII is sur-
rounded by four coplanar bonds.[51,52] However, no layered
plane structure is formed as is the case in La2CuO4 and
YBa2Cu3O7. The half empty 3dx2�y2 orbital is in the local
plane, but corresponding orbitals on different sites are not
in the same plane. CuO is antiferromagnetic (SDW) in the
ground state. The tenorite structure appears to be an impor-
tant reason why CuO is not superconducting.


AgO : AgO is not much different from CuO in structure,
except that there are two different sites. In one of the sites
there are two neighbouring oxygen atoms at 2.18 M and two
very distant oxygen atoms at 2.66 M. This is evidently an
AgI site. The other site has four coplanar oxygen neighbours
at 2.05 M, evidently an AgIII site.[53] The system is diamagnet-
ic, which confirms that AgII in AgO is disproportionated
into AgI and AgIII. AgO thus has a CDW ground state, ap-
parently with a high activation barrier for EPT.


AuO : AuO is not known. The only stable gold oxide seems
to be Au2O3 with valency AuIII.


Ag7O8X : This chemical formula represents a number of
cage structures[54] that are metallic and superconducting
below 0.1–2 K (if X�=NO3


� , F� or BF�).[5,54] In this case
there are several phase transitions at lower temperatures. At


least for X�=NO3
� there is a cubic to tetrahedral rearrange-


ment at about 180 K and this compound also has the highest
Tc. The cubic structure determined at room temperature[54]


cannot be expected to be superconducting, since the sites
are nonequivalent.


CuF2 : CuF2 forms a distorted rutile structure.[11] The Cu site
is typically Jahn–Teller distorted and has four coplanar
bonds of length 1.93 M and two axial ones of length 2.27 M.
There is no common square plane and the ground state is
SDW.


AgF2 : a-AgF2 is stable at low temperature and has a typical
Jahn–Teller distorted AgII site with four short bonds
(2.07 M) and two long bonds (2.58 M). The structure is a
puckered sheet. The spin structure is complicated.[4] b-AgF2


is stable at a high temperature and has mixed valence with a
CDW ground state.[47] The two phases are thus very differ-
ent, but there is a phase transition at elevated temperatures.
At a low temperature the energies of the SDW and CDW
phases are apparently very different, so superconductivity is
not expected.


Ternary copper fluorides : KCuF3 and K2CuF4 are typical
CuII systems, with elongated or compressed Jahn–Teller dis-
tortions. These compounds are not diamagnetic, but have a
complicated magnetic structure. The Jahn–Teller effect is
large.[9,10] In fact there are normally three different metal–
ligand bond lengths in the octahedron around the metal ion.
The disproportionated CDW state is not available at low
energy, as is clear from the weak colour, hinting to the ab-
sence of charge transfer and intermetal spectra.


Ternary silver fluorides : AAgF3 and A2AgF4 (A=K, Rb,
Cs) are typical AgII systems, shown by the absence of dia-
magnetism. The colour is strongly blue–brown metallic, indi-
cating a delocalized system. Jahn–Teller distortions are or-
dered:[4,8] Ag�F 2.06–2.13 M or 2.42–2.51 M. Why is it not
superconducting? Apparently the comproportionated phase
is lower in energy than its disproportionated counterpart,[47]


but the strong absorption suggests that the silver system is
not as high in energy as in the corresponding copper case.
The AgIII site would be square-planar, whereas the AgI site
would be octahedral or linear. Probably the geometry differ-
ences between the disproportionated and comproportionat-
ed phases are too large to allow common vibrational levels,
and thus there is no superconductivity.


It might be added that if the sites are compressed instead
of elongated along the z axis, the coupling between the sites
is decreased, but this should not by itself prevent supercon-
ductivity.


Ternary gold halides—AAuX3 and A2AuX4 : Superconduc-
tivity may be expected in AAuX3 or A2AuX4 compounds,
which are iso-structural with BaBiO3.


[16,55] In this case the
conductivity has been found to increase very much under
pressure. This is easy to understand by using the model de-
scribed here, since the metal–ligand bond length for differ-
ent oxidation states becomes less different under pressure.
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In fact the results by Kojima et al.[16,43, 55] prove that this
model is correct. An important difference to the BaBiO3


systems is that there does not seem to be any doped Au
compounds. Doping might be possible with Pt2+ ions, which
are also d8 systems with low spin, but this has probably
never been tried. The absence of superconductivity in the
temperature ranges studied may also be caused by the high
energy of the AuII state, independent of pressure.


The comparison between the ternary compounds of silver
and gold is interesting, since the former are more stable in
oxidation state II and are, therefore, magnetic, while the
gold compounds are more stable with mixed I and III va-
lence. The structures are ideal for superconductivity, but
either the energy or the geometry differences (or both) to
the other phase (I and III for silver and II for gold) are too
large.


In summary the copper fluorides do not disproportionate.
The same is the case for CuO. AgF2 and the silver oxides do
disproportionate and there is one example of a supercon-
ductor at a low Tc. Possibly the propensity of copper to dis-
proportionate in an oxygen-rich environment is also high, al-
though no CDW state has been found as ground state. This
conclusion is consistent with the fact that binary or ternary
copper systems can be made with copper in all three oxida-
tion states with oxygen ligands. It is thus not too far-fetched
to suggest that the superconducting cuprates are indeed de-
localised MV-3 systems.


Conclusion


A great number of oxide and related superconductors are
related to compounds in which the metal ion valencies are
distinct and mixed.[3,4,17–31] Here it is shown how three oxida-
tion states in a row may promote superconductivity. All
three oxidation states must appear in low spin. Ni2+/Ni3+/
Ni4+ does not qualify, since Ni2+ prefers a high spin (triplet)
ground state. In the case of Cu+/Cu2+/Cu3+ Cu+ and Cu3+


have low spin, while the Cu2+ sites in CuO and other oxides
have alternant spin (antiferromagnetic compound if not su-
perconducting). These copper systems therefore satisfy the
spin condition. This is also the case for C60


2�/C60
3�/C60


4� in
A3C60.


[29]


Several silver and gold compounds, for example several
AuI–AuIII mixed valence compounds, also satisfy the spin
condition, but are not superconductors. At the same time
typical superconductors do not appear to be mixed valence
systems (the cuprates). This can be understood if it is realiz-
ed that disproportionation, common in gold compounds,
usually leads to equilibrium structures that are very different
between the oxidation states at the metal sites. Furthermore
no suitable dopant has been found so far for these com-
pounds. On the other hand, when superconductivity exists,
delocalisation makes the direct connection to mixed valence
less evident.


Superconductivity as well as delocalization is connected
to electron nuclear coupling as in the well-known Marcus–
Hush model.[33–35] Electron pairs move without activation
energy and resistance if SDW and CDW are involved at


about the same energy and interact through the vibrational
motions. The final ground state vibronic wave function is de-
localized and has an energy gap to the first excited state.
Grochala et al.[56] and Klimkāns and the present author[57]


have calculated the vibronic states relevant for internal ET,
but not so far for EPT.


In the case of local EPT, the metal site changes its valency
by two units. In order to have a large pair mobility and
strong absorption of light, the intermediate valence state,
corresponding to the SDW phase, has to be present at a low
energy. Although this particular role of the SDW state is
unique to the model used here, similar theories have recent-
ly been advanced to explain supercurrents of Cooper pairs
in Josephson junctions.[58]


Correlation is generally considered as important for su-
perconductivity. In the model advanced here, there are evi-
dent correlation effects, such as spin correlation in the SDW
state and on-site correlation in the CDW state. The SDW–
CDW interaction is also a typical correlation effect. Strong
correlation effects are one reason why band models do not
provide a good starting point for a discussion of supercon-
ductivity.


There are many structural reasons why silver and gold are
less commonly involved in superconductivity than copper
compounds. Furthermore, the heavier atoms tend to be less
stable in oxidation state II than corresponding copper com-
pounds. This leads to a favouring of the CDW state that ap-
pears to be the major reason for absence of superconductivi-
ty.
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[57] A. Klimkāns, S. Larsson, Int. J. Quantum Chem. 2000, 77, 211.
[58] J. Delahaye, J. Hassel, R. Lindell, M. SillanpYY, M. Paalanen, H.


SeppY, P. Hakkonen, Science 2003, 299, 1045.


Published online: August 17, 2004


Chem. Eur. J. 2004, 10, 5276 – 5283 www.chemeurj.org � 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5283


Superconductivity 5276 – 5283



www.chemeurj.org






Chem. Eur. J. 2004, 10, 5285 – 5296 DOI: 10.1002/chem.200400386 � 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5285


S Br#se, C. Popescu, et al.







The Structural Influence in the Stability of Polymer-Bound Diazonium Salts


Stefan Br%se,*[a] Stefan Dahmen,[b] Crisan Popescu,*[c] Maarten Schroen,[a] and
Franz-Josef Wortmann[c]


Introduction


Stability of diazonium ions : Diazonium ions represent one
of the most versatile functional groups in organic chemis-
try.[1,2] The most important reactions of aromatic diazonium
ions are Sandmeyer, Schiemann, Meerwein, Pschorr, and
Gomberg–Bachmann reactions, but also the Heck reaction[3]


and the formation of triazenes[4] and azo compounds[5] rep-
resent important processes. Diazonium ions are also of inter-
est in theoretical chemistry. In more recent theoretical
works they are considered as electron-donor/acceptor com-
plexes between a phenyl cation and a nitrogen molecule.[6,7]


The property that limits the application of diazonium ions
most is their lability. Aromatic diazonium ions undergo frag-
mentation to nitrogen and reactive phenyl intermediates.
The decomposition of diazonium salts was investigated in


1940 by Crossley,[8] who showed that the rate of nucleophilic
substitution of the diazonio group is independent from the
concentration of the nucleophiles and is proportional to the
rate of hydrolysis. This reaction proceeds by an SN1 mecha-
nism, for which the rate-determining step is the irreversible
dissociation of the diazonium ion into an aryl cation and ni-
trogen, followed by a fast reaction of the cation with nucleo-
philes in the reaction mixture (Scheme 1).


Ionic[9] and radical[10] pathways, initiated by single-electron
transfer reactions, are also known.
In general, an SN1 type mechanism is considered, although


there are indications for an SNAr type mechanism in the
presence of nucleophiles. In 1952 Lewis[11] and Hinds found
that the decomposition of 4-nitrobenzenediazonium ion in
water is proportional to the concentration of the added nu-
cleophile. Although various other examples favor an SN2
mechanism, the effect of substitution as determined by
Crossley and later reconfirmed by Schulte-Frohlinde and
Blume[12] cannot explain this mechanism. Instead of an in-
crease of decay caused by substituents (e.g., 4-NO2), as re-
quired for such a mechanism, nearly all substituents in meta-
or para-position led to a higher stability. These substitution
effects can be large, a factor of 105 can be found between
the fastest and the slowest decomposition of monosubstitut-
ed diazonium salts.
The activation energy for the dediazotation of the benze-


nediazonium ion and substituted derivative was determined
by Crossley[11] in water (Ea=114 kJmol�1 for C6H5N2


+);
later other groups determined it for various other solvents.
The activation enthalpy is quite high (DH�=108 kJmol�1


for C6H5N2
+) and is within the same range in for most of


the nucleophilic aliphatic substitution reactions that follow
an SN1-type mechanism. In contrast, the corresponding acti-
vation entropies have a high positive value (DS�=


33 JK�1mol�1), compensating partly the high value of DH�.
The kinetics of dediazotation of 3- and 4-substituted are-


nediazonium ions cannot be explained by a Hammett equa-
tion, but with a DSP (dual substituent parameter) equation
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Abstract: Various new diazonium ions on a polymeric support that have a variety
of counterions and complexation with crown ethers have been prepared, and the
thermal stability of these resins over a larger temperature interval has been inves-
tigated. Nonisothermal kinetics applied to DSC data have been used predicting
the lifetime of the resins.


Scheme 1. SN1-like decomposition of diazonium ions.
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as demonstrated by Dickinson and Eaborn[13] in 1959. This
equation takes the mesomeric and inductive effects of the
substituents independently into account and leads to a
nearly perfect correction of calculated and experimentally
verified rate constants[1] (See Figure 1).


The DSP plot explains effects of substitution on the basis
of an SN1 reaction; however, it does not explain the bimo-
lecular reaction type, which is frequently observed for such
systems.
Glaser et al. developed a method that explains the change


of stability of two fragments X and Y, which result from the
decomposition of X�Y.[15] The enthalpy of dediazotation of
a diazonium ion would result as a sum of two components:
the energy difference DE1 between the diazonio group in
the diazonium ion and a free nitrogen molecule (N2), and
the energy difference DE2 between the phenyl cation and
the C6H5 fragment of the diazonium ion. The energy values
DE1 and DE2 are called fragment-transfer energies. The sum
of DE1 and DE2 is the bond dissociation energy DEdiss. Stabi-
lization of the bond results in a positive dissociation energy.
For the benzenediazonium ion, the following values were


obtained: DE1=�59.0 kJmol�1, DE2=164.9 kJmol�1, and
DEdiss=105.9 kJmol�1. This means, that throughout the
decay the fragment N2 is stabilized and the fragment C6H5 is
destabilized. This is in agreement with chemical intuition
and the experiment. The bond stabilization of both frag-
ments is therefore not because of their association; it is a
result of a destabilization of the phenyl cation rather than
the stabilization of the N2. The bond dissociation energy is
close to the experimental activation energy in solution (Ea=


114 kJmol�1 for C6H5N2
+ [26]). When taking the electron cor-


relation and vibrational zero-point energy into account, the
value one obtains is even closer: Ea=115 kJmol�1.


Results and Discussion


Stabilization of diazonium ions by crown ethers : Besides the
change to larger non-nucleophilic counterions,[16] another
possibility for the stabilization of diazonium ions is the com-


plexation with suitable crown ethers. The first diazonium
salt crown ether adduct was isolated in 1975 by Haymore
and identified as a 1:1 complex.[1,17] The ORTEP structure
of this benzenediazonium hexafluorophosphate complex
with [18]crown-6 is accessible.[18] The structures of 4-meth-
oxybenzenediazonium tetrafluoroborate with [21]crown-7[19]


(Figure 2) or dibenzo[24]crown-8, respectively, have also
been published.[20] All these structures show that the crown
ether complexes the diazenyl group.


However, there is a significant difference for the crown
ether sizes. While [18]crown-6 is the smallest crown ether
suitable for complexation of diazonium ions, [21]crown-7 is
the strongest complexing and stabilizing agent for benzene-
diazonium ion.[21] Scheme 2 demonstrates the kinetics of the


complex diazonium ion decay. The complexation equilibri-
um constant (K) characterizes the stability of these com-
plexes. The thermal decay of the uncomplexed (k1) and the
complexed (k2) ions reflects their respective stabilities.
The Table 1 shows the values for the complex equilibrium


constant and the decay rates for different substituted arene-
diazonium ions. The stability clearly depends on the substi-
tution pattern; this results in the increase in stabilization by
three orders of magnitude by complexation. It has been
shown that a linear Hammett relationship (1=0.65) was


Figure 1. DSP-Plot of para-substituted benzenediazonium ions in 0.1m
HCl at 25 8C.[14] The equation log(kx/kH)=sF1F+sþ


R1R was used.[1]


Figure 2. Structure of the complex of 4-methoxybenzenediazonium tetra-
fluoroborate with [21]crown-7; the counterion tetrafluoroborate was
omitted for clarity. Taken from data of reference [19]


Scheme 2. Decay and reaction rates of the dediazotation of substituted
arene diazonium tetrafluoroborates (k1 and k2) and complex equilibrium
constant (K) with crown ether.
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found between log K and s++ values associated with the
para substituent.[23]


The rate of dediazotation for the complexes with
[21]crown-7 is the slowest and the complex equilibrium con-
stant K is the highest. The absolute value of the decay rate
of the free ions as well as the complex with crown ether is
at minimum with p-Cl-C6H4N2BF4. This means that, in this
evaluation, the diazonium ion p-Cl-C6H4N2BF4 is the most
stable both in the free form and in the complexed state. Ac-
cording to the results in Table 1, p-Cl-C6H4N2BF4 in the un-
complexed form is approximately 3500 times more stable
than m-CH3O-C6H4N2BF4, which indicates that the T2
linker[24,25] is the most unstable diazonium salt. Furthermore,
p-Cl-C6H4N2BF4 is stabilized with [18]crown-6 by a factor of
10 and with [21]crown-7 by a factor of 60. The calculated
half-life time (t1/2) of the decay (for first-order kinetics)
under the given conditions (50 8C in 1,2-dichloroethane) is
listed in Table 2.


The complexation with crown ethers can be followed by
IR spectroscopic methods. The IR spectra show that the N�N-
vibration upon complexation with [18]crown-6 is shifted to
higher wavenumbers. Therefore, the four complexes in
Table 3 show a shift by of 20–29 cm�1. In contrast, the nN�N
values of the [21]crown-7 complexes are, with the exception


of p-CH3O, in within the region of �5 cm�1 for the uncom-
plexed ions.
To investigate the influence of a polymeric backbone, di-


azonium salts were immobilized on solid supports.


Diazonium ions on solid supports : Diazonium ions have
been synthesized previously on cellulose[27,28] and macropo-
rous supports,[29] and have been used for the immobilization
of enzymes.[28] BenKs et al. showed,[30] that (p-aminophenyl-
sulfonyl)ethyl-modified cellulose could be diazotized to
give, according to the authors, a not very stable diazonium
salt that could be coupled with b-naphthol to give the corre-
sponding azo dye. Lipophilic supports are have been used in
a sequence consisting of diazotation and subsequent reduc-
tion for the synthesis of hydrazines.[31] The diazotation of ali-
phatic amines in the presence of halide ions is a convenient
method and has been used for the synthesis of Merrifield-
type resins on a Multipin-supportTM.[32]


We have synthesized diazonium ions with different substi-
tution pattern and used them for the synthesis of tria-
zenes.[33–36] Rademann et al. used the T2-para resin for the
synthesis of triazenes,[37] while Struber et al. developed solid-
phase bound triazenes, based on nitration and further func-
tionalization of polystyrene, and investigated their chemical
and thermophysical properties.[38]


There is, however, less knowledge on the stability of di-
azonium ions on solid supports. In particular, the influence
of the substitution pattern is of interest.


Synthesis of immobilized diazonium ions : Our linker for
secondary amines (T2),[8] with an m-methoxy-type substitu-
tion, was only synthesized as an intermediate and had to be
stored and handled below 0 8C to avoid decomposition. Our
aim was to develop a temperature-stable diazonium ion on a
solid support, that is, to combine the broad chemical usage
of the diazo chemistry and the simple handling of solid-
phase organic chemistry. Therefore, various immobilized di-
azonium resins were prepared. Particularly, based on the
theoretical considerations by Glaser,[39] as well as on experi-
mental results[14] showing that para-chloro- and methoxy-
substituted diazonium ions are highly stable, the chlorine-
stabilized immobilized diazonium ion T2*[40] and the so-
called T2-para resin were prepared.
The resins were prepared according standard methods by


using the Merrifield resin (chloromethylated polystryrene,
cross-linked with 1–2% divinylbenzene, 100 mesh, ca.
1 mmolg�1) as a solid support. For the T2* linker, the re-
quired aminobenzylalcohol 2 was synthesized in two steps


Table 1. Rate of dediazotation of substituted arenediazonium tetrafluor-
oborates (k1 and k2) and complex equilibrium constant (K) with
[18]crown-6 (18C6), [21]crown-7 (21C7) and dicyclohexyl-24-crown-8
(DCH24C8) in 1,2-dichloroethane at 50 8C.[22]


Substituent Crown K k1 k2


ether 104 Lmol�1] [10�3 s�1] [10�5 s�1]


p-CH3 18C6 2.47 0.144 0.22
21C7 30.8 0.032
DCH24C8 1.80 1.4


m-CH3 18C6 3.36 5.68 6.2
21C7 36.0 3.0
DCH24C8 1.48 16


H 18C6 4.69 1.13 1.8
21C7 50.6 0.16
DCH24C8 2.76 6.3


m-CH3O 18C6 6.03 8.23 10
21C7 70.2 0.63
DCH24C8 3.53 19


p-Cl 18C6 7.72 0.00235 0.023
21C7 15.4 0.004
DCH24C8 2.05 0.039


m-COCH3 18C6 10.4 2.01 1.4


Table 2. Estimation of half-life time of the dediazotation (taken from
data in Table 1).[a]


Diazonium ion t1/2 (50 8C) [s] t1/2 (20 8C) [s]


m-CH3O-C6H4N2BF4 84 3798
p-Cl-C6H4N2BF4 0.3N106 13.3N106


(�3.5 days) (�154 days)
p-Cl-C6H4N2BF4·[21]crown-7 17N106 781N106


(�200 days) (�9040 days)


[a] The half-life time was calculated according to t1/2= ln2/k. The value
for t1/2 (20 8C) was calculated via the Arrhenius equation (k=Ae�EA/RT)
from the value for t1/2 (50 8C). An activation energy of EA=100 kJmol�1


was assumed.


Table 3. IR spectra of arenediazonium tetrafluoroborates (p-
XC6H4N2BF4) and of their crown ethers in Nujol[26]


ñN�N[cm
�1]


Substituent Uncomplexed Complex with Complex with
[18]crown-6 [21]crown-7


H 2300 2320 2300
p-tBu 2277 2306 2282
p-CH3 2286 2315 2283
p-Cl 2297 2319 2302
p-CH3O 2247 2261
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from commercially available 2-chloro-5-aminobenzoic acid.
The esterification was carried out by using trimethyl chloro-
silane in methanol, which gave rise to the methyl ester. The
ester was reduced then with lithium aluminum hydride
(LiAlH4) in THF to the corresponding benzyl alcohol 2.
Coupling to Merrifield resin proceeds with O-selectivity if
carried out with sodium hydride (Scheme 3).


A series of new polymer-bound resins (4–10) were de-
signed taking the influence of substituents into account.
Only resin 5 contained the diazonium group in the ortho po-
sition, which might not only lead to side product such as cy-
clization, but would also have a detrimental effect on the
possible coordination of crown ethers.[23] The resins used for
polymer-bound diazonium ions 5–10 were prepared by cou-
pling either the phenolate, alcoholate, or carboxylate onto
Merrifield resin. The loadings of the resins were determined
by CHN analysis.
The subsequent diazotation reaction of the amino resins


with tert-butyl nitrite (tBuONO) and bortrifluoride etherate
(BF3·Et2O) in THF between 0 and �10 8C led to the poly-
mer-bound diazonium ions 4–10. The chloride resin 11 was
obtained by starting from the corresponding ammonium
chloride resin.
It is interesting to note that the resin 8 immediately


turned dark after preparation, an indication that the meso-
meric diazocyclohexadieneoxyl structure might bring an im-
portant contribution for stabilization.[41] In addition, the
phenol formed upon dediazotation might also lead to cross-
linking. If the diazotation is performed at room temperature


or 0 8C, different resins are obtained with distinct thermo-
chemical features (see below).
The exchange of the counterion tetrafluoroborate was ac-


complished by using the resin 10 to give the hexafluorophos-
phate resin 12 after treatment with potassium hexafluoro-
phosphate.


Complexation with crown
ethers : The stability of diazo-
nium ions can be increased by
complexation with crown
ethers,[25] with [21]crown-7
showing the highest thermal
stability. Therefore the poly-
mer-bound diazonium ion 4
was shaken with [18]crown-6
or [21]crown-7 to give the new
resins 4·18c6, and 4·21c7, re-
spectively (Figure 3).


Spectroscopic properties of the immobilized diazonium ions :
All resins prepared (4·18c6, 4·21c7) were examined by IR


spectroscopy. The complexa-
tion with [18]crown-6 shifts the
N�N stretching vibration clear-
ly to higher wave numbers
(shifts of 20–29 cm�1 are men-
tioned in literature[25]), whereas
the complexation with
[21]crown-7 leads to small
shifts only (about +5 cm�1 rel-
ative to the uncomplexed di-
azonium ion). In spite of a
high excess of crown ether the
polymer-bound diazonium salt
4 could not be transformed
into its [18]crown-6 complex
4·18c6 quantitatively, because
the rates of complexation are
lower than in the case of the


Scheme 3. Syntheses of the immobilized diazonium ion 4.


Figure 3. Part of IR spectra of polymer-bound diazonium ions; n(N�N)
of the diazonium functionality being shown, that is a) uncomplexed,
b) partly complexed as [18]crown-6 complex or c) as [21]crown-7 com-
plex.
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corresponding [21]crown-7 complexes. Therefore, it is possi-
ble that the [18]crown-6 ether is partly washed off during
workup.


The stability of immobilized diazonium salts


Elemental analysis : The stabilities of the diazonium ions
were investigated by thermal decomposition. Isothermal de-
composition studies were performed to give an experimental
value for the decay of nitrogen during normal laboratory
use. The studies where carried out at 60 8C, and the conver-
sion was examined by CHN combustion analysis.[42] Resin
samples were kept isothermally at 60 8C and after 1, 6, 9, 34,
and 48 h samples were taken and cooled, and the nitrogen
content examined. The experimentally determined half-life
time of resin 4 is eleven hours at 60 8C. Analogously the
resins 4·18c6 and 4·21c7 were examined. It is quite puzzling
that, although thermochemically more stable than the un-
complexed resin 4, the resin 4·18c6 is less kinetically stable.
We explain this fact that the crown ether, which is not per-
fectly suitable, might facilitate the reduction to the parent
hydrocarbon. The reduction of diazonium salts using alicy-
clic and cyclic ethers is known.[1]


Thermal analysis : The thermal stability of the resins 4–6, 8–
12, 4·18c6, and 4·21c7 has been investigated by the aid of
DSC (differential scanning calorimetry). The resin 6 was
also submitted to TGA (thermogravimetrical analysis)
measurements.[43,44]


The TGA investigations of the resin 6 revealed that the
full decomposition proceeds through a two-step process. The
stoichiometric liberation of dinitrogen, recorded by TGA, is
accompanied by an exothermic effect at around 140 8C ob-
served on the DSC curve. Boron trifluoride apparently is
still bound somehow to the resin and is liberated from the
resin above 200 8C.
We may consider that for all resins, when heated, the


compound releases first a nitrogen molecule resulting in het-
erolytic cleavage and a subsequent Schiemann-type reac-
tion[45] (Scheme 4).


All resins exhibit a first exothermal decomposition be-
tween 90 and 180 8C (Table 4), with the exception of resin 7,
which is much less thermostable.
The DSC data show a reaction enthalpy of DRH=


�120 kJmol�1 for the fragmentation reaction, which is inde-
pendent of complexation. The decomposition reaction fol-
lows a first-order kinetic, which is expected from both
Scheme 4 and comparision to literature.[13] This reconfirms
an SN1-type mechanism of decomposition. The SNAr-type
mechanism would require the presence of a nucleophile.


This is not likely since the resins have been washed and
dried before usage.
The structural change of the diazonium ions results in


changes of stability. The resin 7 was quite unstable and de-
composes prematurely preventing the thermal analysis. The
change to a para-alkoxy group dramatically increases the
stability (resin 8). However, depending on the diazotation
method (see Experimental Section), apparently two differ-
ent structures can be obtained. A possible, yet to be con-
firmed, hypothesis would be that the two resins inhibit dif-
ferent location of the counterion. Since the mobility of the
counterion is limited because of being on a solid support
without a solvent, it is possible that the two tautomeric
structures (Scheme 5) are differently favored with different


location of the counterion. However, the IR stretching
ought to be the same. Alternatively, the alkoxybenzenedia-
zonium–diazocyclohexadienyloxy mesomerism plays a major
role for the stabilization of diazoniumphenolate. Further in-
vestigation might explain this finding.
A carboxy group leads to greater stabilization than an al-


koxymethyl group (6 vs 9). Comparing the resins 6/9 with 4/
10, we notice that the substitution of an alkoxymethyl group
against a carboxy group is more efficient when placed in the
meta position.
The resin 5 combines the stabilizing effects of the nitro


group and the carboxy moiety, and together with the resin 8
is one of the most stable resins. All the above-mentioned ef-
fects are in good agreement with the DSP plot and Table 1.
The counterion increases the stability of the resin in the


order chloride!hexafluorophosphate� tetrafluoroborate.
The influence of the complexation is quite remarkable, al-


though in the range of the above-mentioned values. While
the complexation with [18]crown-6 shifts the peak tempera-
ture to 122 8C, complexation with [21]crown-7 results in an-
other increase, as already noticed in conventional diazonium
salts.


Scheme 4. Decomposition of diazonium ions 13.


Table 4. Decomposition temperatures (Tdecomp) for the resins 4–12 as de-
termined from their DSC plots (heating rate 10 Kmin�1).


Resin Tdecomp Resin Tdecomp


4 114 8[a] 156
4·18C6 122 8[b] 147
4·21C7 130 9 93
5 147 10 134
6 105 11 87
7 –[c] 12 128


[a] Preparation of the resin at 0 8C. [b] Preparation of the resin at room
temperature. [c] Rapid decomposition.


Scheme 5. The alkoxybenzenediazonium–diazocyclohexadienyloxy meso-
merism.


� 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5285 – 52965290


FULL PAPER S Br#se, C. Popescu, et al.



www.chemeurj.org





The T2* resin 4 is, from a practical standpoint, the most
useful, because the ether functionality is by far more stable
than the hydrolytically sensitive ester group. The T2-para
resin 8, although thermally quite stable, is less attractive,
due to its strong coloration and the formation of byproducts.


Thermochemical evaluation and half-life time predictions :
The values for the activation energy (Ea), the pre-exponen-
tial factor (A) and the function of conversion degree a from
Equation (1) have been calculated by different methods
from the thermodynamical data obtained by DSC measure-
ments (see Table 5). For more details of the mathematical
calculations of these methods, see the Experimental Section.


da
dt


¼ f ð1�aÞA exp
�
� E
RT


�
ð1Þ


For resin 4 (example resin) an activation energy (Ea) be-
tween 95.7 and 104.4 kJmol�1, and ln(A) between 28.55 and
30.62 min�1 was determined for a reaction obeying a first-
order decay. The half-life time was analytically determined
by elemental analysis by of isothermal decomposition at
60 8C to be 11.5 h (see Figure 4). The agreement of the cal-
culated values with those determined experimentally is
quite good. We concluded from the example (resin 4) that
the nonisothermal kinetic analysis allows us to predict the
stability of the diazonium ions accurately enough. The re-
sults obtained for all the resins, in terms of activation


energy, pre-exponential factor and half life-time, are
summed up in Table 6.
The results in Table 6 show that the values calculated for


the activation energy are all around of 113 kJmol�1 (within


�13%), very close to 114 kJmol�1 obtained by Crossley
through isothermal measurements.[3] On the other hand, the
pre-exponential factor values range from 0.06 to 15530N
1011 s�1. These results support the idea that increasing the
stability of the diazonium ion can be done at the expense of
decreasing the entropy/decreasing the value of the pre-expo-
nential factor.
The effect of the nature of the bond between the diazoni-


um ion and the resin on the stability can be estimated by
comparing the ester and ether bonds. Therefore we com-
pared life-times at 20 8C for resins 4 and 10, and 6 and 9, re-
spectively. In both cases the ratio is about 13 in favor of
ester, suggesting an ester bond increases the stability more
than the ether one does.
By comparing the resins 4 and 9, and 10 with 6, we no-


ticed that the presence of chlorine in the ortho position
leads to about 20 times higher stability of the resin. Also, by
comparing the values of life-times at 20 8C for resins 10, 11,
and 12 we observed that the increase of the volume of the
counterion linked to diazonium ion leads to an increase of
the stability, according to the rank: Cl�<BF4


��PF6
� .


The results of calculations, as well as of the isothermal
test, show that the synthesized diazonium ions have a pretty
good stability over a quite large interval of temperatures,
and much above the values known for similar compounds.[2]


Conclusion


We synthesized and investigated the thermal stability of a
diazonium ion bound to polymeric solid supports over a
large range of temperatures from 0 to 200 8C by the help of
DSC. In addition we used nonisothermal kinetic methods to
infer the kinetic parameters. Two iso-conversional calcula-
tion methods (differential and integral) were applied and
both led to close results. We also used KissingerQs method
and the invariant kinetic parameters method and calculated
the corresponding values of E, which were found to lie close
to the range of values calculated by the iso-conversional


Table 5. The values of the kinetic parameters E and A, calculated by var-
ious methods, for resin 4.[46] Investigations on the thermal stability of a
diazonium ion on solid support.


Methods E lnA f(1�a)
[kJ mol�1] [min�1]


iso-conversional methods 30.24�1.2 1�a


differential 100.0�6
integral 104.4�5.1


Kissinger 101.4�5.3 – –
invariant kinetic parameters 95.7�1.7 28.55�0.68 1�a


“isothermal” parameters [Eq. (15)] 104.4�1.2 30.62�2.1 1�a


Figure 4. DSC measurements on solid-phase bound diazonium ions 4,
4·18c6, and 4·21c7; the measurements were performed with 8–12 mg
resin and heating rates of 10.0 8Cmin�1.


Table 6. The values of the activation energies, pre-exponential factors,
and half life times for the resins 4–12 as calculated by the described
methodology.


Resin EA A Half life-time at 20 8C
[kJmol�1] [N1011 s�1] Relative value Days


vs resin 4


4 105.6 25.53 1.00 21
5 129.9 1940 284.17 6100
6 112.9 742.8 0.69 15
8[a] 126.2 299 403.41 8700
8[b] 116.9 143.2 18.48 400
9 91.34 1.28 0.06 1.3


10 115.5 92.56 16.09 350
11 87.53 0.0641 0.24 5
12 130.9 15530 53.53 1150


[a] Preparation of the resin at 0 8C. [b] Preparation of the resin at room
temperature. [c] Rapid decomposition.
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methods. With the values of E obtained by the iso-conver-
sional methods we calculated the kinetic function that fits
best the experimental curve, and the resulting value of A.
On the other hand, the values of the invariant kinetic pa-
rameters, Ei and Ai, were used for choosing the most suita-
ble kinetic function out of a list of kinetic functions from
the literature. In both cases the reaction order model, that
is, first-order, was found to be most appropriate to describe
the reaction both from fitting and from a physical point of
view. An isothermal-like method was also used, giving simi-
lar values of the parameters and supporting the choice of
the first-order model as the kinetic function. The values ob-
tained for the kinetic triplet were finally shown to give a
fairly good reproducibility of the initial DSC signal.
The resins 4–12 have good stability at room temperature


and above with the exception of resin 7, which decomposes
at lower temperature. We can conclude that ester-bound di-
azonium-ions are more stable than ether-bound ones (4/10
and 6/9). Chlorine in ortho position to the linkage on the
resin stabilises the diazonium resin. The size of the counter-
ion plays an important role in the stability; bigger ones give
more stability than smaller ones (10, 11, 12).
The calculated parameters E and A, and kinetic function,


f(1�a), were further used for a half-life time prediction at
various temperatures. The results of calculations were com-
pared and suggestions on how to design a diazonium ion
with high thermal stability were underlined.


Experimental Section


All resins were characterized by IR spectroscopy, loading and conver-
sions were valued by CHN combustion analysis. Experimentally exam-
ined loading of the resins can be correlated very well with the results
from CHN-combustion analysis. Loadings of the used chloromethylpoly-
styrene were between 0.6 and 1.4 mmolg�1. All new compounds were
characterized completely or compared to known substances.


3-Diazoniophenyl-1-oxymethylpolystyrene tetrafluoroborate (7): A dry
500 mL, three-necked round-bottom flask was fitted with a mechanical


stirrer, gas-inlet, and addition funnel. The
apparatus was purged with argon and charg-
ed with dry DMF (250 mL) and sodium hy-
dride (63.0 mmol, 1.51 g, 60% in paraffin;
2.52 g in total). After addition of the Merri-
field-resin (1; 20.0 g, 12.8 mmol, loading=
0.64 mmolg�1), m-aminophenol (6.9 g,
63 mmol) was added portionwise (caution:


H2 evolution). After a reaction time of 20 h, the resin was purified by
washing on an inert gas frit with solvents (three times with each; ca.
20 mL for each solvent per 1.00 g resin): THF, Et2O, and MeOH. Subse-
quently the resin was dried in vacuum. IR (KBr): ñ=3390, 3200, 3080,
3060, 3020, 2910, 2840, 2640, 2600, 2310, 2340, 2380, 2260, 2110, 1940,
1870, 1800, 1710, 1670, 1620, 1590, 740, 690 cm�1; elemental analysis
calcd (%) for C125H125ON (1655.0): C 90.63, H 7.55, N 0.85; found: C
89.90, H 8.03, N 0.89.


The amine resin (10.0 g, 6.4 mmol) was suspended in dry THF (150 mL)
and cooled by means of a cold bath (EtOH/dry ice) to �20 8C. After
20 min, BF3·Et2O (6.9 mL, 7.7 g, 54 mmol) was added, followed after
5 min by tBuONO (5.7 mL, 5.0 g, 49 mmol). After a reaction time of
30 min, the mixture was collected in an inert gas frit, filtered, and washed
with chilled THF (4N15 mLg�1 resin). The resin was washed on an inert
gas frit with solvents (three times with each; ca. 20 mL for each solvent
per 1.00 g resin): THF, Et2O, and MeOH. Subsequently the resin was
dried in vacuo.


(5-Amino-2-chlorophenyl)methyl-1-oxymethyl-
polystyrene (3): A dry 500 mL, three-necked
round-bottom flask was fitted with a mechanical
stirrer, gas-inlet, and addition funnel. The appara-
tus was purged with argon and charged with dry
DMF (100 mL) and sodium hydride (0.64 g,
26.8 mmol, 60% in paraffin). After addition of
Merrifield-resin (1; 5 g, 5 mmol, loading=0.64 mmolg�1), 5-amino-2-
chlorbenzylalcohol (2.1 g, 13.4 mmol) was added portion wise (caution:
H2 evolution). After a reaction time of 4 h at 40–45 8C, it was quenched
with saturated ammonium chloride solution (10 mL), and the resin was
purified by washing on an inert gas frit with solvents (three times with
each, ca. 20 mL for each solvent per 1.00 g resin): THF, Et2O, and
MeOH. Subsequently the resin was dried in vacuo. Elemental analysis
calcd (%) for C85H86NOCl (1172): C 87.03, H 7.34, N 1.19; found: C
86.38, H 8.20, N 0.77; loading: 64%.


(4-Aminophenoxy)methylpolystyrene : The
procedure described for the preparation of 3
was followed. The reaction starting from NaH
(0.64 g, 26.8 mmol), Merrifield resin (5 g,
5 mmol) and 4-aminophenol (1.46 g,
13.4 mmol) in DMF (ca. 100 mL) at 40 8C for
4 h yielded the resin. Elemental analysis calcd (%) for C84H85NO (1123):
C 89.76, H 7.57, N 1.25; found: C 89.16, H 7.13, N 0.92; loading: 73%.


(5-Amino-2-chlorophenyl)carboxymethyl-
polystyrene : The procedure described for the
preparation of 3 was followed. The reaction
starting from NaH (0.64 g, 26.8 mmol), Merri-
field resin (5 g, 5 mmol), and 5-amino-2-chlor-
benzoic acid (2.29 g, 13.4 mmol) in DMF (ca.
100 mL) at 40 8C for 4 h yielded the colorless
resin. Elemental analysis calcd (%) for C85H84O2NCl (1185.5): C 86.04, H
7.09, N 1.18; found: C 88.17, H 7.61, N 0. 84; loading: 71%.


(4-Aminophenyl)methyl-1-oxymethylpolystyrene : The procedure descri-
bed for the preparation of 3 was followed. The reaction starting from
NaH (0.64 g, 26.8 mmol), Merrifield resin (5 g, 5 mmol), and 4-aminoben-
zylalcohol (1.65 g, 13.4 mmol) in DMF (ca.
100 mL) at 40–45 8C for 16 h yielded the col-
orless resin. IR (KBr): ñ=3464 (m, nas(N�
H)), 3381 (m, ns(N�H)), 3081 (m), 3058 (m),
3023 (m, nAr(C�H)), 2912 (s, n(CH2)), 2850
(s, n(CH2)), 1943 (m), 1872 (m), 1803 (m),
1678 (m, d(N�H)), 1598 (s, nAr(C=C)), 1444 (m, d(C�H)), 1067 (s, n(C�
O)), 840 (m), 820 (m), 743 (s), 694 cm�1 (s). elemental analysis calcd (%)
for C85H87NO (1137): C 89.71, H 7.65, N 1.23; found: C 89.99, H 6.62, N
0.81; loading: 66%.


(4-Aminophenyl)carboxymethylpolystyrene : The procedure described for
the preparation of 3 was followed. The reaction starting from Cs2CO3


(3.05 g, 9.36 mmol), Merrifield resin (5 g,
5 mmol), and anthranilic acid (2.05 g,
15 mmol) in DMF (ca. 100 mL) at 50 8C for
1 h yielded the colorless resin. IR (KBr): ñ=
3485 (m, nas(N�H)), 3388 (m, ns(N�H)),
3081 (m), 3058 (m), 3024 (m, nAr(C�H)),
2925 (s, n(CH2)), 2850 (s, n(CH2)), 1944 (m),
1873 (m), 1804 (m), 1701 (s, n(C=O)), 1618 (m, d(N�H)), 1598 (s, nAr(C=
C)), 1444 (m, d(C�H)), 1070 (s, n(C�O)), 840 (m), 744 (s), 693 cm�1 (s).
elemental analysis calcd (%) for C85H85NO2 (1151): C 88.62, H 7.38, N
1.22; found: C 87.28, H 7.36, N 0.91; loading: 75%.


(2-Amino-5-nitrophenyl)carboxymethylpolystyrene : The procedure de-
scribed for the preparation of 3 was followed. The reaction starting from
Cs2CO3 (3.05 g, 9.36 mmol), Merrifield resin (5 g, 4.7 mmol) and 5-nitro-
anthranilic acid (2.5 g, 14.1 mmol) in DMF (ca. 100 mL) at 50 8C for 1.5 h
yielded the colorless resin. IR (KBr): ñ=


3473 (m, nas(N�H)), 3355 (m, ns(N�H)),
3081 (m), 3058 (m), 3023 (m, nAr(C�H)),
3002 (m), 2921 (s, n(CH2)), 2850 (s, n(CH2)),
1944 (m), 1871 (m), 1803 (m), 1697 (s, n(C=
O)), 1597 (s, nAr(C=C)), 1449 (m, d(C�H)),
1321 (s, ns(N=O)), 829 (m), 746 (s), 695 cm�1
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(s); elemental analysis calcd (%) for C85H84N2O4 (1196): C 85.28, H 7.02,
N 2.34; found: C 86.423, H 7.87, N 1.91; loading: 81%.


(5-Diazonio-2-chlorophenyl)methyl-1-oxymethylpolystyrene tetrafluoro-
borate (4): The amine resin (2 g) was suspended in dry THF (50 mL).


BF3·Et2O (0.33 mL) was added, followed
after 5 min by tBuONO (0.35 mL). After a
reaction time of 60 min, the mixture was col-
lected in an inert gas frit, filtered, and washed
with chilled THF (4N15 mLg�1 resin). The
resin was washed on an inert gas frit with sol-
vents (three times with each, ca. 20 mL for
each solvent per 1.00 g resin): THF, Et2O, and
MeOH. Subsequently the resin was dried in
vacuo. 19F NMR (C6D6): d= -148.3 ppm (s,


BF4
�). IR (KBr): ñ=3081 (m), 3058 (m), 3021 (m, nAr(C�H)), 3002 (m),


2928 (s, n(CH2)), 2851 (s, n(CH2)), 2278 (s, n(�N�N)), 1944 (m), 1872
(m), 1803 (m), 1600 (s, nAr(C=C)), 1441 (m, d(C�H)), 1052 (s, n(C�O)),
1013 (s, n(C�Cl)), 842 (m), 820 (m), 741 (s), 692 cm�1 (s); elemental anal-
ysis calcd (%) for C85H84N2OClBF4 (1270.5): C 80.28, H 6.61, N 2.20;
found: C 83.59, H 6.53, N 1.10; loading: 50%.


(4-Diazoniophenoxy)methylpolystyrene tetrafluoroborate (8): a) Reac-
tion at room temperature: The procedure described for the preparation


of 4 was followed. The reaction starting from
amino resin (2 g), BF3·OEt2 (0.33 mL), and
tBuONO (0.35 mL) in THF (50 mL) at room
temperature yielded a dark resin. IR (KBr):
ñ=3102 (m), 3081 (m), 3057 (m), 3022 (m,
nAr(C�H)), 2924 (s, n(CH2)), 2851 (s, n(CH2)),


2243 (s, n(�N�N)), 1944 (m), 1872 (m), 1803 (m), 1600 (s, nAr(C=C)),
1441 (m, d(C�H)), 1052 (s, n(C�O)), 1013 (s, n(C�Cl)), 834 (m), 741 (s),
692 cm�1 (s).


b) Reaction at 0 8C: Similarly, the reaction starting from amino resin
(2 g), BF3·OEt2 (0.33 mL), and tBuONO (0.35 mL) in THF (50 mL) at
0 8C yielded a dark resin. IR (KBr): ñ=3081 (m), 3058 (m), 3022 (m,
nAr(C�H)), 2915 (s, n(CH2)), 2849 (s, n(CH2)), 2243 (m, n(N�N)), 1943
(m), 1872 (m), 1803 (m), 1747 (w), 1598 (s, nAr(C=C)), 1449 (m, d(C�H)),
1067 (s, n(C�O)), 825 (m), 745 (s), 694 cm�1 (s); elemental analysis calcd
(%) for C84H83N2OBF4 (1222): C 82.49, H 6.79, N 2.29; found: C 83.92, H
6.97, N 1.40; loading: 61%.


(5-Diazonio-2-chlorophenyl)carboxymethylpolystyrene tetrafluoroborate
(10): The procedure described for the preparation of 4 was followed. The
reaction starting from amino resin (1 g), BF3·OEt2 (0.33 mL), and


tBuONO (0.35 mL) in THF (50 mL) at 0 8C for
30 min yielded the orange resin. IR (KBr): ñ=
3081 (m), 3059 (m), 3024 (m, nAr(C�H)), 2920 (s,
n(CH2)), 2850 (s, n(CH2)), 2286 (s, n(�N�N)),
1944 (m), 1872 (m), 1803 (m), 1736 (s, n(C=O)),
1601 (s, nAr(C=C)), 1451 (m, d(C�H)), 1052 (s,
n(C�O)), 1013 (s, n(C�Cl)), 821 (m), 747 (s),
697 cm�1 (s); elemental analysis calcd (%) for


C85H82N2O2ClBF4 (1284): C 79.42, H 6.38, N 2.18; found: C 79.538, H
6.43, N 1.55; loading: 71%.


(4-Diazoniophenyl)methyl-1-oxymethylpolystyrene tetrafluoroborate (9):
The procedure described for the preparation of 4 was followed. The reac-


tion starting from amino resin (1 g), BF3·OEt2
(0.33 mL), and tBuONO (0.35 mL) in THF
(50 mL) at 0 8C for 30 min yielded a dark to
brownish yellow resin. IR (KBr): ñ=3081 (m),
3058 (m), 3022 (m, nAr(C�H)), 2907 (s, n(CH2)),
2850 (s, n(CH2)), 2274 (w, n(�N�N)), 1944 (m),


1872 (m), 1803 (m), 1599 (s, nAr(C=C)), 1442 (m, d(C�H)), 1060 (s, n(C�
O)), 840 (m), 743 (s), 694 cm�1 (s); elemental analysis calcd (%) for
C85H85N2OBF4 (1236): C 82.52, H 6.88, N 2.27; found: C 86.133, H 7.706,
N 1.065; loading: 47%.


(4-Diazoniophenyl)carboxymethylpolys-
tyrene tetrafluoroborate (6): The proce-
dure described for the preparation of 4
was followed. The reaction starting from
amino resin (1 g), BF3·OEt2 (0.33 mL)
and tBuONO (0.35 mL) in THF (50 mL)


at 0 8C for 30 min yielded the light yellow resin. IR (KBr): ñ=3395 (m,
n(N�H)), 3082 (m), 3059 (m), 3024 (m, nAr(C�H)), 3001 (m), 2910 (s,
n(CH2)), 2852 (s, n(CH2)), 2290 (w, n(�N�N)), 1943 (m), 1872 (m), 1803
(m), 1709 (s, n(C=O)), 1601 (s, nAr(C=C)), 1450 (m, d(C�H)), 840 (m),
748 (s), 696 cm�1 (s); elemental analysis calcd (%) for C85H83N2O2BF4


(1250): C 81.60, H 6.64, N 2.24; found: C 85.72, H 7.95, N 0.048; loading:
2%.


(2-Diazonio-2-nitrophenyl)carboxymethylpolystyrene tetrafluoroborate
(5): The procedure described for the preparation of 4 was followed. The
reaction starting from amino resin (1.6 g), BF3·OEt2 (0.4 mL), and
tBuONO (0.4 mL) in THF (50 mL) at 0 8C for
1.5 h yielded a light yellow resin. IR (KBr):
ñ=3082 (m), 3058 (m), 3022 (m, nAr(C�H)),
3001 (m), 2909 (s, n(CH2)), 2850 (s, n(CH2)),
2306 (m, n(�N�N)), 1945 (m), 1872 (m), 1804
(m), 1702 (s, n(C=O)), 1600 (s, nAr(C=C)),
1450 (m, d(C�H)), 1323 (s, ns(N=O)), 841 (m),
746 (s), 693 cm�1 (s); elemental analysis calcd
(%) for C85H82N3O4BF4 (1295): C 78.76, H 6.33, N 3.24; found: C 83.23,
H 10.19, N 0.95; loading: 30%.


(5-Diazonio-2-chlorophenyl)carboxymethylpolystyrene hexafluorophos-
phate (12): Resin 10 (0.5 g) was added to a saturated solution of KPF6


(1.38 g, 7.5 mmol) in acetonitrile (6.4 mL). Agi-
tation for 64 h, followed by washing with water
and organic solvents, as described above yield-
ed the resin. IR (KBr): ñ=3081 (m), 3059 (m),
3024 (m, nAr(C�H)), 2925 (s, n(CH2)), 2851 (s,
n(CH2)), 2283 (s, n(�N�N)), 1945 (m), 1872
(m), 1803 (m), 1736 (s, n(C=O)), 1601 (s,
nAr(C=C)), 1450 (m, d(C�H)), 1026 (s, n(C�
Cl)), 829 (m), 743 (s), 697 cm�1 (s). elemental analysis calcd (%) for
C85H82N2O2ClPF6 (1342.5): C 75.98, H 6.11, N 2.09; found: C 76.503, H
6.92, N 1.10; loading: 53%.


(5-Diazonio-2-chlorophenyl)carboxymethylpolystyrene chloride (11): The
amino resin (1 g) was suspended in dry dichloromethane (ca. 25 mL) and
treated with HCl (5 mL, 1m). After 1 h, the
resin was washed on an inert gas frit with sol-
vents (three times with each, ca. 20 mL for
each solvent): THF, Et2O, and MeOH. Subse-
quently the resin was dried in vacuo. The resin
was the suspended in THF and cooled to
�20 8C. Isoamylnitrite (0.35 mL) was added,
stirred for 1 h at �20 to �10 8C. After 1 h, the resin was washed on an
inert gas frit with solvents (three times with each, ca. 20 mL for each sol-
vent): THF, Et2O, and MeOH. Subsequently the resin was dried in vacuo.
IR (KBr): ñ=3081 (m), 3058 (m), 3022 (m, nAr(C�H)), 2903 (s, n(CH2)),
2850 (s, n(CH2)), 2253 (w, n(�N�N)), 2116 (m), 1944 (m), 1872 (m), 1802
(m), 1719 (s, n(C=O)), 1598 (s, nAr(C=C)), 1441 (m, d(C�H)), 1022 (s,
n(C�Cl)), 816 (m), 739 (s), 694 (s); elemental analysis calcd (%) for
C85H82N2O2Cl2 (1233): C 82.73, H 6.65, N 2.27; found: C 82.851, H 6.53,
N 1.38; loading: 61%.


Thermal measurements : The thermal measurements were carried out on
a Perkin–Elmer DSC 7 with polymer-bound diazonium ions with a load-
ing of 1.0 mmolg�1. The runs were conducted in perforated closed alumi-
num crucibles containing approximately 10 mg of the sample. An empty
crucible was used as the reference. The study was carried out over the
temperature range of ambient to 200 8C, at seven heating rates of 1, 3, 5,
7, 10, 15 and 20 Kmin�1.


The DSC analysis of the used chloromethylpolystyrene resin resulted an
endothermic melting enthalpy of DMH=2.6 Jg�1 at the melting point of
118 8C. The melting point is in the region of the exothermal decomposi-
tion of the diazonium ions, but it is about 50 times smaller. Because the
tolerance of the method is at about 10%, the melting enthalpy was not
taken into account for the examination of the reaction enthalpy.


Mathematical methods


Kinetic analysis : The stability of the resins is given by the rate at which
the first decomposition step occurs. Therefore we used DSC runs at
seven different heating rates for investigating the decomposition reaction
occurring around 90–160 8C (Figure 5); the kinetics of this reaction were
analyzed with the help of both the iso-conversional differential and inte-
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gral methods as well as the invariant kinetic parameters method, Kissing-
er method, and a differential isothermal method. All of them led to simi-
lar values for the kinetic parameters and indicated that the first-order
mechanism fits the data best. The values of the kinetic parameters were
further used for calculating the half-life time of the ion at various temper-
atures. The result of stability prediction at 6 8C was compared with those
of an isothermal test monitored analytically, and we noticed a good
agreement of the calculated and measured times. As it appears the de-
composition process is single step, corresponding to Scheme 4. The meth-
odology was exemplified for resin 4, but similar approaches were used
for the other ones.


The kinetics of the decomposition are described by the known differen-
tial relationship given in Equation (1):


da
dt


¼ f ð1�aÞAexp
�
� E
RT


�
ð1Þ


in which a, the conversion degree, is calculated from the area ratio of the
DSC peaks [Eq. (2)]


a ¼ DSCt


DSCTotal
ð2Þ


and the temperature time dependency is given by Equation (3) in which
b is the heating rate.


T ¼ T0 þ bt ð3Þ


Eqn. (1) is used also in its integral form [Eq. (4)]


Zaj


ai


da
f ð1�aÞ ¼


ZTj


Ti


A
b


exp
�
� E
RT


�
dT ð4Þ


The left-hand side integral is known as “the conversion integral” and de-
noted by g(a) and the right-hand side integral is called “the temperature
integral” and we denote it by I(T). By considering the heating rate (b)
and the parameter A as being temperature independent, Equation (4)
can be finally written as Equation (5)


gðaÞ ¼ ðA=bÞ IðTÞ ð5Þ


Equations (1) and (5) were both used for investigating the thermal stabil-
ity of the diazonium ion quantitatively.


Our analysis was conducted, in a first step, to find out the so-called “ki-
netic triplet”; that is, the values of parameters A and E, usually termed
as pre-exponential factor and activation energy, respectively, and the ana-
lytical form of the kinetic function, f(1�a). In the second part we investi-
gated the possibilities of predicting the thermal stability of our com-
pounds based on the obtained kinetic triplet.


Parameter E : From the recorded data, we first calculated the value of the
parameter E by the help of two iso-conversional methods, that is, the dif-
ferential method of Friedman,[47] and an integral one, which is a variant
of those proposed by Flynn–Wall and Ozawa.[48,49]


The differential method is based on Equation (1) written in a logarithmic
form [Eq. (6)]


lnðda=dtÞ ¼ fð�E=RÞð1=TÞg þ ln½Aff ð1�aÞg� ð6Þ


The plot of ln(da/dt) versus 1/T for values measured at the same value of
a on each of the seven runs is a straight line, the slope of which equals
�E/R and the intercept is composed of the value of parameter A and the
unknown kinetic function, f(1-a).


The integral method is based on Equation (5). The method makes use of
the first mean theorem of integrals for evaluating the temperature inte-
gral I(T)[50] [Eq. (7)].


IðTÞ ¼ ðTj�TiÞ expð�E=RTxÞ ð7Þ


In Equation (7) Tx is a temperature value within the interval (Ti, Tj). For
temperature intervals of up to 108 the approximation given in Equa-
tion (8) is considered good enough[49] and it is used in the present work.


Tx ¼ ðTi þ TjÞ=2 ð8Þ


With Equation (7), after rearranging and taking the logarithms, Equa-
tion (5) can be written in the following form [Eq. (9)]


ln
�


b


Tj�Ti


�
¼ �E


R
1
Tz


þ ln
�


A
gðajÞ�gðaiÞ


�
ð9Þ


The plot of ln[b/(Tj�Ti)] versus 1/Tx for values of temperatures measured
at the same value of a on each of the seven curves leads to a straight
line, the slope of which equals �E/R and the intercept is composed of
the value of parameter A and the integral of the unknown kinetic func-
tion.


The results, calculated by each of the two methods, are plotted in
Figure 6 against the conversion degree.


The plots look very similar, the results from the integral method giving
slightly higher values than those obtained by the differential one. The
stairs plot of the results of the integral method shows the intervals for
which the constancy of parameter E was used in applying Equation (7)
for the temperature integral. We also note the increase of E with the con-
version degree; this might be due to the increasing influence played by
the diffusion of produced nitrogen through the newly formed compound.
The standard deviations calculated for both cases, and given in Table 5,
suggest, however, that the variation of E with the conversion degree is


Figure 5. DSC measurements on solid-phase bound diazonium ion 4 at
various heating rates.


Figure 6. The dependence of kinetic parameter E, as calculated from in-
tegral (variant of Flynn–Wall–Ozawa) and differential (Friedman) iso-
conversional methods, on the conversion degree (a) of the reaction.
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small enough to allow considering the mean values as constants over the
whole process.


As the value of parameter E may be considered as quasi-independent of
the conversion degree, we calculated the invariant kinetic parameters of
the reaction Ai and Ei.


[51]


The method is based on the observation that by choosing a different ana-
lytical form of the kinetic function, f(1�a), the values of the two parame-
ters E and A, calculated from the data recorded at a single heating rate,
are linearly related to each other through a so-called “apparent compen-
sation effect” [Eq. (10)] in which c1 and c2 are two appropriate con-
stants:[50]


lnðAÞ ¼ c1Eþ c2 ð10Þ


Similar straight lines are obtained at each heating rate and they were
shown to form a pencil, whose coordinates of the crossing point are the
values of Ei and Ai, which are named “invariant kinetic parameters” as
they no longer depend on the choice of the kinetic function.[50] The
values calculated according to this method are also given in Table 5.


Finally, with the peak temperatures (Tpeak) from DSC curves recorded at
different heating rates, the plot of ln(b/T2


peak) versus 1/Tpeak gives a
straight line, the slope of which equals �E/R, from which parameter E is
easily calculated. This is the Kissinger method[52] and the result (the
value of parameter E) is also listed in Table 5.


We note, from Table 5, that all the calculated values of parameter E lie
within 10% of each other, no matter which method was used.


The kinetic function, f(1�a): The calculated values of the two invariant
kinetic parameters allow the ready selection of the kinetic function,
f(1�a), out of a group of functions proposed in literature[53] by using
Equation (1) and some statistical criteria, for example, minimizing the
sum of residuals. The best result obtained this way indicated the first-
order reaction model as the most suitable function for fitting the experi-
mental data.


The analytical form of the kinetic function f(1�a) was also determined
by using an average iso-conversional value for parameter E in a method
described previously by Malek.[54] According to this, Equation (1) can be
rewritten as Equation (11).


da
dt


=expð�Ei=RTÞ ¼ Aiff ð1�aÞg ð11Þ


By substituting Equation (2) into Equation (11) and dividing both sides
with the maximum values in order to normalize them, one obtains, after
simplifying the constants DSCTotal and Ai, Equation (12).


GðtÞ ¼ DSCt=expð�Ei=RTÞ
max½DSCt=expð�Ei=RTÞ�


¼ f ð1�aÞ
max½f ð1�aÞ� ð12Þ


By this operation we obtain a left-hand side function, G(t), ranging from
0 to 1, built out of only experimental data and the value of E. This func-
tion has to be fitted by the right-hand side function, which is the normal-
ized kinetic function only, as A vanishes through division. The kinetic
function f(1�a) should have the general form given in Equation (13),
and a nonlinear estimation program was used for finding the best values
of a and b for fitting the curve G(t). For the seven different heating rates
we obtained a=0�0.09 and b=0.9�0.13.


f ð1�aÞ ¼ aað1�aÞb ð13Þ


As it appears both from the invariant kinetic method and from this ap-
proach, the reaction order models best the experimental data. While the
0.9 value of the reaction order has no physical meaning, we may expect,
from the dediazonation mechanism proposed, first-order kinetics to
occur. Consequently we have taken the kinetic function as Equation (14)


f ð1-aÞ ¼ 1�a ð14Þ


The parameter A : The parameter A was calculated as a scaling parame-
ter, by dividing the left-hand term of Equation (4) by the kinetic function
obtained above, and taking the mean value. For the seven plots we have


obtained ln(A)=30.24�1.2 min�1, a value close to those obtained from
the invariant kinetic parameter method above (see Table 5).


The validation of the calculated parameters : Within the framework of the
reaction order model, Equation (1) can be rewritten as Equation 15 in
which n is the reaction order and k(T)=Aexp(�E/RT).


lnðda=dtÞ ¼ n lnð1�aÞ þ ln½kðTÞ� ð15Þ


Taking the experimental values of da/dt and of the conversion degree (a)
at the same temperature (T) on all the seven DSC curves, a plot of
ln(da/dt) versus ln(1� a) gives a straight line, the slope of which equals
the reaction order (n) and the intercept is the logarithm of the rate con-
stant. The values of the intercept at several temperatures allows, then,
calculation of the parameters E and A as the slope and the intercept, re-
spectively, of the plot ln[k(T)] versus 1/T.


This procedure, which is similar to an isothermal approach,[52] can be fol-
lowed also for a more general kinetic function, as those given by Equa-
tion (13), by using the nonlinear regression.


The results obtained from this “isothermal” method are also close to all
the other results and are listed in Table 5.


Comparing the reproduction of the experimental data with the calculated
parameters provides further evidence for the validity of the obtained
values. The result is shown in Figure 7 for one heating rate (5 Kmin�1)


and the use of the invariant kinetic parameters; a fairly good reproduci-
bility of the initial DSC signal is noted.


Lifetime prediction : The results of the kinetic analysis were further used
for predicting the half-life time of the synthesized product. We used the
first-order kinetic model and the parameters E and A, taken from
Table 5, in Equation (16), obtained by integrating Equation (1) for a


going from 0 to 0.5 under isothermal conditions.


t1=2 ¼
lnð2Þ
A


exp
�


E
RT


�
ð16Þ
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Towards Highly Fluorescent and Water-Soluble Perylene Dyes


Christopher Kohl, Tanja Weil, Jianqiang Qu, and Klaus M#llen*[a]


Introduction


Fluorescence is ideally suited for observation of the location
and interaction of biologically active probes in vivo, since it
is non-invasive and can be detected with high sensitivity and
signal specificity.[1] In particular, in vivo investigations of bi-
ological targets require chromophores giving high fluores-
cence quantum yields (FQYs) in water and displaying ab-
sorption and emission maxima in an area that does not in-
terfere with the self-absorption wavelength of the cell:
above 500 nm, for example.[2,3] In recent years the investiga-
tion of individual biologically active macromolecules such as
DNA and proteins has become very popular since it pro-
vides better insight into their dynamics and interaction part-
ners than measurements made on ensembles.[4–7] For such
measurements, however, the photostability of the chromo-
phore plays a crucial role. Despite the large variety of
water-soluble chromophores commercially available today,[8]


there are almost no chromophores that meet all the follow-
ing criteria: i) water solubility, ii) high fluorescence intensi-
ties, iii) absorption and emission maxima above 500 nm,
iv) no toxicity, and v) high photostability.
In organic solvents, perylene-3,4:9,10-tetracarboxylic acid


diimide (PDI) chromophores (Figure 1a) display exception-
al chemical, thermal, and photochemical stability with high


fluorescence quantum yields close to unity.[8–11] Thanks to
these remarkable properties they are used as dye sensitizers
in solar cells,[12,13] molecular components of light-emitting
diodes,[14] or field effect transistors.[15,16] Recently, their ap-
plicability in single-molecule spectroscopy has been success-
fully demonstrated in investigations of the optical behavior
of multichromophoric dendrimers.[17,18] Therefore, thanks to
these unique properties, PDI chromophores should also be
ideally suited as high-performance fluorescent labels for bio-
logically active probes. Only a few water-soluble perylene
monoimide and PDI derivatives have so far been reported,
however. Such chromophores carry hydrophilizing substitu-
ents, such as sulfonic acid moieties (1),[19] quaternized amine
groups (2),[20] (Figure 1) or crown ethers[21] as part of the
imide structure of the chromophore, or polyethylene
glycol[22,23] or peptide chains[24] attached to the chromophore
scaffold. In all cases these perylene chromophores show
almost no fluorescence in water. Until now there has been
no synthetic strategy for obtaining PDI chromophores that
will retain their exceptional properties in aqueous media.
Herein we introduce different structural concepts for


highly fluorescent and water-soluble PDI chromophores.[25]


In the course of this work, several hydrophilic groups were
attached to the aromatic chromophore scaffold. Further-
more, the distance between such water solubility-inducing
groups and the chromophore was increased to suppress fluo-
rescence quenching due to photoinduced electron transfer[26]


between the functional group and the chromophore. The
chromophore was then encapsulated within a dendritic shell,
which is likely to prevent intermolecular chromophore inter-
action such as aggregation.[27,28] The number of hydrophilic
or charged groups was then reduced. Through this systemat-


[a] Dr. C. Kohl, Dr. T. Weil, Dr. J. Qu, Prof. K. M@llen
Max-Planck-Institut f@r Polymerforschung
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (+49)6131-379350
E-mail : muellen@mpip-mainz.mpg.de


Abstract: A systematic approach to-
wards highly fluorescent, water-soluble
perylene-3,4:9,10-tetracarboxylic acid
diimide chromophores is presented.
Water solubility was introduced first
through the attachment of four hydro-
philic substituents onto the bay region
of the perylene dye. Positively and neg-
atively charged groups were then ap-
plied to the chromophore, and their


number and their distance from the ar-
omatic scaffold were systematically
varied. To suppress aggregation, the
chromophore was further isolated
within a dendritic shell. Such variation


of structural features and a thorough
investigation of the resulting optical
properties facilitated the first synthesis
of perylene-3,4:9,10-tetracarboxylic
acid diimides combining the properties
of water solubility and fluorescence
quantum yields (FQYs) close to unity,
which makes them attractive as high-
performance fluorescence probes in
aqueous media.


Keywords: aggregation · fluores-
cence · perylene · polyphenylene
dendrimer · water solubility
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ic variation of all available parameters and thorough investi-
gation of the optical properties of all water-soluble chromo-
phores we were able to develop highly fluorescent, water-
soluble PDI chromophores.


Results and Discussion


Variation of the hydrophilic
group attached at the bay
region : PDI chromophores bear-
ing hydrophilic substituents at-
tached to the imide structure of
the chromophore generally dis-
play low FQYs in water.[19–21]


We therefore first introduced
such groups onto the bay region
of the chromophore (Figure 1a),
which results in a nonplanar,
twisted aromatic chromophore
scaffold (Figure 1b) that is fur-
ther shielded by the functional
groups.[28]


Based on this concept, the
synthesis of 5 with four carbox-
ylic acid substituents attached at
the bay region was accomplish-
ed through treatment of N,N’-
bis(2,6-diisopropylphenyl)-
1,6,7,12-tetrachloroperylene-


3,4:9,10-tetracarboxylic acid diimide (3), which is available
on a gram scale,[29] with six equivalents of methyl (4-hyroxy-
phenyl)acetate (4) in 1-methyl-2-pyrrolidone (NMP) (85%
yield, Scheme 1). Since this chromophore is not soluble in
water, its sodium salt was prepared by addition of sodium
hydroxide dissolved in methanol to a concentrated THF so-


Figure 1. a) PDI bearing substituents attached at the imide structure; b) three-dimensional structure of PDI
with no substituents attached at the bay region (planar scaffold)—view in the direction of the bay region;
c) three-dimensional structure with four substituents attached at the bay region (twisted scaffold).


Scheme 1. i) Methyl (4-hydroxyphenyl)acetate (4), NMP, K2CO3, 100 8C, 15 h, 85%; ii) THF, methanol/sodium hydroxide; iii) phenol, NMP, K2CO3, 80 8C,
15 h, 89%; iv) conc. sulfuric acid, RT 15 h, 93%.
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lution of 5. The synthesis of a PDI chromophore with four
sulfonic acid substituents (9) was performed by a two-step
reaction (Scheme 1). The first step involved a phenoxylation
of 3 by treatment with phenol (7), affording 8 in high yield.
Compound 8 was then treated with concentrated sulfuric
acid at room temperature for 15 h. The number of sulfonic
acid groups and the substitution pattern of the phenyl ring
(para substitution) were corroborated by NMR experiments
(see Experimental Section).
PDI chromophores bearing positively charged branches


attached at their bay regions were obtained by treatment of
3 with six equivalents of 4-[2-(dimethylamino)ethyl]phenol
(10) in NMP as shown in Scheme 2. Interestingly, the analo-
gous reaction between 3 and six equivalents of 4-dimethyl-
aminophenol (13), which would have given 14 with four di-
methylaminophenoxy branches, was not observed. There-
after, quaternization of the dimethylamino substituents of
11 was carried out by treatment first with an excess of
methyl iodide in boiling chloroform for 24 h and then with
an additional excess of methyl iodide in boiling methanol


for another 24 h. Since the resulting chromophore 12a was
insoluble in water, four equivalents of silver methanesulfo-
nate were applied, the counterion being exchanged from
iodide to methanesulfonate to give water-soluble 12b as a
dark red solid.
The synthesis of the pyridinium-substituted PDI chromo-


phores 17a and 17b (Scheme 2) involved phenoxylation
with 3-pyridinol (15) by the same procedure as described
above, to yield 16 (85%). Because of the high solubility of
16 in alcohol, quaternization of 16 was carried out with an
excess of methyl iodide in methanol to give 17a. To increase
the solubility in water, four equivalents of silver methanesul-
fonate were applied, and 17b was obtained in quantitative
yield.


Variation of the distance between the hydrophilic group and
the chromophore : To observe the influence on the FQY of
the distance separating the hydrophilic groups and the chro-
mophore scaffold, chromophores bearing one additional
phenyl ring per side arm as a spacer were synthesized


Scheme 2. i) 4-[2-(Dimethylamino)ethyl]phenol (10), NMP, K2CO3, 80 8C, 15 h, 79%; ii) 12a : methyl iodide, methanol, reflux, 24 h, 95%; 12b : silver
methanesulfonate, methanol, RT, 5 h, 95%; iii) 3-pyridinol (15), NMP, K2CO3, 80 8C, 15 h, 85%; iv) 17a : methyl iodide, methanol, reflux, 24 h, 95%;
17b : silver methanesulfonate, methanol, RT, 5 h, 92%.


Chem. Eur. J. 2004, 10, 5297 – 5310 www.chemeurj.org D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5299


Fluorescent Water-Soluble Perylene Dyes 5297 – 5310



www.chemeurj.org





(Scheme 3). First, N,N’-bis(2,6-diisopropylphenyl)-1,6,7,12-
tetrachloroperylene-3,4:9,10-tetracarboxylic acid diimide (3)
was treated with six equivalents of 4-bromophenol to give
18 in high yield (92%). Compound 18 was then subjected to
Suzuki reaction conditions[30,31] with either 4-dimethylamino-
phenylboronic acid (19) or pyridine-3-boronic ester (20) to
give 21 and 22, respectively, with side arms each containing
an additional phenyl ring with respect to the analogous
chromophores 12 and 17. Water-soluble chromophores 23b
and 24b were obtained in nearly quantitative yield by initial
application of methyl iodide in boiling chloroform and sub-
sequent exchange of the counterion for methanesulfonate
by treatment with four equivalents of silver methanesulfonate.


Site isolation of the chromophore : To prevent PDI chromo-
phores from aggregating, bulky substituents such as poly-
phenylene dendrimer branches attached at the bay region of
the chromophore were produced by means of successive
Diels–Alder reactions.[32,33] Scheme 4 shows the synthesis of
a dendronized PDI bearing positively charged groups at the
surface, together with the three-dimensional structure of a
PDI chromophore surrounded by four bulky polyphenylene
branches. The starting point was a PDI core 25 with four
free ethynyl functionalities, which were subjected to four
Diels–Alder cycloadditions by treatment with a sixfold
excess of the tetraphenylcyclopentadienone derivative 26,
bearing two dimethylamino substituents, in m-xylene at
140 8C.[34] The resulting first-generation dendrimer 27, with
eight dimethylamino groups, was obtained in high yield.
Quaternization of 27 was then accomplished with an excess
of dimethylsulfate by constant addition of chloroform to a
benzene solution. Finally, the complete quaternization suc-
ceeded in methanol, to provide 28 in 62% yield.
Polyphenylene dendrimers with PDI cores bearing amino,


carboxylic acid, and tetraethylene glycol functions were ob-
tained by the same synthetic sequence. In this way, treat-


ment of 25 with tetraphenylcyclopentadienone 29a
(Scheme 5), bearing two imino groups,[22,35] gave dendrimer
30a with eight imino groups. After hydrolysis of these imino
groups by treatment with hydrochloric acid, compound 31a,
bearing eight amino groups, was isolated (94% yield). The
synthesis of 30b, with eight methyl carboxylate substituents,
was achieved by treatment of 25 with tetraphenylcyclopenta-
dienone 29b at 175 8C for 40 h. Subsequent ester cleavage of
30b with potassium hydroxide in THF at 80 8C gave 31b,
with eight carboxylic acid functions. Compound 30c, bearing
12 tetraethylene glycol chains, was obtained through cyclo-
addition between 25 and 29c (56% yield). The synthesis
and characterization of the cyclopentadienone building units
26, 29b, and 29c has been described before.[22,35]


Variation of the number of hydrophilic groups : To reduce
unwanted quenching processes due to the presence of the
solubilizing groups themselves, PDI derivatives with only
two charged branches were synthesized. Since the water sol-
ubility of the chromophores decreases with a decreasing
number of hydrophilic substituents, only groups likely to
induce high solubility in water—such as pyridinium and sul-
fonic acid—were chosen. First, 1,7-dibromoperylenetetracar-
boxylic acid diimide 32 (Scheme 6) was treated with 2,6-di-
isopropylaniline in propionic acid to give 33 in high yield
(95%). PDI chromophores either with two pyridinium sub-
stituents (34a) or with two phenoxy groups (34b) were then
obtained by the same procedure as described for the synthe-
sis of 9 and 16. First, 33 was treated with 3-pyridinol (15) in
NMP to afford 34a in 75% yield. Quaternization of 34a was
carried out by treatment with an excess of methyl iodide in
boiling chloroform, which gave 35a in quantitative yield.
Compound 35b was obtained by application of silver metha-
nesulfonate in methanol. Compound 34b was produced by
phenoxylation of 33 by treatment with phenol in NMP. Sub-
sequently, the sulfonation was carried out by treatment with


Scheme 3. i) 4-Bromophenol, NMP, K2CO3, 80 8C, 15 h, 91%; ii) a: 19, [Pd(Ph3)4], toluene, K2CO3/H2O (1m), 95 8C, 12 h, 90%; b: 20, [Pd(Ph3)4], toluene,
K2CO3/H2O (1m), 95 8C, 12 h, 84%; iii) a: methyl iodide, methanol, reflux, 24 h, 94%; b: silver methanesulfonate, methanol, RT, 5 h, 90%.


D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5297 – 53105300


FULL PAPER K. M@llen et al.



www.chemeurj.org





concentrated sulfuric acid at room temperature for 15 h to
give 35c as a red solid in 94% yield.


Characterization : All chromophores described here display
good thermal stability, with decomposition temperatures
above 300 8C. Each structure has been verified by NMR
spectroscopy, field desorption (FD) mass spectrometry, and/
or matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) spectrometry. In the cases of positively
charged chromophores not detected by the mass spectrome-
try techniques applied here, only 1H NMR and 13C NMR
spectroscopy and elementary analysis were applied. The
MALDI-TOF mass spectra of all uncharged and negatively
charged chromophores reported here each show only a
single peak corresponding to the molecular mass of the
chromophore. The perfect agreement between the calculat-
ed and experimentally determined m/z ratios confirms the
monodispersity of this dendrimer.


Photostability/solubility : The ionic PDI chromophores re-
ported for the first time here display high photostability in
aqueous media, comparable to that of PDIs in organic sol-
vents or in the solid state. The UV/Vis absorption and emis-
sion spectra of water solutions of these dyes remain almost
unchanged under sunlight or after irradiation under UV
light (365 nm) for one week. This basic photostability test al-


ready offers a good impression of the lightfastness of these
novel chromophores.
One of the key features of the ionic PDI chromophores is


their outstanding water solubility. Compound 17b has the
highest solubility in water (8.0N10�2 molL�1). The solubility
of the other chromophores can be estimated from their cal-
culated log D values[36] (logarithm of the octanol/water par-
tition coefficient as a function of pH) given in Figure 2. In
general, water-soluble compounds are characterized by low
log D values, whereas high log D values describe lipophilic
compounds. Figure 2 shows that chromophores 1, 2, 6
(above pH 9), and 9 should be nicely soluble in water,
whereas lower water solubility is to be expected in the cases
of chromophores 17, 12, 35a, and 35c. Furthermore, with a
decreasing number of hydrophilic groups—from four (9, 17)
down to two (35a, 35c)—an increase in the log D value is
obtained and so lower water solubility is to be expected.
The introduction of a phenyl spacer (chromophores 23 and
24) gives highly lipophilic compounds in which only very
limited water solubility is to be anticipated. However, since
neither the distribution of hydrophilic groups in the mole-
cule nor the nature of the charged counter-ion is recognized
by log D values, the water solubilities of chromophores 12,
17, 23, 24, and 35a are likely to be underestimated.


Scheme 4. i) Compound 26, m-xylene, 12 h, reflux, 92%; ii) a: methyl iodide, benzene, reflux, 4 h, b: silver methanesulfonate, methanol, RT, 5 h, 92%.
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Optical characterization : The absorption and emission
maxima of compounds 6, 9, 12b, and 17b are listed in
Table 1. A PDI chromophore bearing phenoxy substituents
in the bay region displays three absorption maxima at 577,


537, and 444 nm[28] and one emission maximum at 600 nm in
toluene. The spectra of chromophores 6, 9, 12b, and 17b
with hydrophilic substituents reveal bathochromic shifts in
water relative to toluene, these being very pronounced in


Scheme 5. i) Compound 29a, o-xylene, 20 h, 170 8C, 89%; ii) compound 30a, THF, HCl (5m), 94%; iii) compound 29b, o-xylene, diphenyl ether, 40 h,
175 8C, 60%; iv) compound 30b, THF, KOH, H2O, 42 h, 80 8C, 98%; v) compound 29c, o-xylene, 24 h, 170 8C, 47%.


Scheme 6. i) 2,6-Diisopropylaniline, propionic acid, 140 8C, 5 h, 95%; ii) a: compound 33, 3-pyridinol (15), NMP, K2CO3, 80 8C, 15 h, 81%; b: compound
33, phenol, NMP, K2CO3, 80 8C, 15 h, 80%; iii) a: compound 34a, methyl iodide, chloroform, reflux, 24 h, b: compound 34a, methyl iodide, methanol,
reflux, 24 h, 94%; silver methanesulfonate, methanol, RT, 5 h, 90%; c : compound 34b, conc. sulfuric acid, RT, 15 h, 94%.
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the cases of 6 and 12b (36 nm, 39 nm, respectively). The
spectrum of 17b, in contrast to those of 6 and 12b, shows
narrow absorption and emission envelopes that display a
higher degree of fine structure (Figure 3) and a hypsochro-
mic shift of the emission maximum (Table 1).


The FQYs of 9 and 17b (58%, 66%, Table 1) in water
are comparatively high with respect to previously reported
analogous chromophores, indicating the value of our ap-
proach of attaching the functional groups at the bay region
of the chromophore instead of at the imide structure.[19,20]


However, 6 and 12b still display low FQYs (7%, 14%,
Table 1). Clearly, chromophores bearing hydrophilic groups
directly located on the phenyl ring, such as 9 and 17b, and
not at the terminus of a short alkyl chain (6, 12b) show
higher FQYs and less spectral broadening. One reason for
this behavior might be the alkyl spacers in chromophores 6
and 12b, the character of the molecule becoming more lipo-
philic (see Figure 2), which is in accordance with the calcu-
lated log D values of 6 and 12b and leads to a decrease in
solubility and, therefore, a higher tendency of these chromo-
phores to form aggregates. Another reason might be that vi-
brational relaxation becomes more important because of the
higher rotational freedom of the hydrophilic groups of 6 and


12b at the terminus of a short
alkyl spacer, leading to a
quenching of fluorescence.
However, even 9 and 17b,


with FQYs of 58% and 66%,
still display reductions of about
40% in their FQYs with re-
spect to PDI chromophores in
organic solvents, in which the
FQYs are usually close to unity.
In the past, apart from aggrega-
tion[23,28] or vibrational relaxa-
tion, a reduction of the FQY in
polar solvents has also been at-
tributed to the presence of pho-
toinduced electron-transfer
(PET) processes.[26] In a case in


which triphenylamine groups were attached to a PDI core, it
was demonstrated that PET takes place, resulting in a con-
siderable broadening of the emission spectra and a low
FQY. Since PET strongly depends on the distance separat-
ing the chromophore and the substituent, the role of such
processes in the chromophores reported here should be
quantifiable by increasing the distance between the hydro-
philic group and the chromophore, which should lead to less
PET and therefore higher FQYs.
Nevertheless, the emission spectra of 23b and 24b


(Scheme 3), which each bear one additional phenyl ring per
hydrophilic side arm, again reveal considerable bathochro-
mic shifts, of about 14 nm for 23b in DMSO and 24 nm for
24b in water, relative to 12b and 17b (Figure 4). Further-
more, the FQYs of 23b and 24b are very low in both cases
(11%, 23%). Despite the longer spacer, which increases the
distance between the substituents and the chromophore
scaffold by a factor of about two (Figure 5), the FQYs are
further reduced relative to the analogous chromophores 12b
and 17b without spacers. We again attribute this behavior to
an increase in the lipophilic character of chromophores 23b
and 24b due to the additional phenyl ring, which is also sup-
ported by very high log D values as shown in Figure 2, thus
facilitating aggregation in water.


Figure 2. Log D values as a function of pH for selected PDI chromo-
phores.


Table 1. Absorption (lmax, abs) and fluorescence (lmax, flu) maxima and fluorescence quantum yields (FQYs)
[a] in


water for the water-soluble PDI chromophores.


Compound lmax, abs [nm] lmax, flu [nm] FQY (a)


(extinction coefficient [m�1 cm�1])


PDI-(OPh)4 573(43602)[b] 600 0.96
6 451, 531, 566 624 0.07
9 461(10708), 541(21026), 571(27800) 619 0 0.58


12b 460(13537), 551(25342), 586(35436) 627 0.14
17a 518(19300), 550(25700) 594 0.75
17b 434(9766), 516(24628), 547(33751) 588 0.66
23b 491(17088) 554(24621), 565(27454) 614[c] 0.11[c]


24b 459(19225), 576(25855) 624 0.23
35b 400(4535), 503(13640), 536 nm(19022) 573 0.98
35c 411(7565), 523(23196), 554 nm(23718) 594 0.12


[a] Fluorescence quantum yields (FQYs) were measured at room temperature with cresyl violet as reference
(the standard value is 0.54 in methanol). [b] Toluene. [c] Compound 23b has very weak fluorescence in water
and its FQY was measured in DMSO.


Figure 3. Normalized absorption spectra and emission spectra of 17b
(c), 12b (g), and 24b (a) in water.
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Surprisingly, all the PDI chromophores shielded by poly-
phenylene shells (Scheme 4), which should in general pre-
vent aggregation, also display low FQYs. Table 2 gives an
overview of the optical properties of 18, 30c, 31a, and 31b.
Here, the absorption maxima range between 583 nm and
589 nm, while the emission maxima were found between
615 nm and 620 nm. In toluene, an analogous dendritic chro-
mophore without any substituent 31c[22] reveals similar ab-
sorption maxima, but the emission maximum is shifted by
about 10 nm to the blue.
All polyphenylene dendrimers bearing a PDI chromo-


phore in the center reveal low FQYs in polar solvents such
as dimethyl sulfoxide (DMSO) and water. The highest
FQY—at 19%—was obtained for 30c, with twelve tetra-
ethylene glycol chains at the periphery. Both ammonia- and
carboxylic-acid-terminated dendrimers 28 and 31b display


only low FQYs (15%, 13%) in water and DMSO. A FQY
ten times lower is observed for dendrimer 31a, with eight
terminal amino groups, in DMSO; this could be due to the
presence of several terminal amino groups capable of acting
as electron donors, thus quenching the excited state of the
inner PDI chromophore through PET. The low FQY could
not be attributable to the formation of aggregates in any of
the dendritic PDI cases, since their rigid polyphenylene scaf-
folds effectively shield the inner chromophores.[28] There-
fore, with respect to the large size of the dendritic shell,
fluorescence quenching through vibrational relaxation could
play a major role. Nevertheless, in the cases of 18, 30c, and
31b we can only speculate as to whether the reduction in
FQY is based on insufficient water solubility of the den-
drimer, some loss in excitation energy through the dendrim-
er branches, or both. Additional photophysical investiga-
tions will therefore be necessary to understand the low
FQYs of these dendritic chromophores, and these are cur-
rently underway.
Since the introduction of a large number of hydrophilic


substituents into the chromophore scaffold resulted only in
weakly fluorescent chromophores, we consequently dimin-
ished their number down to a minimum of two, the mini-


Figure 4. Normalized absorption spectra and emission spectra of 23b in
water (a), 23b in DMSO (g), and 24b in methanol (c).


Figure 5. Three-dimensional structure of 17 (left) and 24 (right) with view along the imide structure (middle). Distances from the N heteroatom of the
pyridinium group and the PDI scaffold of 17 (4.5 O, left) and of 24 (12.8 O, right).


Table 2. Absorption (lmax, abs) and fluorescence (lmax, flu) maxima and fluo-
rescence quantum yields (FQYs) of the dendronized PDI chromophores
in water(a) or DMSO.


Compound lmax, abs [nm] lmax, flu [nm] FQY
(a)


(extinction coefficient [m�1 cm�1])


28 463 (17459), 548 (22965), 589 (36113) 620 0.15
30c 582 (water) 615 0.19
31a 585 (DMSO) 617 0.012
31b 584 (DMSO) 619 0.13
31c 583 (toluene) 606 0.9


[a] FQYs were measured at room temperature with cresyl violet as refer-
ence (the standard value is 0.54 in methanol).
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mum number necessary to induce sufficient water solubility.
The PDI chromophores 35a and 35b, each bearing only two
substituents in its bay region (Scheme 6), display nearly
quantitative FQYs in aqueous media, and their absorption
and emission spectra are structured, showing a considerable
blue shift with respect to all the chromophores previously
discussed (Figure 6). Apparently, the presence of two posi-
tively charged pyridinium substituents represents a good
compromise for combining sufficient water solubility and a
minimum number of functional groups to suppress unde-
sired processes such as PET.


In the case of 35c, which bears two sulfonic acid groups
(Scheme 6), however, a low FQY (12%) and a smaller hyp-
sochromic shift in the absorption and emission spectra is
again found. We attribute this observation to the lower abili-
ty of two sulfonic acid groups—relative to four sulfonic acid
groups (Figure 2) or to positively charged pyridinium salts—
to solubilize the PDI chromophore. In this regard, com-
pound 9 with four sulfonic acid substituents has a higher sol-
ubility in water (Figure 2) and, therefore, significantly in-
creased FQYs relative to 35c, indicating a lower tendency
to form aggregates in the case of 9.


Conclusion


In the course of this work we have presented different syn-
thetic approaches towards fluorescent, water-soluble peryle-
netetracarboxylic acid diimide chromophores. The introduc-
tion of hydrophilic substituents onto the bay region of the
chromophore results in a loss in planarity of the aromatic
scaffold, and water-soluble chromophores displaying low to
moderate FQYs (7%–75%) were obtained. The distance
between such hydrophilic groups and the chromophore scaf-
fold was then increased to suppress fluorescence quenching
due to photoinduced electron-transfer processes. However,
attachment of a short alkyl or phenyl spacer was accompa-


nied by a considerable decrease in FQY, which was mainly
attributed to the formation of aggregates due to the low sol-
ubility of the resulting chromophores. PDI chromophores
were then encapsulated within rigid dendritic polyphenylene
shells to suppress aggregation completely. Nevertheless,
these chromophores displayed only weak FQYs (1% to
19%), which was mainly attributed to energy loss through
vibrational relaxation together with photoinduced energy
transfer processes between the substituents and the chromo-
phore. The reduction of the number of pyridinium groups
down to a minimum of the two groups indispensable for
providing sufficient water solubility finally resulted in highly
fluorescent chromophores with quantitative FQYs in water.
However, analogous chromophores bearing two sulfonic
acid functions were again only weakly fluorescent. Such dif-
ferences were ascribed mainly to the potential of the hydro-
philic substituent to solubilize the chromophore sufficiently.
Therefore, to obtain water-soluble PDI chromophores with
high FQYs, the nature of the hydrophilic substituent, the
position at which the substituent is attached to the scaffold,
the number of substituents, and the lipophilic character of
the chromophore all have to be adjusted carefully.
The PDI chromophore with two pyridinium arms reported


here represents the first example of a PDI chromophore
combining water solubility with a high FQY in water.
Thanks to high photostability and absorption and emission
maxima above 500 nm, such chromophores are potential
useful, novel, high-performance fluorescence markers in
aqueous media.


Experimental Section


Materials : Tetrahydrofuran (Fluka) was distilled over sodium/benzophe-
none. Tetrabutylammonium fluoride (Fluka), di(triphenylphosphine)di-
chloropalladium(ii) (Strem), trimethylethyne (Aldrich), phenol (Aldrich),
3-pyridiniumboronic acid (Lancaster), copper iodide (Aldrich), p-iodo-
phenol (Avocado), and m-xylene (Aldrich), were used as obtained. Tetra-
chloroperylenetetracarboxylic acid diimides and dibromoperylenedianhy-
dride were supplied by BASFAG. Column chromatography was per-
formed with dichloromethane (chromasolv, Riedel) or toluene on silica
gel (Geduran Si60, Merck). All the reported yields are isolated yields.


Physical and analytical methods : 1H and 13C NMR spectra were recorded
on Bruker AMX 250 and Bruker AC 300 spectrometers with use of the
residual proton resonance of the solvent or the carbon signal of the deu-
terated solvent as the internal standard. Chemical shifts are reported in
parts per million. Infrared spectra were obtained on a Nicolet FT IR 320.
For 13C j-modulated spin-echo NMR measurements, the abbreviation q
represents quaternary C atoms and CH2, while t denotes CH3 and CH
groups. FD mass spectra were performed with a VG-Instruments ZAB 2-
SE-FDP instrument. MALDI-TOF mass spectra were measured with a
Bruker Reflex II machine in THF and dithranol as matrix (molar ratio di-
thranol/sample 250:1). The mass peaks with the lowest isotopic mass are
reported. UV/Vis absorption spectra were recorded on a Perkin Elmer
Lambda 40 spectrophotometer, photoluminescence spectra on a SPEX
Fluorolog 3 spectrometer. The quantum yields of polyphenylene-
dendronized perylenes were measured against perylene in toluene as a
reference. The elemental analyses were carried out at the Microanalytical
Laboratory at the University of Mainz (Germany).


N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetra-[4-(acetic acid)phenoxy]-
perylene-3,4:9,10-tetracarboxylic acid diimide (5): N,N’-Bis(2,6-diisopro-
pylphenyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic acid di-
imide (3, 5 g, 5.9 mmol) was treated with methyl (4-hydroxyphenyl)ace-
tate (5 g, 30 mmol) and K2CO3 (4.1 g, 30 mmol) in N-methyl-pyrrolidone


Figure 6. Normalized absorption and emission spectra of two-charge-sub-
stituted PDIs 35b (c) and 35c (a) in water.
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(250 mL). The reaction mixture was heated under argon atmosphere for
16 h. The reaction mixture was then allowed to allowed to cool to room
temperature, and dilute hydrochloric acid (500 mL) was added. A precip-
itate was formed and was filtered off, washed with water to neutral pH,
and dried under vacuum. The crude product was then purified by column
chromatography on silica gel with a dichloromethane/acetone (100:5) sol-
vent mixture. Yield: 6.3 g (82%) as a red solid; m.p. >300 8C; 1H NMR
(250 MHz, C2D2Cl4, 300 K): d = 8.15 (s, 4H), 7.89 (d, 3J = 8.8 Hz, 8H),
7.35 (t, 3J = 8.0 Hz, 2H), 7.19 (d, 3J = 8.0 Hz, 4H), 6.95 (d, 3J = 8.8 Hz,
8H), 3.81 (s, 8H), 2.59 (sept, 3J = 6.9 Hz, 4H), 1.03 (d, 3J = 6.9 Hz,
24H) ppm; 13C NMR (75 MHz, C2D2Cl4, 300 K): d = 166.41 (C=O),
163.07 (C=O), 159.39, 155.32, 145.70, 133.33, 132.23, 130.40, 129.78,
126.65, 124.28, 123.53, 121.44, 121.31, 119.62, 52.66, 29.34, 24.44 ppm; IR
(KBr): ñ = 2961, 2361, 2336, 1720, 1674, 1592, 1501, 1435, 1406, 1339,
1310, 1275, 1206, 1162, 1109, 1014, 960, 876, 848, 762 cm�1; UV/Vis
(CHCl3): lmax (e) = 529 (33300), 564 nm (50000m�1 cm�1); fluorescence
(CHCl3, excitation: 529 nm): lmax = 620 nm; MS (FD 8 kV): m/z (%):
1312.9 (100) [M]+ ; elemental analysis calcd (%) for C80H66N2O16: C
73.27, H 5.07, N 2.14; found: C 73.23, H 5.13, N 2.11.


Compound 9 : N,N’-Bis(2,6-diisopropylphenyl-1,6,7,12-tetraphenoxypery-
lene-3,4:9,10-tetracarboxylic acid diimide (2 g, 1.8 mmol) was added to
concentrated sulfuric acid (5 mL). The flask was sealed, and the mixture
was stirred at room temperature for 15 h. Water (7 mL) was slowly
added to the flask to form a precipitate, which was filtered under suction.
The solid was washed three times with dichloromethane (50 mL), and
was then dried at 120 8C under vacuum to give a red product (2.4 g,
93%). M.p. >300 8C; 1H NMR (300 MHz, CD3OD, 300 K): d = 7.91 (s,
4H), 7.59 (d, 3J = 8.0 Hz, 8H), 7.17 (t, 3J = 7.5 Hz, 2H), 7.04 (d, 3J =


8.0 Hz, 4H), 6.88 (d, 3J = 8.0 Hz, 8H), 2.45 (m, 4H), 0.85 (d, 3J =


6.75 Hz, 24H) ppm; 13C NMR (75 MHz, CD3OD, 300 K): d = 164.1 (C=
O), 158.5, 156.9, 147.2, 142.4, 131.8, 129.4, 125.0, 124.4, 122.3, 121.8,
120.7, 30.2 (CH isopropyl), 24.2 (CH3 isopropyl) ppm; IR (KBr): ñ =


2970, 2361, 1701, 1655, 1588, 1491, 1410, 1340, 1287, 1208, 1180, 1125,
1066, 1032, 1007, 882, 846, 699, 580 cm�1; UV/Vis (H2O): lmax (e) = 461
(10708), 541 (21026), 571 nm (27800m�1 cm�1); fluorescence (H2O, exci-
tation 560 nm): lmax = 619 nm; MS (MALDI-TOF): m/z (%): 1401 (%)
[M]+ (calcd 1401).


Compound 11: Tetrachloroperylenetetracarboxylic acid diimide (2 g,
2.32 mmol) was stirred under argon with 4-(2-dimethylaminoethyl)phenol
hydrochloride acid salt (2.36 g, 11.8 mmol) in NMP (200 mL) in a 500 mL
round flask in the presence of powdered anhydrous K2CO3 (2 g,
14.4 mmol). The temperature was kept at 100 8C under argon overnight.
The reaction mixture was allowed to cool to room temperature and was
then poured into aqueous hydrochloride acid (2n). The precipitated
product was filtered under suction and then washed thoroughly with
water and dried at 75 8C under vacuum. The product, a red solid, was pu-
rified by column chromatography to provide 5 (1.9 g, 62%) as a dark
solid. M.p. 208 8C; 1H NMR (250 MHz, CD2Cl2, 300 K): d = 8.17 (s, 4H),
7.46 (t, 3J = 7.5 Hz, 2H), 7.30 (d, 3J = 7.5 Hz, 4H), 7.30 (d, 3J = 8.0 Hz,
8H), 6.90 (d, 3J = 8.0 Hz, 8H), 2.85–2.66 (m, 12H), 2.45 (m, 8H), 2.25
(s, 24H), 1.08 (d, 3J = 8.0 Hz, 24H; CH3 isopropyl) ppm;


13C NMR
(62.5 MHz, CD2Cl2, 300 K): d = 163.7, 156.3, 153.8, 146.3, 137.5, 133.5,
131.4, 130.5, 129.7, 124.3, 123.1, 121.1, 120.4, 120.1, 61.7, 45.5, 33.7, 29.4
(CH isopropyl), 24.0 (CH3 isopropyl) ppm; IR (KBr): ñ = 2961, 2864,
2815, 2768, 2361, 1705, 1672, 1587, 1501, 1462, 1406, 1340, 1309, 1284,
1201, 1051, 1015, 958, 877, 825, 737, 675, 537 cm�1; UV/Vis (CHCl3): lmax
(e) = 456 (18189), 539 (30196), 577 nm (48744m�1 cm�1); MS (FD 8 kV):
m/z (%): 1363.2 (%) [M]+ (calcd 1363.7); elemental analysis calcd (%)
for C88H94N6O8: C 77.50, H 6.95, N 6.16; found: C 76.94, H 6.76, N 6.04.


Compound 12a : Perylene derivative 12 (1 g, 0.73 mmol) and methyl
iodide (2 mL) in chloroform (100 mL) were placed in a 250 mL round
flask. The reaction mixture was heated to 60 8C for 1 hour, resulting in
the formation of a dark precipitate. After the chloroform had been re-
moved, the residue was dissolved in methanol (20 mL) containing methyl
iodide (3 mL). The solution was stirred at 70 8C for 24 h. The solvent and
the excess methyl iodide were removed under vacuum to give a dark red
solid. The product 12a (1.3 g, 93%) was obtained after drying at 75 8C
under vacuum. M.p. >300 8C; 1H NMR (300 MHz, CD3CN, 343 K): d =


8.08 (s, 4H), 7.45 (t, 3J = 7.5 Hz, 2H), 7.34 (m, 12H), 7.06 (d, 3J =


7.5 Hz, 8H), 3.62 (m, 8H), 3.20 (s, 36H), 3.13 (m, 8H), 2.75 (m, 4H),
1.09 (d, 3J = 7.0 Hz, 24H) ppm; 13C NMR (75 MHz, CD3OD, 328 K): d


= 164.9, 157.6, 155.9, 147.2, 134.5, 133.7, 132.1, 131.9, 129.9, 125.0, 123.9,
122.1, 122.0, 121.3, 120.7, 68.4, 54.1, 40.2, 30.3 (CH isopropyl), 29.8, 24.1
(CH3 isopropyl) ppm; IR (KBr): ñ = 2961, 2362, 2336, 1698, 1660, 1587,
1501, 1409, 1339, 1285, 1206, 1174, 965, 911, 877, 842, 741, 673, 549 cm�1;
UV/Vis (methanol): lmax (e) = 444 (14216), 539 (24361), 577 nm
(29295m�1 cm�1); fluorescence (methanol, excitation: 550 nm): lmax =


613 nm; elemental analysis calcd (%) for C92H106N6O8I4: C 57.21, H 5.53,
N 4.35; found: C 57.31, H 5.56, N 4.07.


Compound 12b : Ionic perylene derivative 12a (200 mg, 0.103 mmol) and
silver methanesulfonate (83 mg, 0.412 mmol) were added to methanol
(50 mL). The reaction mixture was stirred for 3 h at room temperature.
The white silver iodide was filtered off under vacuum to give a clear red
solution. After the solvent had been removed under vacuum, 12b
(180 mg, 97%) was obtained as a dark red solid. M.p. 280 8C; 1H NMR
(250 MHz, CD3CN, 300 K): d = 8.02 (s, 4H), 7.45 (t, 3J = 8.0 Hz, 2H),
7.30 (m, 12H), 6.99 (d, 3J = 8.0 Hz, 8H), 3.64 (m, 8H), 3.15 (s, 36H;
CH3 N-methyl) 3.10 (m, 4H), 2.72 (m, 4H; CH isopropyl), 2.43 (s, 12H;
S�CH3), 1.05 (d, 3J = 7.5 Hz, 24H; CH3 isopropyl) ppm;


13C NMR
(75 MHz, CD3CN, 343 K): d = 164.6, 157.1, 155.9, 147.5, 134.5, 133.7,
132.5, 132.0, 130.7, 125.2, 124.5, 121.9, 121.7, 120.9, 68.0, 54.5, 40.2, 30.1
(CH isopropyl), 29.5, 24.3 (CH3 isopropyl) ppm; IR (KBr): ñ = 2963,
2361, 2336, 1701, 1662, 1589, 1502, 1409, 1340, 1284, 1204, 1052, 912, 877,
781, 672, 558 cm�1; UV/Vis (H2O): lmax (e) = 460 (13537), 586 nm
(35436m�1 cm�1); fluorescence (H2O, excitation: 540 nm): lmax = 627 nm;
elemental analysis calcd (%) for C96H118N6O20S4: C 63.91, H 6.59, N 4.66;
found: C 63.24, H 6.64, N 4.61.


Compound 16 : N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetrachloropery-
lene-3,4:9,10-tetracarboxylic acid diimide (5 g, 5.9 mmol), 3-hydroxypyri-
dine (4.48 g, 47.2 mmol), and anhydrous K2CO3 (3.45 g, 25 mmol) were
added to NMP (600 mL). The solution was stirred at 100 8C under argon
for 15 h. The reaction mixture was allowed to cool to room temperature
and poured into aqueous hydrochloride acid (1 L, 1m). The precipitated
product was filtered under suction and was then washed thoroughly with
water and dried at 75 8C under vacuum. The product was purified by
column chromatography to give 16 (4.7 g, 74%) as a red solid. M.p.
>300 8C; 1H NMR (250 MHz, C2D2Cl4, 300 K): d = 8.29 (d, 3J = 6.3 Hz,
4H), 8.28 (s, 4H), 8.14 (s, 4H), 7.35 (t, 3J = 7.5 Hz, 2H), 7.29 (m, 4H),
7.19 (d, 3J = 8.0 Hz, 4H), 7.17 (d, 3J = 8.0 Hz, 4H), 2.58 (m, 4H), 1.03
(d, 3J = 6.75 Hz, 24H) ppm; 13C NMR (75 MHz, C2D2Cl4, 300 K): d =


162.9 (C=O), 155.5, 152.0, 146.3, 145.6, 141.9, 133.5, 130.2, 129.8, 127.3,
124.9, 123.6, 121.4, 121.1, 120.5, 94.2, 29.3 (CH isopropyl), 24.4 (CH3 iso-
propyl) ppm; IR (KBr): ñ = 3061, 2963, 2868, 2361, 1707, 1671, 1593,
1508, 1474, 1423, 1407, 1339, 1309, 1279, 1207, 1102, 1019, 958, 875, 808,
738, 705, 581 cm�1; UV/Vis (methanol): lmax (e) = 526 (30500), 560 nm
(44800m�1 cm�1); fluorescence (methanol, excitation: 526 nm): lmax =


610 nm; MS (FD 8 kV): m/z (%): 1083.2 (%) [M]+ (calcd 1083.1).


Compound 17a: N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetra(3-pyridoxy)-
perylene-3,4:9,10-tetracarboxylic acid diimide (1 g, 0.92 mmol) was dis-
solved in methanol (100 mL), and the mixture was heated at 80 8C.
Methyl iodide (655 mg, 4.6 mmol) was then added by syringe with vigo-
rous stirring. After 12 h, the solvent was evaporated under vacuum and
the product was dried at 75 8C. Yield: 1.5 g (96%) as a dark red solid;
M.p. >300 8C; 1H NMR (250 MHz, CD3OD, 300 K): d = 8.94 (s, 4H),
8.54 (d, 3J = 6.0 Hz, 4H), 8.38–8.28 (m, 8H), 7.95–7.90 (m, 4H), 7.34 (t,
3J = 8.2 Hz, 4H), 7.91 (d, 3J = 8.2 Hz, 4H), 4.30 (s, 12H), 2.73 (sept, 3J
= 6.9 Hz, 4H), 0.97 (d, 3J = 6.9 Hz, 24H) ppm; 13C NMR (75 MHz,
CH3OH-D4, 300 K): d = 164.06 (C=O), 157.02, 154.95, 147.04, 142.99,
139.44, 135.93, 134.19, 131.42, 130.94, 130.29, 126.13, 125.22, 124.53,
124.23, 123.60, 39.54, 30.32, 24.32 ppm; IR (KBr): ñ = 2963, 2361, 2336,
1704, 1665, 1594, 1503, 1473, 1408, 1337, 1309, 1275, 1212, 812, 672 cm�1;
UV/Vis (H2O): lmax (e) = 520 (19300), 555 nm (25700m�1 cm�1); fluores-
cence (H2O, excitation: 520 nm): lmax = 601 nm; elemental analysis calcd
(%) for C72H66I4N6O8: C 52.38, H 4.03, N 5.09; found: C 52.41, H 4.00, N
5.11.


Compound 17b : Perylene derivative 17 (1 g, 0.92 mmol), methyl iodide
(3 mL), and methanol (150 mL) were placed in a 250 mL flask. The reac-
tion mixture was stirred at 80 8C for 24 h. After the reaction mixture had
been allowed to cool to room temperature, the solvent was removed
under vacuum. The residue and silver methanesulfonate (743 mg,
3.68 mmol) were added to methanol (100 mL) to form a white precipitate
(silver iodide), which was removed to give a clear red solution. A red
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solid (1.4 g, 91%) was obtained after evaporation of the solvent. M.p.
264 8C; 1H NMR (300 MHz, CD3OD, 300 K): d = 8.95 (m, 4H), 8.66 (d,
3J = 6.0 Hz, 4H), 8.31 (s, 4H), 8.27 (m, 4H), 7.97 (d, 3J = 7.5 Hz, 2H),
7.94 (d, 3J = 7.5 Hz, 2H), 7.38 (t, 3J = 7.5 Hz, 2H), 7.23 (d, 3J = 7.5 Hz,
4H), 4.34 (s, 12H), 2.61 (m, 2H; CH isopropyl), 2.46 (s, 12H; S�CH3),
1.08 (d, 3J = 6.5 Hz, 12H; CH3 isopropyl) ppm;


13C NMR (75 MHz,
CD3OD, 300 K): d = 164.0 (C=O), 157.0, 154.9, 127.0, 142.9, 139.4, 135.9,
134.1, 131.4, 130.9, 130.2, 126.1, 125.2, 124.5, 124.2, 123.5, 39.5, 30.3,
24.3 ppm; IR (KBr): ñ = 3432, 2946, 2361, 2336, 1705, 1664, 1595, 1502,
1408, 1335, 1310, 1274, 1200, 1052, 957, 814, 780, 671, 558 cm�1; UV/Vis
(H2O): lmax (e) = 434 (9766), 516 (24628), 547 nm (33751m�1 cm�1); fluo-
rescence (H2O, excitation: 540 nm): lmax = 588 nm; elemental analysis
calcd (%) for C76H78N6O20S4: C 59.91, H 5.16, N 5.52; found: C 59.54, H
5.32, N 5.47.


Compound 21: 4-(Dimethylamino)phenylboronic acid 19 (1 g, 6 mmol),
tetrabromoperylenediimide 18 (2.8 g, 2 mmol), and toluene (120 mL)
were placed in a 250 mL Schlenk flask. Aqueous K2CO3 (30 mL, 1m),
ethanol (20 mL), and [Pd(PPh3)4] (400 mg, 0.25 mmol) were then added
to the flask under argon. After 16 h at 80 8C, the reaction mixture was al-
lowed to cool to room temperature. The organic phase was separated
and dried under vacuum. The crude material was purified by column
chromatography on silica to give 2 (2.86 g, 92%). M.p. >300 8C; 1H
NMR (250 MHz, CD2Cl2, 300 K): d = 8.29 (s, 4H), 7.47 (m, 18H), 7.30
(d, 3J = 7.5 Hz, 4H), 7.07 (dd, 3J = 8.0 Hz, 8H), 6.77 (d, 3J = 8.0 Hz,
8H), 2.97 (s, 24H; CH3 N-methyl) 2.72 (m, 4H; CH isopropyl), 1.09 (d,
3J = 7.5 Hz, 24H; CH3 isopropyl) ppm;


13C NMR (62.5 MHz, CD2Cl2,
300 K): d = 164.6, 157.2, 155.0, 151.0, 146.8, 139.1, 134.5, 131.8, 130.7,
129.5, 129.1, 125.3, 123.9, 122.1, 121.7, 121.6, 121.4, 113.9, 41.88, 30.4 (CH
isopropyl), 25.5 (CH3 isopropyl) ppm; IR (KBr): ñ = 2962, 2361, 1701,
1668, 1611, 1585, 1495, 1407, 1338, 1290, 1202, 1166, 946, 884, 808, 733,
525 cm�1; UV/Vis (CHCl3) lmax (e) = 441 (16085) 553 (33223), 592 nm
(38674m�1 cm�1); MS (FD 8 kV): m/z (%) = 1555.1 (%) [M]+ (calcd
1555.8); elemental analysis calcd (%) for C104H94N6O8: C 80.28, H 6.09, N
5.40; found: C 79.54, H 5.96, N 5.33.


Compound 22 : N,N’-Bis(2,6-diisopropylphenyl-1,6,7,12-tetra(4-bromo-
phenoxy)perylene-3,4:9,10-tetracarboxylic acid diimide (1.3 g, 1 mmol),
3-pyridinium boronic ester (1 g, 6.2 mmol), and toluene (60 mL) were
placed in a 250 mL Schlenk flask. Pd(PPh3)4 (200 mg, 0.16 mmol), aque-
ous K2CO3 (20 mL, 1m), and ethanol (10 mL) were then added to the
flask under argon. After 16 h at 80 8C, the reaction mixture was allowed
to cool to room temperature. The organic phase was separated and dried
under vacuum. The crude material was purified by column chromatogra-
phy on silica to give 22 (1.16 g, 84%). M.p. 281 8C; 1H NMR (250 MHz,
CD2Cl2, 300 K): d = 8.76 (d, 3J = 1.5 Hz, 4H), 8.53 (dd, 3J = 5.0 Hz,
4H), 8.35 (s, 4H), 7.82 (t, 3J = 1.5 Hz, 2H), 7.79 (t, 3J = 1.5 Hz, 2H),
7.54 (dd, 3J = 8.0 Hz, 8H), 7.45 (d, 3J = 7.5 Hz, 2H), 7.32 (m, 8H), 7.14
(d, 3J = 7.5 Hz, 8H), 2.72 (m, 2H; CH isopropyl), 1.10 (d, 3J = 6.75 Hz,
12H; CH3 isopropyl) ppm;


13C NMR (62.5 MHz, CD2Cl2, 300 K): d =


163.6 (q, C=O), 156.0 (q), 148.8 (t), 148.4 (t), 146.3 (q), 135.9 (q), 134.8
(q), 134.4 (t), 133.6 (q), 131.3 (q), 129.9 (t), 129.2 (t), 124.4 (t), 123.9, (t),
123.5 (q), 121.5 (q), 121.2 (q), 121.1 (t), 120.7 (t), 29.5 (t), 24.1 (t) ppm;
IR (KBr): ñ = 3031, 2961, 2867, 2361, 2336, 1705, 1669, 1589, 1504, 1472,
1405, 1337, 1307, 1279, 1208, 1172, 1000, 957, 876, 842, 803, 739, 711, 674,
552 cm�1; UV/Vis (CHCl3): lmax (e) = 448 (19864), 534 (30794), 574 nm
(50105m�1 cm�1); fluorescence (CHCl3, excitation 540: nm): lmax =


606 nm; MS (FD 8 kV): m/z (%): 1387.9 (%) [M]+ (calcd 1387.6); ele-
mental analysis calcd (%) for C92H70N6O8: C 79.63, H 5.08, N 6.06;
found: C 79.59, H 5.20, N 6.01.


Compound 23a : Perylene derivative 18 (1 g, 0.64 mmol) and methyl
iodide (2 mL) in methanol (100 mL) were placed in a 250 mL round
flask. The reaction mixture was heated to 60 8C for 1 hour, resulting in
the formation of a dark precipitate. After chloroform had been removed,
the residue was dissolved in methanol (20 mL) containing methyl iodide
(3 mL). The solution was stirred at 80 8C for 24 h. The solvent and the
excess methyl iodide were removed under vacuum. The residue was
dried at 75 8C under vacuum to give 23a (1.2 g, 92%) as a violet solid.
M.p. >300 8C; 1H NMR (250 MHz, CD3OD, 300 K): d = 8.16 (s, 4H),
7.90 (d, 3J = 8.0 Hz, 8H), 7.70 (d, 3J = 8.0 Hz, 8H), 7.54 (d, 3J = 8.0 Hz,
8H), 7.29 (t, 3J = 8.0 Hz, 2H), 7.17 (m, 12H), 3.61 (s, 36H; CH3 N-
methyl) 2.60 (m, 4H; CH isopropyl), 0.99 (d, 3J = 7.5 Hz, 24H; CH3 iso-
propyl) ppm; 13C NMR (75 MHz, CD3OD, 323 K): d = 164.9, 157.2,


147.5, 147.2, 143.6, 136.6, 134.5, 131.8, 130.7, 129.7, 125.0, 124.1, 122.4,
121.8, 121.7, 121.5, 58.1 (N�CH3), 30.3 (CH isopropyl), 25.2 (CH3 isopro-
pyl) ppm; IR (KBr): ñ = 2959, 2361, 2336, 1700, 1660, 1589, 1490, 1406,
1336, 1309, 1278, 1204, 1171, 1119, 1003, 955, 873, 825, 737, 551 cm�1;
UV/Vis (methanol): lmax (e) = 446 (22044), 537 (34082), 575 nm
(52404m�1 cm�1); fluorescence (methanol, excitation: 550 nm): lmax =


614 nm; elemental analysis calcd (%) for C108H106N6O8: C 61.08, H 5.03,
N 3.96; found: C 60.69, H 5.26, N 3.73.


Compound 23b : Ionic perylene derivative 23a (400 mg, 0.188 mmol) and
silver methanesulfonate (152 mg, 0.754 mmol) were added to methanol
(50 mL). The reaction mixture was stirred for 3 h at room temperature.
The white silver iodide was filtered off under vacuum to give a clear red
solution. After the solvent had been removed under vacuum, 23b
(345 mg, 92%) was obtained as a dark red solid. M.p. >350 8C; 1H NMR
(250 MHz, CD3OD, 300 K): d = 8.16 (s, 4H), 7.86 (d, 3J = 9.5 Hz, 8H),
7.71 (d, 3J = 9.0 Hz, 8H), 7.56 (d, 3J = 8.5 Hz, 8H), 7.30 (t, 3J = 8.5 Hz,
2H), 7.17 (m, 12H), 3.58 (s, 24H; CH3 N-methyl) 2.60 (m, 4H; CH iso-
propyl), 2.56 (s, 12H; S�CH3), 1.09 (d, 3J = 7.5 Hz, 24H; CH3 isopro-
pyl) ppm; 13C NMR (75 MHz, CD3OD, 300 K): d = 164.8, 157.3, 157.1,
147.5, 147.1, 143.5, 136.6, 134.5, 131.7, 130.7, 130.1, 129.7, 125.1, 124.0,
122.3, 122.0, 121.7, 121.6, 121.2, 57.7 (N�CH3), 39.5 (S�CH3), 30.3 (CH
isopropyl), 25.2 (CH3 isopropyl) ppm; IR (KBr): ñ = 2962, 2361, 1701,
1668, 1611, 1585, 1495, 1407, 1338, 1290, 1202, 1166, 946, 884, 808, 733,
525 cm�1; UV/Vis (H2O): lmax (e) = 491 (17088) 554 (24621), 565 nm
(27454m�1 cm�1); fluorescence (DMSO, excitation: 520 nm): lmax =


614 nm; elemental analysis calcd (%) for C108H106N6O8: C 67.38, H 5.96,
N 4.21; found: C 67.11, H 5.99, N 4.12.


Compound 24a : Perylene derivative 22 (400 mg, 0.28 mmol), methyl
iodide (3 mL), acetone (30 mL), and methanol (100 mL) were placed in a
250 mL flask. The reaction mixture was stirred at 70 8C for 20 h. The sol-
vent was removed under vacuum after having been allowed to cool to
room temperature. The residue was dissolved in methanol (100 mL), and
methyl iodide (2 mL) was added. The solution was stirred at 80 8C for
24 h. The solvent was removed, and the residue was dried under vacuum
at 75 8C to give 24a (380 mg, 91%) as a brown solid. M.p. 353 8C; 1H
NMR (250 MHz, CD3OD, 300 K): d = 9.18 (s, 2H), 8.95 (s, 2H), 8.71–
8.56 (m, 8H), 8.17 (s, 4H), 7.95 (m, 2H), 7.88 (q, 2H), 7.79–7.68 (m,
8H), 7.33 (t, 3J = 8.5 Hz, 2H), 7.28–7.18 (m, 12H), 4.36 (s, 6H), 4.34 (s,
6H), 2.61 (m, 4H; CH isopropyl), 1.00 (d, 3J = 6.75 Hz, 24 H CH3 iso-
propyl) ppm; IR (KBr): ñ = 3029, 2961, 2361, 2336, 1695, 1660, 1588,
1492, 1406, 1338, 1283, 1211, 1173, 959, 878, 844, 809, 738, 675, 566,
529 cm�1; UV/Vis (methanol): lmax (e) = 442 (17257), 529 (24447),
567 nm (37151m�1 cm�1); fluorescence (methanol, excitation: 540 nm):
lmax = 606 nm.


Compound 24b : Ionic perylene derivative 24a (100 mg, 0.051 mmol) and
silver methanesulfonate (46 mg, 0.21 mmol) were added to methanol
(50 mL). The reaction mixture was stirred for 15 h at room temperature.
The white silver iodide was filtered off under vacuum to give a clear red
solution. After the solvent had been removed under vacuum, 24b (85 mg,
94%) was obtained as a dark red solid. M.p. 243 8C; 1H NMR (250 MHz,
CD3OD, 300 K): d = 9.16 (s, 4H), 8.73 (d, 3J = 6.0 Hz, 4H), 8.66 (d, 3J
= 8.2 Hz, 4H), 8.16 (s, 4H), 8.00 (m, 4H), 7.76 (d, 3J = 8.75 Hz, 8H),
7.34 (t, 3J = 8.5 Hz, 2H), 7.28 (d, 3J = 8.5 Hz, 8H), 7.21 (d, 3J = 7.7 Hz,
4H), 4.35 (s, 12H), 2.61 (m, 4H; CH isopropyl), 2.57 (s, 12H; S�CH3),
1.00 (d, 3J = 6.7 Hz, 24H; CH3 isopropyl) ppm;


13C NMR (62.5 MHz,
CD3OD, 300 K): d = 164.9 (q, C=O), 159.0 (q), 157.3 (q), 147.4 (q),
145.2 (t), 145.0 (t), 143.9 (t), 141.8 (q),134.8 (q),132.0 (q),131.5 131.1 (t),
129.4 (t), 125.4 (t), (q),124.7 (q), 122.7 (t), 122.4 (q), 121.9 (t), 39.8 (t, S�
CH3), 30.7 (t, CH isopropyl), 24.6 (t, CH3 isopropyl) ppm; IR (KBr): ñ =


3025, 2923, 2792, 2360, 1707, 1674, 1613, 1522, 1500, 1438, 1403, 1338,
1277, 1199, 1165, 1129, 1069, 1018, 946, 875, 822, 754, 699, 558 cm�1; UV/
Vis (H2O): lmax (e) = 459 (19225), 578 nm (25855m�1 cm�1); fluorescence
(H2O, excitation: 540 nm): lmax = 624 nm.


Compound 26 : 1,3-Diphenylacetone (4.3 g, 20 mmol), 4,4’-bis(dimethyla-
mino)benzyl (6 g, 20 mmol), and EtOH (100 mL) were placed in a
250 mL round flask. The solution was heated to 82 8C, and potassium hy-
droxide (1.12 g, 20 mmol) in EtOH (20 mL) was then injected into the
flask under argon. After the mixture had been stirred at 82 8C for 15 h, it
was allowed to cool to room temperature. The solution was filtered to
give a yellow solid, which was washed three times with ethanol (100 mL).
The product was obtained by column chromatography (2.9 g, 31%). M.p.
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273 8C; 1H NMR (250 MHz, CD2Cl2, 300 K): d = 7.24 (m, 10H), 6.81 (d,
3J = 8.5 Hz, 4H), 6.50 (d, 3J = 8.5 Hz, 4H), 2.95 (s, 12H; CH3) ppm;


13C
NMR (62.5 MHz, CD2Cl2, 300 K): d = 200.5 (C=O), 155.2, 150.7, 132.8,
131.5, 130.6, 128.1, 127.0, 124.0, 111.11, 40.2 (CH3) ppm; IR (KBr): ñ =


2923, 2798, 2361, 1689, 1603, 1517, 1490, 1442, 1355, 1309, 1228, 1197,
1169, 1116, 944, 896, 823, 765, 735, 699, 536 cm�1; MS (FD 8 kV): m/z
(%): 470.3 (%) [M]+ (calcd 470.6); elemental analysis calcd (%) for
C33H30N2O: C 84.22, H 6.43, N 5.95; found: C 84.15, H 6.48, N 6.01.


Compound 27: A mixture of ethynyl-substituted perylenediimide 25
(100 mg, 0.085 mmol) and tetraphenylcyclopentadienone derivative 26
(200 mg, 0.425 mmol) in m-xylene (5 mL) was stirred at 140 8C under
argon for 15 h. The cooled reaction mixture was poured into methanol
(100 mL). The precipitated product was filtered under suction. Finally,
the product was dried and purified by column chromatography on silica
gel to give a dark red solid. Yield: 230 mg (92%). M.p. >300 8C; 1H
NMR (250 MHz, CD2Cl4, 300 K): d = 8.13 (s, 4H), 7.48 (m, 6H), 7.33
(d, 3J = 7.5 Hz, 4H), 7.15 (m, 20H), 7.03 (d, 3J = 8.0 Hz, 8H), 6.94 (m,
8H), 6.83 (m, 12H), 6.71 (d, 3J = 8.0 Hz, 8H), 6.66 (d, 3J = 8.0 Hz,
16H), 6.34 (d, 3J = 8.0 Hz, 8H), 6.30 (d, 3J = 8.0 Hz, 8H), 2.80 (s, 24H),
2.78 (s, 24H), 2.71 (m, 4H; CH isopropyl), 1.12 (d, 3J = 8.0 Hz,
24H) ppm; 13C NMR (62.5 MHz, CD2Cl2, 300 K): d = 163.6 (q, C=O),
156.1 (q), 154.1 (q), 148.6 (q), 148.4 (q), 146.4 (q), 142.9 (q), 142.5 (q),
141.6 (q), 141.0 (q), 140.4 (q), 140.1 (q), 139.6 (q), 138.9 (q), 133.2 (q),
132.6 (t), 132.5 (t), 132.0 (t), 131.9 (t), 131.5 (q), 131.2 (t), 130.3 (t), 129.8
(t), 129.1 (q), 128.7 (q), 127.8 (t), 127.2 (t), 126.2 (t), 125.8 (t), 124.4 (t),
123.3 (q), 121.2 (q), 121.1 (t), 120.7 (q), 119.2 (t), 111.3 (t), 111.1 (t), 40.5
(t, CH3), 29.4 (t, CH isopropyl), 24.1 (p, CH3 isopropyl) ppm; IR (KBr):
ñ = 3030, 2961, 2796, 2361, 2336, 1707, 1673, 1611, 1521, 1500, 1441,
1404, 1338, 1278, 1201, 1167, 1016, 946, 821, 698, 544 cm�1; UV/Vis
(CHCl3): lmax (e) = 463 (20661), 545 (27993), 585 nm (43834m�1 cm�1);
fluorescence (cyclohexane): lmax = 594 nm (excitation 540 nm); MS
(MALDI-TOF 8 kV): m/z=2945 (%) [M]+ (calcd 2945); elemental anal-
ysis calcd (%) for C208H178N10O8: C 84.81, H 6.09, N 4.75; found: C 84.51,
H 5.88, N 4.90.


Compound 28 : Dendronized perylene derivative 27 (200 mg,
0.068 mmol), dimethylsulfate (2 mL), and chloroform (50 mL) were
placed in a 100 mL round flask. The reaction mixture was heated to 75 8C
for 16 h, resulting in a dark precipitate. After the chloroform had been
removed, the residue was dissolved in methanol (50 mL) and dimethyl-
sulfate (1 mL), and the mixture was maintained at 80 8C for 48 h. The sol-
vent was removed under vacuum to give a dark oil. Diethyl ether
(100 mL) and dichloromethane (100 mL) were added to the flask to form
a precipitate, which was washed three times with dichloromethane
(50 mL). The product 28 was obtained after removal of the solvent and
drying under vacuum at 100 8C (130 mg, 62%). M.p. >300 8C; 1H NMR
(250 MHz, CD3OD, 300 K): d = 7.96 (s, 4H), 7.45 (d, 3J = 7.5 Hz, 10H),
7.40 (d, 3J = 7.5 Hz, 10H), 7.25 (d, 3J = 7.5 Hz, 4H), 7.05 (s, 16H), 7.03
(m, 34H), 6.83 (m, 16H), 6.76 (d, 3J = 7.5 Hz, 8H), 3.36 (s, 24H), 3.42
(s, 36H), 3.38 (s, 36H), 2.61 (m, 4H), 1.03 (d, 3J = 6.7 Hz, 24H) ppm;
13C NMR (125 MHz, [D4]DMSO, 306 K): d = 162.6 (C=O), 155.2, 153.4,
145.5, 145.2, 145.0, 141.5, 141.1, 140.2, 140.1, 139.8, 138.7, 138.6, 137.4,
132.6, 131.4, 131.1, 129.6, 128.0, 127.2, 127.0, 126.3, 123.8, 122.6, 119.9,
119.2, 118.9, 118.5, 56.4 (N�CH3), 28.4 (CH isopropyl), 23.7 (CH3 isopro-
pyl) ppm; IR (KBr): ñmax = 3030, 2962, 2796, 2361, 1696, 1655, 1592,
1485, 1413, 1341, 1285, 1219, 1127, 1033, 842, 625, 574 cm�1; UV/Vis
(H2O): lmax (e) = 463 (17459), 548 (22965), 589 nm (36113m�1 cm�1);
fluorescence (H2O, excitation 550 nm): lmax = 620 nm; elemental analysis
calcd (%) for C224H226N10O40S8: C 68.03, H 5.76, N 3.54; found: C 67.71,
H 5.92, N 3.57.


Compound 30a : Compounds 25 (220 mg, 0.187 mmol) and 29a (834 mg,
1.12 mmol) were dissolved in o-xylene (15 mL) and were heated at
170 8C for 20 h under argon atmosphere. The crude mixture was then
poured into methanol (100 mL), and the precipitate was filtered, washed
several times with methanol, and dried under vacuum. Yield: 670 mg
(0.166 mmol, 89%) as a red solid; m.p. : 262 8C (decomp); 1H NMR
(300 MHz, d8-THF, 298 K): d = 8.14 (s, 4H; Hbay-p.), 7.79–6.22 (m, 178H;
arom. H), 2.77 (sept, 3J = 6.96 Hz, 4H; CH isopropyl), 1.13 (d, 3J =


6.32 Hz, 24H; CH3 isopropyl) ppm;
13C NMR (75 MHz, [D8]THF,


298 K): d = 168.83 (C=N), 163.51 (C=O), 154.98, 153.02, 149.74, 149.40,
142.49, 140.32, 140.19, 137.04, 132.37, 132.21, 131.41, 130.84, 130.59,
130.18, 129.98, 129.87, 129.38, 129.11, 128.76, 128.62, 129.39, 127.60,


125.18, 121.02, 120.54, 120.35, 29.85 (CH isopropyl), 24.21 (CH3 isopro-
pyl) ppm; IR (KBr): ñ = 3060, 3032, 2967, 2945, 2872, 1708, 1674, 1594,
1501, 1446, 1406, 1338, 1317, 1287, 1206, 1181, 1141, 957, 842, 764,
698 cm�1; UV/Vis (toluene): lmax (e) = 362 (64807), 543 (22368), 583 nm
(33679m�1 cm�1); fluorescence (toluene, excitation: 583 nm): lmax =


607 nm; MS (MALDI-TOF): m/z (%): 4036 (%) [M]+ , (calcd 4035); ele-
mental analysis calcd (%) for C296H210N10O8: C 88.11, H 5.25, N 3.47;
found: C 87.85, H 5.39, N 3.40.


Compound 31a : Compound 30a (500 mg, 0.124 mmol) was dissolved in
THF (7 mL) under argon atmosphere, and degassed hydrochloric acid
(5m, 15 mL) was added. The reaction mixture was stirred under argon at
room temperature for 2 h. The precipitate was filtered off and washed
with hexane. Yield: 315 mg (0.117 mmol, 94%) as a violet solid. M.p.
>300 8C; 1H NMR (300 MHz, d8-THF, 298 K): d = 8.05 (s, 4H; Hbay-p.),
7.78–6.79 (m, 98H; arom. H), 2.78 (sept, 3J = 6.68 Hz, 4H; CH isopro-
pyl), 1.18 (d, 3J = 6.49 Hz, 24H; CH3 isopropyl) ppm;


13C NMR
(75 MHz, [D8]THF, 298 K): d = 199.75, 156.42, 155.81, 140.02, 135.55,
134.94, 133.52, 133.12, 132.42, 132.14, 130.67, 130.28, 130.16, 130.09,
130.00, 129.67, 129.18, 128.44, 124.11, 123.86, 123.55, 31.56 (CH isopro-
pyl), 25.53 (CH3 isopropyl) ppm; IR (KBr): ñ = 3433, 3062, 2881, 3593,
2000, 1704, 1660, 1597, 1504, 1447, 1409, 1339, 1318, 1281, 1207, 1178,
841, 761, 703, 638 cm�1; UV/Vis (methanol): lmax (e) = 442 (15142), 536
(17016), 572 nm (23069m�1 cm�1); fluorescence (methanol, excitation:
572 nm): lmax = 611 nm; MS (MALDI-TOF): m/z (%): 2724 (%) [M]+


(calcd 2721).


Compound 30b : Compounds 25 (150 mg, 0.128 mmol) and 29b (434 mg,
0.683 mmol) were dissolved in o-xylene (9 mL) and diphenyl ether
(3 mL), and the mixture was heated at 175 8C under argon atmosphere
for 40 h. The solvent was evaporated and the crude product was dried
under vacuum. Compound 29b was separated by column chromatogra-
phy on silica gel with dichloromethane as eluent, and 25 was eluted from
the column with ethyl acetate. The product was then dissolved in di-
chloromethane and precipitated from pentane, filtered, and dried under
vacuum. Yield: 290 mg (0.077 mmol, 60%) as a red solid; m.p.: >300 8C;
1H NMR (500 MHz, d8-THF, 323 K): d = 8.15 (s, 4H), 7.96 (t, 3J =


7.63 Hz, 12H; arom. H), 7.64 (s, 4H), 7.34–6.79 (m, 114H; arom. H),
4.31 (q, 3J = 7.12 Hz, 16H; CH2 ester), 2.80 (sept,


3J = 6.71 Hz, 4H; CH
isopropyl), 1.34 (t, 3J = 7.32 Hz, 24H; CH3 ester), 1.16 (d,


3J = 6.71 Hz,
24H; CH3 isopropyl) ppm;


13C NMR (125 MHz, d8-THF, 323 K): d =


166.48 (C=O ester), 163.85 (C=O PDI), 157.08, 155.25, 147.03, 145.81,
145.76, 142.92, 142.48, 142.40, 141.69, 141.43, 141.33, 141.10, 140.79,
140.14, 139.49, 138.18, 137.94, 134.20, 133.37, 132.74, 130.98, 130.73,
130.49, 130.44, 128.68, 128.27, 127.35, 126.67, 126.41, 124.48, 124.07,
121.51, 120.31, 119.79, 61.38 (CH2 ester), 30.19 (CH isopropyl), 24.51
(CH3 isopropyl), 14.78 (CH3 ester) ppm; UV/Vis (toluene): lmax (e) =


457 (21429), 542 (31859), 582 nm (50791m�1 cm�1); fluorescence (tolu-
ene, excitation: 582 nm): lmax = 604 nm; MS (MALDI-TOF): m/z (%):
3787 (100) [M]+ ; elemental analysis calcd (%) for C264H202N2O24: C 83.74,
H 5.38, N 0.74; found: C 82.59, H 5.69, N 0.77.


Compound 31b : Compound 30b (100 mg, 0.026 mmol) was dissolved in
THF (10 mL) under argon atmosphere. Potassium hydroxide (118 mg,
2.113 mmol) dissolved in distilled water (1 mL) was then added, and the
mixture was flushed with argon. The reaction mixture was heated at
80 8C for 42 h. After 16 h and 19 h, additional distilled water (1 mL) was
added. The reaction mixture was then allowed to cool to room tempera-
ture, and the precipitate was poured into hydrochloric acid (2m, 150 mL).
The precipitate was filtered and dried at 80 8C. Yield: 93 mg (0.025 mmol,
98%) as a dark violet solid. M.p. >300 8C; 1H NMR (500 MHz,
[D6]DMSO, 306 K): d = 12.85 (s, 8H; COOH), 7.94–6.74 (m, 134H;
arom. H), 2.71 (m, 4H; CH isopropyl), 1.04 (s, 24H; CH3 isopro-
pyl) ppm; 13C NMR (125 MHz, [D6]DMSO, 298 K): d = 168.26 (C=O
acid), 163.91 (C=O); 157.89, 156.34, 154.63, 144.44, 142.23, 141.81, 141.32,
140.93, 140.55, 140.36, 139.77, 137.09, 136.79, 133.11, 131.26, 131.09,
130.82, 130.63, 129.00, 127.45, 126.56, 126.19, 124.65, 119.83, 29.64 (CH
isopropyl), 24.97 (CH3 isopropyl) ppm; IR (KBr): ñ = 3471, 3049, 2968,
1709, 1609, 1593, 1500, 1409, 1339, 1283, 1207, 1178, 1115, 1007, 842, 752,
702, 567 cm�1; UV/Vis (DMSO): lmax (e) = 461 (21176), 547 (30013),
584 nm (44408m�1 cm�1); fluorescence (DMSO, excitation: 584 nm): lmax
= 620 nm; MS (MALDI-TOF): m/z (%): 3562 (%) [M]+ , (calcd 3562);
elemental analysis calcd (%) for C248H170N2O24: C 83.62, H 4.81, N 0.79;
found: C 83.48, H 5.26, N 0.80.
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Compound 30c Yield: 87 mg (0.01 mmol, 56%) as a red oil; 1H NMR
(500 MHz, [D8]THF, 298 K): d = 8.03 (s, 4H); 7.42–6.63 (m, 86H); 7.13
(s, 16H); 4.03–4.01 (m, 48H); 3.52–3.39 (m, 36H); 3.32–3.31 (m, 72H);
2.75 (sept, 4H); 1.14 (d, 3J = 6.79 Hz, 12H) ppm; UV/Vis (H2O): lmax
(e) = 539, 582 nm; fluorescence (H2O, excitation: 582 nm): lmax =


615 nm; MS (MALDI-TOF): m/z (%): 8545 (100) [M]+ (calcd 8543.80).


Compound 34a : 1,6(7)-Dibromoperylenetetracarboxylic acid diimide (32,
2.0 g, 2.3 mmol) was stirred with phenol (1.88 g, 20 mmol) in NMP
(150 mL) under argon at 100 8C in a 250 mL round flask in the presence
of powdered anhydrous K2CO3 (1.38 g, 10 mmol). The temperature was
maintained at 100 8C for 20 h under argon. The reaction mixture was al-
lowed to cool to room temperature and poured into aqueous hydrochlo-
ric acid (300 mL, 1m). The precipitated product was filtered under suc-
tion, and was then purified by column chromatography to give a red
solid 34a (1.5 g, 75%). M.p. >300 8C; 1H NMR (300 MHz, C2D2Cl4,
300 K): d = 9.48 (d, 3J = 8.0 Hz, 2H), 8.64 (d, 3J = 8.0 Hz, 2H), 8.50 (s,
2H), 8.47 (d, 3J = 8.0 Hz, 2H), 8.26 (s, 2H), 7.57 (m, 2H), 7.42–7.36 (m,
4H), 7.23 (d, 3J = 7.5 Hz, 4H), 2.61 (m, 4H), 1.06 (m, 24H) ppm; 13C
NMR (75 MHz, C2D2Cl4, 300 K): d = 163.4 (C=O), 162.9 (C=O), 154.6,
152.0, 146.6, 145.7, 141.5, 133.5, 131.4, 130.5, 129.9, 129.5, 127.2, 126.4,
125.4, 124.9, 124.5, 124.2, 122.8, 29.2 (CH isopropyl), 24.4 (CH3 isopro-
pyl), 24.3 (CH3 isopropyl) ppm; IR (KBr): ñ = 2962, 2869, 2231, 1708,
1667, 1600, 1513, 1472, 1406, 1340, 1258, 1207, 1151, 1020, 971, 909, 810,
737, 702, 576 cm�1; UV/Vis (methanol): lmax (e) = 504 (15200), 536 nm
(21100m�1 cm�1); fluorescence (methanol, excitation: 510 nm): lmax =


575 nm; MS (FD 8 kV): m/z (%): 896.9 (100) [M]+ (calcd 897.0).


Compound 34b : 1,6(7)-Dibromoperylenetetracarboxylic acid diimide 32
(1.0 g, 1.15 mmol) was stirred under argon with phenol (0.94 g, 10 mmol)
in NMP (100 mL) at 100 8C in a 250 mL round flask in the presence of
powdered anhydrous K2CO3 (690 mg, 5 mmol). The temperature was
maintained at 100 8C overnight under argon. The reaction mixture was al-
lowed to cool to room temperature and was poured into aqueous hydro-
chloride acid (200 mL, 1m). The precipitated product was filtered under
suction, and was then purified by column chromatography to give a red
solid (700 mg, 68%). M.p. >300 8C; 1H NMR (250 MHz, CD2Cl4, 300 K):
d = 9.56 (d, 3J = 8.0 Hz, 2H), 8.60 (d, 3J = 8.0 Hz, 2H), 8.27 (s, 2H),
7.43 (m, 6H), 7.25 (m, 10H), 2.61 (m, 4H), 1.06 (m, 24H) ppm; 13C
NMR (75 MHz, C2D2Cl4, 333 K): d = 163.5, 163.1, 156.6, 155.5, 155.2,
145.8, 134.0, 130.9, 129.9, 129.6, 129.2, 128.2, 126.0, 125.6, 124.5, 124.3,
124.2, 122.7, 119.9, 119.8, 29.4 (CH isopropyl), 24.3 CH3 isopropyl) ppm;
IR (KBr): ñ = 2961, 2926, 2867, 2361, 2335, 1708, 1669, 1592, 1511, 1488,
1405, 1337, 1257, 1194, 1072, 970, 909, 865, 837, 812, 743, 685, 574 cm�1;
UV/Vis (CHCl3): lmax (e) = 406 (8868), 513 (35046), 545 nm
(49387m�1 cm�1); fluorescence (CHCl3, excitation 510 nm): lmax =


575 nm; MS (FD 8 kV): m/z (%): 895.4 (%) [M]+ (calcd 895.0); elemen-
tal analysis calcd (%) for C60H50N2O6: C 80.51, H 5.63, N 3.13%; found:
80.43, H 5.71, N 3.21.


Compound 35a : N,N’-Bis(2,6-diisopropylphenyl)-1,7-di(3-pyridoxy)pery-
lene-3,4:9,10-tetracarboxylic acid diimide 34a (1 g, 1.1 mmol) was treated
with methyl iodide (475 mg, 3.3 mmol) according to the procedure descri-
bed for the synthesis of 12a. Yield: 1.2 g (93%) as a red solid. M.p.
>300 8C; 1H NMR (300 MHz, CH3OH-D4, 300 K): d = 9.42 (d, 3J =


8.5 Hz, 2H), 9.05 (s, 2H), 8.65 (d, 3J = 8.5 Hz, 2H), 8.60 (d, 3J = 6.3 Hz,
2H), 8.53–8.50 (m, 4H), 8.00–7.94 (m, 2H), 7.38 (t, 3J = 7.9 Hz, 2H),
7.25 (d, 3J = 7.9 Hz, 4H), 4.32 (s, 6H), 2.64 (sept, 3J = 6.9 Hz, 4H), 1.02
(d, 3J = 6.9 Hz, 24H); UV/Vis (H2O): lmax (e) = 497, 530 nm, fluores-
cence (H2O, excitation: 500 nm): lmax = 574 nm, elemental analysis calcd
(%) for C60H54N4O6: C 77.73, H 5.87, N 6.04; found: C 77.53, H 5.92, N
6.01.


Compound 35b : Compound 34a (200 mg, 0.223 mmol), methyl iodide
(0.5 mL), and chloroform (50 mL) were placed in a 100 mL flask. The re-
action mixture was stirred at 75 8C for 14 h. The solvent was removed
under vacuum after the solution of the reaction had been allowed to cool
to room temperature. The residue was dissolved in methanol (50 mL) in
the present of methyl iodide (0.5 mL). The solution was stirred at 80 8C
for 48 h. After evaporation of the solvent, the residue and silver metha-
nesulfonate (177 mg, 0.88 mmol) were added to methanol (50 mL) to
form a white precipitate (silver iodide), which was removed to give a
clear red solution. The red solid was obtained after evaporation (210 mg,
87%). M.p. 241 8C; 1H NMR (250 MHz, CD3OD, 300 K): d = 9.45 (d, 3J
= 8.5 Hz, 2H), 9.08 (s, 2H), 8.67 (d, 3J = 8.2 Hz, 4H), 8.50 (s, 2H), 8.39


(dd, 3J = 8.5 Hz, 2H), 8.01 (q, 2H), 7.40 (t, 3J = 8.2 Hz, 2H), 7.26 (d, 3J
= 7.5 Hz, 4H), 4.35 (s, 6H; N�CH3), 2.66 (m, 4H; CH isopropyl), 2.55
(s, 6H; S�CH3), 1.02 (d, 3J = 7.0 Hz, 24H; CH3 isopropyl) ppm;


13C
NMR (62.5 MHz, CD3OD, 300 K): d = 165.1 (q, C=O), 164.4 (q, C=O),
156.8 (q), 153.6 (q), 147.4 (q), 143.0 (t), 138.9 (t), 135.3 (t), 134.7 (q),
133.2 (t), 131.9 (q), 131.5 (q), 131.4 (t), 131.1 (t), 130.6 (t), 128.9 (q),
128.3 (q), 127.2 (t), 126.6 (q), 125.4 (t), 124.6 (q), 49.7 (t), 39.7 (t), 30.7 (t,
CH isopropyl), 24.6 (t, CH3 isopropyl), 24.5 (t, CH3 isopropyl) ppm; IR
(KBr): ñ = 2961, 2361, 2336, 1705, 1664, 1595, 1504, 1468, 1408, 1339,
1200, 1053, 811, 778, 672, 557, 532 cm�1 ; UV/Vis (H2O): lmax (e) = 400
(4535), 503 (13640), 536 nm (19022m�1 cm�1); fluorescence (H2O, excita-
tion: 520 nm): lmax = 573 nm.


Compound 35c : Diphenoxyperylenedicarboxylic acid diimide 34b
(300 mg, 0.335 mmol) was added to concentrated sulfuric acid (1 mL).
The flask was sealed, and the mixture was then stirred at room tempera-
ture for 15 h. Water (3 mL) was slowly added to the flask to form a pre-
cipitate, which was filtered off under suction. The solid was washed three
times with dichloromethane (50 mL), and then dried at 75 8C under
vacuum to give a red product (330 mg, 94%). M.p. 222 8C; 1H NMR
(250 MHz, CD3OD, 300 K): d = 8.90 (d, 3J = 8.0 Hz, 2H), 8.17 (d, 3J =


8.0 Hz, 2H), 8.02 (s, 2H), 7.58 (d, 3J = 8.0 Hz, 4H), 7.16 (t, 3J = 7.5 Hz,
2H), 7.03 (d, 3J = 8.0 Hz, 4H), 6.94 (d, 3J = 8.0 Hz, 4H), 2.44 (m, 4H),
0.82 (m, 24H) ppm; 13C NMR (62.5 MHz, CD3OD, 300 K): d = 164.6 (q,
C=O), 164.2 (q, C=O), 157.8 (q), 155.5 (q), 147.1 (q), 142.9 (q), 134.4 (q),
131.6 (q), 131.5 (t), 130.7 (t), 130.5 (q), 129.7 (t), 129.6 (t), 127.3 (q),
126.7 (t), 126.1 (q), 125.5 (q), 125.1 (t), 123.6 (q), 119.5 (t), 30.4 (t, CH
isopropyl), 24.5 (t, CH3 isopropyl), 24.3 (t, CH3 isopropyl) ppm; IR
(KBr): ñ = 3432, 2965, 2928, 2361, 2336, 1702, 1657, 1591, 1490, 1464,
1406, 1341, 1260, 1204, 1122, 1060, 1029, 1003, 911, 839, 812, 736, 690,
581 cm�1; UV/Vis (H2O): lmax (e) = 411 (7565), 523 (23196), 554 nm
(23718m�1 cm�1); fluorescence (H2O, excitation 560 nm): lmax = 594 nm;
MS (MALDI-TOF): m/z (%): 1057 (%) [M]+ (calcd 1055); elemental
analysis calcd (%) for C60H50N2O12S2: C 68.30, H 4.78, N 2.65; found: C
68.19, H 4.85, N 2.67.
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Structure–Property Correlation of a New Family of Organogelators Based on
Organic Salts and Their Selective Gelation of Oil from Oil/Water Mixtures
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Introduction


Low-molecular-mass organic gelators[1–7] (LMOGs) are vis-
coelastic materials comprising an organic gelator and an or-
ganic liquid. LMOGs self-assemble into various types of ag-
gregates, such as fibres, strands, and tapes, which are formed
when a solution containing the gelator molecule is cooled
below the gelation temperature (Tg). The aggregates are
shown to cross-link among themselves through “junction
zones”[8] to form a three-dimensional (3D) network that im-
mobilises the solvent molecules and forms gels or viscous


liquids. Unlike polymeric gels whose 3D network is based
on covalent linkages, these physical gels obtained from
LMOGs depend on relatively weak, non-bonded interac-
tions, for example, hydrogen bonding, p–p stacking, and
van der Waals interactions. Two distinct categories of gela-
tors based on LMOGs, namely hydrogen-bond-based and
non-hydrogen-bond-based gelators, are known according to
the difference in the driving force for molecular aggregation.
While polymeric gels are increasingly found in industrial ap-
plications, such as food, cosmetics, athletic shoes, and chro-
matography, LMOGs have also been found to be promising
structure-directing agents (templates) to make helical transi-
tion-metal oxides[9] and silica,[10] to make microcellular ma-
terials,[5b] and in a CO2-based coating process[5b] to make
dye-sensitised solar cells.[11] Therefore, in recent years, stud-
ies on LMOGs have been an active research field in materi-
als science and supramolecular chemistry. However, synthe-
ses of LMOG have not become routine yet and many of
them are serendipitous. It is also impossible to select a mol-
ecule that will definitely gel a selected liquid. Moreover,
making most of such gelators involves non-trivial organic
synthesis, and the design of these fascinating organic materi-
als still remains a major challenge.
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. FT-IR data for
3–6, 8–12, ORTEP diagrams of 1, 3, 5, 6, 8, 10–18, crystal packing of
1, 3, 5, 6 and 10–18.


Abstract: Organic salts based on dicy-
clohexylamine and substituted/unsub-
stituted cinnamic acid exhibit efficient
gelation of organic fluids, including se-
lective gelation of oil from an oil/water
mixture. Among the cinnamate salts,
dicyclohexylammonium 4-chlorocinna-
mate (1), 3-chlorocinnamate (2), 4-bro-
mocinnamate (3), 3-bromocinnamate
(4), 4-methylcinnamate (5) and the
parent cinnamate (6) are gelators,
whereas 2-chlorocinnamate (7), 2-bro-
mocinnamate (8), 3-methylcinnamate
(9), 2-methylcinnamate (10) and hydro-
cinnamate (11) are non-gelators. Non-
gelation behaviour of 11 and various


benzoate derivatives 12–18 indicate the
significance of an unsaturated back-
bone in the gelation behaviour of the
cinnamate salts. A structure–property
correlation based on the single-crystal
structures of most of the gelators (1, 3,
5 and 6) and non-gelators, such as 7, 8,
10–18, indicates that the prerequisite
for the one-dimensional (1D) growth
of the gel fibrils is mainly governed by


the 1D hydrogen-bonded network in-
volving the ion pair. All the non-gela-
tors show either two- (2D) or zero-di-
mensional (0D) hydrogen-bonded as-
semblies involving the ion pair. The
molecular packing of the fibres in the
xerogels of 1, 3, 5 and 6 has also been
established on the basis of their simu-
lated powder diffraction patterns,
XRPD of bulk solids and xerogels. Ab
initio quantum chemical calculations
suggests that p–p interactions is not a
contributing factor in the gelation proc-
ess.


Keywords: ab initio calculations ·
aggregation · gels · hydrogen bonds ·
self-assembly · structure–property
relationship
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Our entry to the field of LMOG was rather serendipitous.
While we were working on an area of crystal engineering
based on organic acid–base adducts/salts,[12] we recently re-
ported on the remarkable ability of a readily prepared or-
ganic salt to gel a few organic fluids.[13] Following this, we
launched an extensive search for LMOGs based on organic
salts and, in a recent communication, we revealed the dis-
covery of the organic salts, namely dicyclohexylammonium
4-/3-chlorocinnamate (1 and 2, respectively) that are capable
of gelling many organic fluids (polar, non-polar, edible oils
and commercial fuels), including selective gelation of oil
from oil/water mixtures.[14]


We have now undertaken systematic studies of related
compounds (Scheme 1) and make an effort to formulate a


structure–property correlation. In so doing, we essentially
attempt to address the major structural issues, namely:
i) What, if any, is the relationship between the molecular
packing of the bulk crystals of a molecule and its gelation
behaviour? ii) How do the molecules pack in the fibres in
the xerogel or gel state?


The answers to these questions will definitely provide val-
uable information that might help to decipher the mecha-
nism of gel formation and eventually lead to the successful
design of functional gelator molecules.


Herein, we report the syntheses of four new gelators, 3 (4-
BrCIN), 4 (3-BrCIN), 5 (4-MeCIN) and 6 (CIN), as well as
their gelation properties. A direct and straightforward struc-
ture–property correlation based on the single-crystal struc-
tures of the gelator molecules 1 (4-ClCIN), 3 (4-BrCIN), 5
(4-MeCIN) and 6 (CIN), and the non-gelators 8 (2-BrCIN),
10 (2-MeCIN), 11 (HyCIN) and 12–18 (all benzoate salts)
has been achieved. To the best of our knowledge, this is one
of the most clear-cut reports wherein a direct relationship
between the hydrogen-bonding pattern in the crystalline
state is correlated to the corresponding gelling or non-gel-
ling property based on so many crystal structures of gelators
and non-gelators, without any exceptions. Molecular packing
of the primary assembly unit (fibres) in xerogels of 1 (4-
ClCIN), 3 (4-BrCIN), 5 (4-MeCIN) and 6 (CIN) have also


been established based on the XRPD of xerogels, bulk crys-
talline solids and single-crystal X-ray diffraction data. Since
the cinnamic acid moiety contains a conjugated p system,
we analysed the geometries obtained from ab initio quan-
tum-chemical calculations, and, whenever possible, com-
pared them with the corresponding crystal structures to
probe the possible role of p–p interactions in the gelation
process.


Results and Discussion


We concluded earlier, based on the crystal structure of 7 (2-
ClCIN), that the position of Cl in the aromatic ring and the
Cl···Cl interaction must play a role in the gelation process.[14]


Therefore, we used bromo derivatives 3 (4-BrCIN), 4 (3-
BrCIN) and 8 (2-BrCIN) for gelation studies. Both 3 (4-
BrCIN) and 4 (3-BrCIN) are good gelators, whereas the cor-
responding 2-bromo-derivative 8 (2-BrCIN) appears to have
no gelation ability. These results completely agree with our
earlier observation on the corresponding chloro deriva-
tives[14] and further support the observation that the position
of the halogen in the ring must contribute to the gelation
process. To make sure that this is indeed the fact, we studied
derivatives without halogen substituents, such as 5 (4-
MeCIN), 9 (3-MeCIN) and 10 (2-MeCIN) as well as the
parent cinnamate salt 6 (CIN). To our surprise, we observed
that 5 (4-MeCIN) and parent cinnamate salt 6 (CIN) also
showed gelation behaviour. However, 9 (3-MeCIN) and 10
(2-MeCIN) failed to show any gelation ability with the sol-
vents studied here. These results clearly indicate that even
the methyl group at the 4-position and no substitution in the
ring induce gelation in these cinnamate salts. To see whether
the conjugated olefinic double bond in the cinnamic acid
moiety plays a role in the gelation process, we also consid-
ered the corresponding saturated hydrocinnamate salt deriv-
ative 11 (HyCIN), halogen-substituted benzoate salts 12–17
and unsubstituted benzoate salt 18. None of them showed
any gelation properties with the solvents studied here, which
indicates that the conjugated olefinic double bond in the
cinnamic acid moiety must be one of the key features in this
class of gelators.


Table 1 lists the gelation behaviour of 3–6. Salt 3 (4-
BrCIN) is able to rigidify non-polar and polar solvents as
well as a few oils (commercial fuels and edible oils), where-
as the corresponding 3-bromoderivative 4 (3-BrCIN) is only
able to gel non-polar solvents and a few oils. The 4-methyl
derivative 5 (4-MeCIN) is a good gelator capable of gelling
most of the solvents listed in Table 1. On the other hand,
the parent cinnamate salt 6 (CIN) does not appear to be as
versatile gelator as its halogen or methyl derivatives.


To estimate the thermal stability of the gels of 1–5 in a
common solvent p-xylene, a plot of the gel–sol dissociation
temperature (Tgel) versus the gelator concentration was ex-
amined. Because 6 (CIN) is a less versatile gelator, it was
not considered in this study. The increase of Tgel with the in-
crease in gelator concentration (Figure 1) and also low mini-
mum gel concentration indicates that self-assembly in the
gel state is driven by strong intermolecular interactions.


Scheme 1.
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Selective gelation of oil from an oil/water mixture has re-
cently been considered important for the containment of oil
spills. [15] In our previous communication, we reported the
remarkable selective gelation ability of 1 (4-ClCIN).[14] It is
quite interesting that all the gelators, except 6 (CIN), are


able to gel oil (either petrol or coconut oil) selectively in a
biphasic mixture of oil/water (1 mL:1 mL). In a typical ex-
periment, the gelator is added to a biphasic mixture of oil/
water and heated either with or without a few drops of
MeOH. The mixture is then allowed to cool to room tem-
perature. After a few hours, the oil layer is found to be com-
pletely gelled leaving the water phase unaffected. The same
observation is also seen when the experiments are conduct-
ed with vigorous shaking. While the petrol layer in a bipha-
sic mixture of petrol/water is gelled by 2 (3-ClCIN), 3 (4-
BrCIN), 4 (3-BrCIN) and 5 (4-MeCIN) (produces a viscous
liquid in the absence of MeOH) either with or without a
few drops of MeOH, the coconut oil layer was only gelled
by 3 (4-BrCIN) without added MeOH. It may be noted here
that, when the gelator is not soluble in water, gelation of oil
from an oil/water mixture is not extraordinary and should
not be called selective gelation in the true sense. In the pres-
ent study, when the gelators (1.0 wt%) are left to equilibrate
in a petrol/water mixture after heating the mixture at
~708C (remains biphasic), the water layer is found to contain
0.49 wt% 2 (3-ClCIN) (with and without MeOH), 0.45 wt%
(with MeOH) and 0.23 wt% (without MeOH) 3, 0.62 wt%
4 (3-BrCIN) (with and without MeOH) and 0.33 wt% (with
MeOH) and 0.07 wt% (without MeOH) 5 (4-MeCIN).
These results clearly show that the gelators are indeed solu-
ble to a significant extent in the aqueous layer; however,
they prefer to migrate into the oil layer resulting in its gelat-


Table 1. Gelation properties of 3–6.


Entry Solvent 3 (4-BrCIN) 4 (3-BrCIN) 5 (4-MeCIN) 6 (CIN)
MGC[c] Tgel


[d] MGC[c] Tgel
[d] MGC[c] Tgel


[d] MGC[c] Tgel
[d]


[wt%][a] [wt%][a] [wt%][a] [wt%][a]


1 CCl4 2.85 65 – ppt – ppt – FC
2 cyclohexane 0.75 72 – FC 0.77 60 1.71 72
3 n-heptane 0.18 71 1.03 78 2.97 59 – –
4 n-octane – VL – VL 0.52 87 – FC
5 iso-octane 0.66 101 �1 86 0.89 57 – FC
6 n-decane 0.61 95 – FC 1.05 76 – FC
7 kerosene 0.66 92 2.23 85 – FC – S
8 petrol �1 95 �1 70 1.05 76 – FC
9 diesel 0.22 104 – S – FC 1.31 77
10 paraffin liq. 0.17 75 1.25 86 – VL – VL
11 benzene 1.74 72 – FC 0.95 53 – ppt
12 toluene 0.65 76 5.43 70 0.60 70 – FC
13 chlorobenzene 0.53 67 – FC 1.17 63 – FC
14 bromobenzene 0.71 70 – FC – VL – FC
15 o-xylene 1.2 67 0.78 55 – VL – FC
16 m-xylene 0.62 76 1.09 54 0.41 79 – FC
17 p-xylene 1.08 80 0.54 56 1.08 80 – FC
18 mesitylene 0.55 91 – FC 1.12 73 0.73 68
19 methyl salicylate 1.99 65 – S – VL – FC
20 1,2-dichlorobenzene 0.40 70 – FC 1.08 57 – FC
21 DMF – S – S – FC – ppt
22 ethyl acetate 0.45 57 – ppt – FC – FC
23 DMSO – S – S – FC – S
24 nitrobenzene 0.29 73 – S 0.40 65 – FC
25 ground nut oil 0.60[b] 74 – S 0.63 69 – FC
26 cotton seed oil 0.58[b] 73 – S 0.62 67 – S
27 sunflower oil 0.19[b] 80 – FC 0.74 74 0.94 55
28 coconut oil 0.20[b] 95 2.77 62 – VL 1.65 65
29 1,4-dioxane 1.12 56 – FC 2.04 43 – –


[a] wt% = g per 100 mL of solvent. [b] g per 100 g of solvent. [c] MGC = minimum gelator concentration at room temperature. [d] Tgel = gel-to-sol dis-
sociation temperature in 8C; FC = fibrous crystal, VL = viscous liquid, S = solution; all gels are opaque and stable at room temperature for more than
a month.


Figure 1. Plot of Tgel versus gelator concentration in wt% (w/v) in p-
xylene for 1 (4-ClCIN) (~), 2 (3-ClCIN) (!), 3 (4-BrCIN) (&), 4 (3-
BrCIN) (*) and 5 (4-MeCIN) (^).
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ion. Therefore, it may be concluded here that the gelators
(2–5) do show selective gelation properties.


SEM analyses of xerogels of 3–6 were performed to see
the detail features of the fibres. Figure 2 depicts a typical
3D network of fibres in the xerogel of all the gelators stud-
ied here. FT-IR spectra of all the gelators as bulk solids, as
solutions and as gels do not exhibit any shifts of the asym-
metric stretching band of the COO- group (1641 cm�1),
which indicates that no additional hydrogen bonding is
taking place during gel formation.


To address the important question as to what, if any, is
the relationship between the molecular packing of the bulk
crystals of a molecule and its gelation behaviour, we at-
tempted structure–property correlation studies based on the
single-crystal structures of most of the gelators and related
non-gelator salts. According to recent reports by Shinkai et
al. and collaborators,[16] 1D hydrogen-bonded network pro-
motes gelation whereas 2D and 3D networks produce either
a weak gel or do not promote gelation at all. If the plausible
hydrogen bonding motif of secondary ammonium salts of
monocarboxylic acid is considered, two main motifs, one 1D
polymeric and the other cyclic zero-dimensional (0D)
through N�H···O hydrogen bonding, can be envisaged[17]


(Scheme 2).
Single crystals of gelators 1 (4-ClCIN), 3 (4-BrCIN), 5 (4-


MeCIN) and 6 (CIN) were subjected to X-ray diffraction
(Table 2). Interestingly, in the crystal structures of these ge-
lators, hydrogen bonding through N�H···O interactions
leads to the formation of a 1D network (Scheme 2 and


Figure 3). It is also remarkable that, except 3 (4-BrCIN)
(space group P21/c), the other gelators crystallise in the non-
centric orthorhombic space group P212121. The overall pack-
ing of the molecules in these cases appears to be close-pack-
ing of the T-shaped ion pair. It may be noted here that, in
all these cases, the 1D hydrogen-bonded chains are packed
in one direction, namely, down the crystallographic a axis
(see the Supporting Information).


The fact that no halogen···halogen contacts can be seen in
1 (4-ClCIN) and 3 (4-BrCIN), and also that 5 (4-MeCIN)
and 6 (CIN) displayed a similar hydrogen-bonded motif and
packing, clearly indicate that the nature of substituents at
the 4-position probably do not contribute much towards the
overall packing in these gelator salts. However, it is worth


Figure 2. SEM of xerogel of a) 3 (4-BrCIN)/p-xylene (2.5 wt%), bar = 2 mm, b) 4 (3-BrCIN)/p-xylene (2.5 wt%), bar = 100 mm, c) 5 (4-MeCIN)/nitro-
benzene (2.5 wt%), bar = 10 mm and d) 6 (CIN)/cyclohexane (1.3 wt%), bar = 10 mm.


Scheme 2. Plausible 1D and 0D hydrogen-bonded motif in a secondary
ammonium salt of monocarboxylic acid.
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noting that in all these structures, the 1D hydrogen-bonded
motif is present and, therefore, it further supports the hy-
pothesis that a 1D network promotes gelation. Despite our


best efforts, we were not able to obtain crystals of 2 (3-
ClCIN) and 4 (3-BrCIN) that were suitable for X-ray dif-
fraction. After achieving this significant conclusion, we in-


Table 2. Crystallographic parameters for 1, 3, 5–6, 8, and 10–11.


1 (4-ClCIN) 3 (4-BrCIN) 5 (4-MeCIN) 6 (CIN) 8 (2-BrCIN) 10 (2-MeCIN) 11 (HyCIN)


empirical formula C21H30ClNO2 C21H30BrNO2 C22H33NO2 C21H31NO2 C21H30BrNO2 C22H33NO2 C21H34NO2.50


FW 363.91 408.37 343.49 329.47 408.37 343.49 340.49
crystal size [mm] 0.33N0.29N0.11 0.94N0.34N0.28 1.12N0.18N0.04 0.72N0.05N0.05 0.25N0.15N0.11 0.17N0.21N0.19 0.24N0.15N0.10
colour colourless colourless colourless colourless colourless colourless colourless
crystal system orthorhombic monoclinic orthorhombic orthorhombic monoclinic monoclinic monoclinic
space group P212121 P21/c P212121 P212121 P21/n P21/a C2/c
a [O] 5.797(5) 5.7497(4) 5.7903(9) 5.7000(11) 10.092(3) 9.105(9) 23.872(9)
b [O] 17.282(15) 17.1165(12) 17.054(3) 16.640(3) 9.170(3) 21.000(9) 11.358(3)
c [O] 20.532(18) 20.7991(15) 20.798(3) 20.762(4) 22.201(6) 10.650(6) 18.806(5)
a [8] 90.00 90.00 90.00 90.00 90.00 90.00 90.00
b [8] 90.00 93.4570(10) 90.00 90.00 96.73(3) 99.53(6) 127.31(3)
g [8] 90.00 90.00 90.00 90.00 90.00 90.00 90.00
V [O�3] 2057(3) 2043.2(2) 2053.8(5) 1969.2(7) 2040.4(11) 2008(2) 4056(2)
Z 4 4 4 4 4 4 8
1calcd 1.175 1.328 1.111 1.111 1.329 1.136 1.115
F(000) 784 856 752 720 856 752 1496
mMoKa [mm�1] 0.199 2.025 0.070 0.070 2.028 0.071 0.072
T [K] 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
obs refl. [I>2s(I)] 2386 3538 2337 2054 1513 1276 1582
parameters refined 226 346 224 217 298 334 294
goodness of fit 1.039 1.028 1.021 1.040 1.009 0.907 1.008
final R1 on observed data 0.0398 0.0527 0.0357 0.0485 0.0590 0.0569 0.0602
final wR2 on observe data 0.1036 0.1484 0.0905 0.1131 0.1462 0.1195 0.1581


Figure 3. 1D hydrogen-bonded motif in the gelator crystal structures. a) in 1 (4-ClCIN), b) in 3 (4-BrCIN), c) in 5 (4-MeCIN), d) in 6 (CIN)].
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vestigated the single-crystal structures of related non-gelator
salts to establish the correlation between the molecular
packing in the crystalline state and their non-gelation behav-
iour. Except 9 (3-MeCIN), all the non-gelator salts, namely,
8 (2-BrCIN), 10 (2-MeCIN), 11 (HyCIN) and all benzoate
derivatives 12–18 were crystallised for single-crystal X-ray
diffraction studies (Table 3). The crystal structure of 8 (2-
BrCIN) is similar to that observed in 7 (2-ClCIN).[14]


In this structure (Figure 4), as in 7 (2-ClCIN), the expect-
ed 1D hydrogen-bonded motif arising from the ion pair is
present. Significant Br···Br (3.538 O) interactions[26] between
the 1D chains make the overall network 2D, as in 7 (2-
ClCIN) (Table 4). Thus, the observation that 8 (2-BrCIN)
does not have any gelation ability is not a surprise because
it agrees with the fact that a 2D network produces either a
weak gel or does not promote gelation at all. It should be
mentioned at this point that extended interdigitation of cin-
namate groups is not seen in any of these compounds (gela-
tors or non-gelators); however, non-extended head-to-tail
arrangements of the cinnamate groups, which are less sym-
metrically oriented in gelators compared to that found in
non-gelators, are also observed.


On the other hand, all the other non-gelators 10–18 show
remarkable similarities in the hydrogen bonded motif. Thus,
10–18 show 0D cyclic hydrogen-bonded motif (Figure 5).
The packing of the discrete 0D hydrogen-bonded assembly
in these crystal structures appear to have been driven
mainly by van der Waals interactions leading to a close pack
(see the Supporting Information). It is interesting to note
that a molecule of water (of crystallisation) is acting as a
bridge between the 0D cyclic assemblies of the ion pair in
11 (HyCIN). However, it should be mentioned that signifi-
cant Cl···Cl (3.489 O) contacts are observed only in the 4-
chlorobenzoate derivative 12. Since, a 1D network is not
achieved in these cases, these salts 10–18 do not have


comply with prerequisite to become potential gelators and,
therefore, they prefer the thermodynamically more stable
crystalline state rather than the metastable gel state.


To address the second question, namely, how molecules
pack in the fibres in the xerogel or gel state, we compared
the powder diffraction patterns simulated from the corre-
sponding single-crystal structures, experimental XRPD pat-


Table 3. Crystallographic parameters for 12–18.


12 (4-ClBNZ) 13 (3-ClBNZ) 14 (2-ClBNZ) 15 (4-BrBNZ) 16 (3-BrBNZ) 17 (2-BrBNZ) 18 (BNZ)


empirical formula C38H56Cl2N2O4 C38H56Cl2N2O4 C19H28ClNO2 C19H28BrNO2 C38H56Br2N2O4 C19H28BrNO2 C38H58N2O4


FW 675.75 675.75 337.87 382.33 764.67 382.33 606.86
crystal size [mm] 1.07N0.29N0.13 0.18N0.21N0.19 0.19N0.16N0.20 1.27N0.71N0.37 0.89N0.35N0.21 0.23N0.16N0.11 0.18N0.20N0.19
colour colourless colourless colourless colourless colourless colourless colourless
crystal system monoclinic triclinic triclinic triclinic monoclinic triclinic monoclinic
space group P21/n P̄1 P̄1 P̄1 C2/c P̄1 P21/n
a[O] 11.3277(7) 9.528(3) 9.042(7) 9.105(3) 20.920(3) 9.208(8) 11.413(6)
b [O] 21.2893(13) 11.660(5) 10.679(5) 10.558(3) 10.0821(12) 10.707(2) 20.165(9)
c [O] 15.2943(9) 17.102(19) 10.687(4) 11.954(3) 36.005(4) 10.724(4) 15.438(12)
a [8] 90.00 91.38(6) 100.82(3) 110.104(4) 90.00 101.38(2) 90.00
b [8] 100.8980(10) 96.35(5) 113.98(4) 101.829(5) 92.945(2) 114.03(7) 102.94(6)
g [8] 90.00 105.12(2) 90.00(5) 108.292(4) 90.00 90.19(6) 90.00
V [O�3] 3621.8(4) 1820(2) 922.7(9) 959.5(4) 7584.1(16) 942.5(9) 3463(4)
Z 4 2 2 2 8 2 4
1calcd 1.239 1.233 1.216 1.323 1.339 1.347 1.164
F(000) 1456 728 364 400 3200 400 1328
mMoKa [mm�1] 0.221 0.219 0.216 2.151 2.177 2.190 0.074
T [K] 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
obs refl. [I>2s(I)] 4279 3565 1575 3096 6121 1815 2270
parameters refined 415 639 279 320 423 320 400
goodness of fit 1.085 1.005 1.010 1.020 0.999 1.024 0.944
final R1 on observed data 0.0302 0.0653 0.0658 0.0455 0.0434 0.0417 0.1021
final wR2 on observe data 0.0833 0.1728 0.1967 0.1298 0.1079 0.0995 0.2528


Figure 4. a) 1D hydrogen-bonded motif in 8 (2-BrCIN); b) overall molec-
ular packing in the crystal lattice in 8 (2-BrCIN); Br atoms are represent-
ed by a space-filling model to emphasise their short contacts.
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terns of the bulk solids and xerogels of 1 (4-ClCIN), 3 (4-
BrCIN), 5 (4-MeCIN) and 6 (CIN). A close examination of
Figure 6 reveals that, in all these cases, the corresponding
major peak positions match those in the simulated patterns,
XRPD of bulk solids and xerogels. However, the relative in-
tensities of a few peaks are affected, and this could be
caused by preferred orientations of crystallites.[18] Therefore,
it may be concluded that the respective patterns in these ge-
lators are nearly identical, which indicates that the molecu-
lar packing of the gelator molecules obtained from single-
crystal X-ray diffraction truly represents the molecular pack-
ing in the bulk solids and xerogel. Considering the fact that
a solid–solid morphological change of the fibres of the gel


(during the transformation from gel to xerogel) can be in-
duced either by solvent removal (while forming xerogel) or
by nucleation events initiated by the small amount of gela-
tor that might be present in the solution in the bulk liquid in
gelled state, there is no certainty that the molecular packing
in the fibre of a xerogel truly represents that in the gelled
state. However, attempts to record the XRPD in the gel
state for all of these gelators have failed, presumably as a
result of strong scattering from the solvent molecules. Since
the morph responsible for gel formation might not be the
thermodynamically most stable one and therefore, such a
phase transformation is quite possible during removal of the
solvent during xerogel formation. There is no certainty that


Table 4. Hydrogen-bonding parameters for 1, 3, 5, 6, 8, and 10–18.


D�H···A D�H[O] H···A[O] D···A [O] aD-H···A[8] Symmetry operation for A


1 (4-ClCIN)
N(1)�H(1N2)···O(2) 0.90 1.83 2.731(3) 175.5 �x+3/2, �y+1, z�1/2
N(1)�H(1N1)···O(1) 0.90 1.85 2.751(3) 175.9 �x+1/2, �y+1, z�1/2
3 (4-BrCIN)
N(1)�H(1N1)···O(1) 0.84(4) 1.89(4) 2.731(3) 177(3) �x+2, �y+1, �z+1
N(1)�H(1N2)···O(2) 0.92(3) 1.82(3) 2.728(3) 172(3) �x+1, �y+1, �z+1
5 (4-MeCIN)
N(1)�H(1N2)···O(2) 0.90 1.80 2.702(2) 177.5 x, y, z
N(1)�H(1N1)···O(1) 0.90 1.83 2.731(2) 176.1 x+1, y, z
6 (CIN)
N(1)�H(1N1)···O(2) 0.90 1.83 2.730(3) 174.3 x, y, z
N(1)�H(1N2)···O(1) 0.90 1.80 2.701(3) 174.0 x-1, y, z
8 (2-BrCIN)
N(1)�H(1N2)···O(2) 0.84(5) 1.90(5) 2.735(6) 177(5) �x+1/2, y�1/2, �z+1/2
N(1)�H(1N1)···O(1) 0.95(6) 1.75(6) 2.698(6) 179(5) x, y, z
10 (2-MeCIN)
N(1)�H(2N1)···O(2) 1.12(4) 1.62(4) 2.711(4) 163(3) �x+1, �y, �z+2
N(1)�H(1N1)···O(1) 1.01(4) 1.73(4) 2.738(5) 172(3) x�1, y, z
11 (HyCIN)
N(1)�H(1N1)···O(2) 0.99(3) 1.75(3) 2.712(4) 163(3) �x+1/2, �y+3/2, �z+1
O(1W)�H(1OW)···O(1) 0.95(4) 1.91(4) 2.847(4) 169(4) x, y, z
N(1)�H(1N2)···O(1) 0.97(3) 1.77(4) 2.702(3) 159(3) x, y, z
12 (4-ClBNZ)
N(1)�H(1N2)···O(2) 0.90 1.86 2.7480(15) 168.6 �x+1/2, y�1/2, �z+3/2
N(1)�H(1N1)···O(2’) 0.90 1.82 2.7123(15) 169.4 �x+3/2, y�1/2, �z+3/2
N(2)�H(2N1)···O(1) 0.90 1.83 2.7246(15) 172.1 x+1, y, z
N(2)�H(2N2)···O(1’) 0.90 1.86 2.7420(15) 167.4 x, y, z
13 (3-ClBNZ)
N(1)�H(1N1)···O(2’) 0.93(3) 1.80(4) 2.725(5) 168(3) x,y,z
N(1)�H(1N2)···O(1’) 0.83(3) 1.87(4) 2.689(4) 169(3) �x+1, �y, �z+1
N(2)�H(2N1)···O(2) 0.78(3) 1.94(3) 2.712(4) 170(3) �x, �y+1, �z+1
N(2)�H(2N2)···O(1) 0.97(4) 1.74(4) 2.700(5) 173(3) x, y, z�1
14 (2-ClBNZ)
N(1)�H(1N1)···O(1) 1.01(4) 1.73(4) 2.729(5) 168(3) �x+1, �y, �z+2
N(1)�H(2N1)···O(2) 0.86(4) 1.86(4) 2.701(5) 166(3) x, y�1, z
15 (4-BrBNZ)
N(1)�H(1N1)···O(2) 0.87(3) 1.86(3) 2.723(3) 174(3) x, y, z
N(1)�H(1N2)···O(1) 0.87(3) 1.86(3) 2.716(3) 169(3) �x+1, �y+1, �z+1
16 (3-BrBNZ)
N(1’)�H(1N3)···O(2’) 0.90 1.85 2.715(2) 161.6 x, y, z
N(1’)�H(1N4)···O(2) 0.90 1.87 2.755(2) 168.9 x, y, z
N(1)�H(1N2)···O(1’) 0.90 1.83 2.701(2) 163.9 �x+1/2, �y+1/2, �z+1
N(1)�H(1N1)···O(1) 0.90 1.80 2.688(2) 169.3 �x+1/2, �y+1/2, �z+1
17 (2-BrBNZ)
N(1)�H(1N1)···O(1) 1.06(4) 1.72(4) 2.751(5) 162(3) �x, �y+2, �z
N(1)�H(1N2)···O(2) 0.90(4) 1.81(4) 2.698(4) 166(3) x, y+1, z
18 (BNZ)
N(1)�H(1N1)···O(1) 1.00(4) 1.72(4) 2.697(4) 164(3) �x�1/2, y+1/2, �z+3/2
N(1)�H(1N2)···O(2’) 0.86(4) 1.90(4) 2.736(4) 164(4) x, y, z+1
N(2)�H(2N1)···O(1’) 0.90 1.84 2.718(4) 165.9 x+1,y, z
N(2)�H(2N2)···O(2) 0.90 1.83 2.714(4) 167.2 �x+1/2, y+1/2, �z+1/2
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Figure 5. 0D hydrogen-bonded motif in the non-gelators. a) in 10 (2-MeCIN), b) in 11 (HyCIN), c) in 12 (4-ClBNZ), d) in 13 (3-ClBNZ), e) in 14 (2-
ClBNZ), f) in 15 (4-BrBNZ), g) in 16 (3-BrBNZ), h) in 17 (2-BrBNZ), i) in 18 (BNZ).


Figure 6. XRPD patterns (CuKa radiation, l = 1.5418 O) under various conditions for the gelators. a) 1 (4-ClCIN), xerogel from nitrobenzene (1.0 wt%),
b) 3 (4-BrCIN), xerogel from n-heptane (1.0 wt%), c) 5 (4-MeCIN), xerogel from m-xylene (1.0 wt%), d) 6 (CIN), xerogel from cyclohexane (1.0 wt%).
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such a change does occur during xerogel formation, but
there is no evidence that it does not. Therefore, the molecu-
lar packing of the fibres in the xerogel of these gelators 1
(4-ClCIN), 3 (4-BrCIN), 5 (4-MeCIN) and 6 (CIN) can be
considered similar to that observed in their respective ther-
modynamically more stable crystalline state revealed by
single-crystal X-ray diffraction studies. However, no com-
ments on the molecular packing in the gelled state of these
gelators can be made.


As demonstrated in these studies as well as in earlier re-
ports,[16] the prerequisite of gel formation is the one-dimen-
sional alignment of gelator molecules supported by hydro-
gen bonding. Furthermore, hydrogen bonding and p-stack-
ing-induced supramolecular assembly in gelators are also re-
ported.[19] Taking into consideration the fact that the cin-
namic acid moiety contains a p-conjugated system whose
importance in the gelation process is also apparent because
none of the salts devoid of a conjugated olefinic double
bond (11–18) show any gelation ability, we decided to exam-
ine the role of p–p interactions between the cinnamate moi-
eties that might contribute towards the formation of organo-
gels.


To examine the role of p–p interactions in these cinna-
mate salts, we employed ab initio quantum chemical calcula-
tions at the HF/3-21G* level of theory.[20] The relative orien-


tation of cinnamates obtained in the crystal structures for
some of these organic salts is compared to the calculated re-
sults. To facilitate the calculations, substituted ammonium
cinnamates were considered as models. The orientation of
two interacting cinnamates is considered to be in the a form
(head-to-tail) because the cinnamates are in the a form in
the present crystal structures. Chloro and methyl groups are
considered as substituents in the calculations. The results of
2-, 3-, 4-chloro- and the corresponding methylcinnamates
are shown in Figure 7. The calculated gas-phase structures,
optimised at the HF/3-21G* level, for 2-, 3- and 4-chlorocin-
namates show that the relative orientation of the cinnamates
are distorted. In the case of 2-chlorocinnamate, the olefinic
p units do not lie in the plane of the phenyl ring and hence
such a distortion does not allow the cinnamates to achieve
p–p stacking (Figure 7a). However, the structure obtained
from X-ray crystallographic analysis shows that the 2-chloro-
cinnamate molecules in 7 (2-ClCIN)[14] are stacked for p–p
interactions (Figure 7b). An examination of the calculated
geometries for 3- and 4-chlorocinnamates indicates that the
olefinic p units have less deviation from the phenyl ring in
comparison to the calculated geometry of 2-chlorocinna-
mate. However, they are also not packed for p–p interac-
tions (Figure 7c, Figure 7d). In particular, offset geometries
are predicted in these two cases.


Figure 7. Optimised geometry of a) ammonium 2-chlorocinnamate, c) ammonium 3-chlorocinnamate, d) ammonium 4-chlorocinnamate, f) ammonium 2-
methylcinnamate, g) ammonium 3-methylcinnamate, h) ammonium 4-methylcinnamate; relative orientation of the anions in the crystal structure of b) 7
(2-ClCIN), e) 1 (4-ClCIN), and i) 5 (4-MeCIN); values in the parenthesis represent the relative energies in kcalmol�1.
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In the crystal structure of 1 (4-ClCIN) (Figure 7e), the rel-
ative orientation of the anions is found to be more distorted
than that observed in the calculated structure (Figure 7d).
The calculated energies predict that the 4-chlorocinnamate
is the most stable, while the 2-chlorocinnamate is the least
stable of the series (Figure 7). The energy differences in
these cases arise presumably as a result of other non-
bonded and steric interactions. However, it is clear from the
calculations that none of these chlorocinnamates exhibits a
geometry that is conducive for effective p–p stacking inter-
actions. The fact that 2-chlorocinnamate 7 (2-ClCIN) is a
non-gelator and 4-chlorocinnamate 1 (4-ClCIN) is an effi-
cient gelator clearly suggests that p–p stacking interactions
are not the driving force for gelation process in these cases.


The calculated results for methylcinnamate show that the
2-methylcinnamate converges with the slipped geometry
(Figure 7f). However, 3- and 4-methylcinnamates have been
predicted to have offset geometry (Figure 7g, Figure 7h, re-
spectively). The crystal structure obtained for 5 (4-MeCIN)
shows that the anion moieties are almost perpendicular to
each other (Figure 7i). Therefore, such an arrangement of
cinnamate moieties does not achieve the p–p interactions in
this case. The calculated energies are comparable for 2- and
3-methylcinnamates, whereas 4-methylcinnamate is predict-
ed to be the least stable of the series (Figure 7). Structures
predicted from the calculations do not show geometry con-
ducive to p–p stacking interactions. The crystal structure of
5 (4-MeCIN), which is a gelator, also displays no p–p inter-
actions, which indicates that p–p stacking interactions are
not important for gelation in these cases.


Overall, the combined analysis of calculated and crystal
structures suggest that the formation of an organogel is not
governed by the p–p interactions in this class of gelators.


Conclusion


A novel class of LMOGs based on various cinnamate salts
has been discovered. Their facile preparation and efficient
gelation ability, including selective gelation of oil from a oil/
water mixture, make this novel class of LMOGs attractive.
Successful determination of the single-crystal structures of
most of the gelators, which are not so common in the related
literature, and that of related non-gelators allowed us to cor-
relate the molecular packing of the gelators and non-gela-
tors in their crystalline state and their corresponding gelling/
non-gelling ability. All the gelators that could be crystallised
for X-ray diffraction show 1D network of ion pairs, without
any exceptions. On the other hand, all the non-gelators ex-
hibit discrete 0D assemblies of the ion pair, except 2-chloro-
cinnamate salt 7 (2-ClCIN) and the corresponding 2-Br de-
rivative 8 (2-BrCIN). In these structures, significant halo-
gen···halogen interactions have prompted the 1D hydrogen-
bonded ion pair to assemble in a 2D fashion. Therefore, the
prerequisite to grow the gel fibrils in one direction seems to
originate from the hydrogen-bonded 1D network involving
the ion pair in these gelators. Although the molecular self-
assembly of the fibres in the gelled state cannot be establish-
ed, the presence of a 1D hydrogen-bonded network of the


ion pair in the fibres of the xerogels is quite evident from
the simulated powder diffraction patterns and XRPDs of
the xerogel comparison. It is not mandatory that the crystal
structure of the fibres in the xerogel must be identical to
that in the gelled state because morphological transforma-
tion may occur during xerogel formation. However, it may
be reasonable to assume that the main driving force of the
1D growth of the gel fibres is mainly governed by the 1D
hydrogen-bonded network of ion pairs, although the overall
crystal structure of the gel fibrils might be different from
that in the xerogel. p–p stacking interactions do not seem to
be important for the gelation process in this class of gelators,
as observed by computed and crystal structure analyses. We
believe that the present study represents one of the most ex-
plicit cases wherein the molecular packing of the gelator
and non-gelator molecules in their crystalline state can be
directly correlated to their gelling/non-gelling ability.


Experimental Section


Materials and physical measurements : All chemicals (Aldrich) and the
solvents used for gelation (A. R. grade, S. D. Fine Chemicals, India) are
used without further purification. All the oils were purchased locally. Mi-
croanalyses were performed on a Perkin Elmer elemental analyzer 2400,
Series II. FT-IR and NMR spectra were recorded on a Perkin-Elmer
SpectrumGX and 200 MHz Bruker Avance DPX200 spectrometers, re-
spectively. The X-ray powder patterns were recorded on a XPERT Phi-
lips (CuKa radiation) diffractometer. Scanning Electron Microscopy
(SEM) was performed on a LEO 1430 VP.


Syntheses


Salt 3 (4-BrCIN): A solution 4-bromocinnamic acid (1.0 mmol) in hot ni-
trobenzene was prepared with the aid of few drops of MeOH. To this so-
lution, was slowly added dicyclohexylamine (1.0 mmol), and the reaction
mixture was kept at room temperature for a few hours to gel the whole
reaction mixture. Acetonitrile was then added to the gel to destroy the
gel network and to precipitate white 3, which was then isolated by filtra-
tion (near quantitative yield) and used for gelation and other studies.


Salts 4–18 : The corresponding acid (1.0 mmol) was dissolved in MeOH
by sonication. Dicyclohexylamine (1.0 mmol) was added slowly to the
methanolic solution of the acid at room temperature. The reaction mix-
ture was then allowed to evaporate to dryness at room temperature. The
resulting salts were obtained as white precipitates (near quantitative
yield), and were used for gelation and other studies.


Analytical data :


3 (4-BrCIN): M.p. 190–191 8C; 1H NMR (200 MHz, CD3OD): d = 7.29–
7.49 (m, 5H), 6.47–6.55 (m, 1H), 3.16 (m, 2H), 1.70–2.04 (m, 10H), 1.28–
1.42 ppm (m, 10H); elemental analysis calcd (%) for C21H30BrNO2: C
61.71, H 7.35, N 3.43; found: C 61.54, H 7.64, N 3.62.


4 (3-BrCIN): M.p. 146–147 8C; 1H NMR (200 MHz, CD3OD): d = 7.23–
7.69 (m, 5H), 6.47–6.55 (d, 1H), 3.13–3.22(m, 2H), 1.70–2.08 (m, 10H),
1.22–1.49 ppm (m, 10H); elemental analysis calcd (%) for C21H30BrNO2:
C 61.71, H 7.35, N 3.43; found: C 61.64, H 6.67, N 3.31.


5 (4-MeCIN): M.p. 206 8C; 1H NMR (200 MHz, CD3OD): d = = 7.38–
7.49 (m, 3H), 7.14–7.32 (m, 2H), 6.41–6.49 (d, 1H), 3.10–3.15 (m, 2H),
1.69–2.06 (m, 10H), 0.97–1.42 (m, 10H), 2.33 ppm (s, 3H); elemental
analysis calcd (%) for C22H33NO2: C 76.92, H 9.68, N 4.08; found: C
77.05, H 9.78, N 4.11.


6 (CIN): M.p. 182 8C; 1H NMR (200 MHz, CD3OD): d = = 7.34–7.52
(m, 6H), 6.49–6.57 (d, 1H), 3.16 (m, 2H), 1.68–2.07 (m, 10H), 1.32–
1.36 ppm (m, 10H); elemental analysis calcd (%) for C21H31NO2: C
76.55, H 9.48, N 4.25; found: C 76.71, H 9.65, N 4.30.


8 (2-BrCIN): M.p. 154–156 8C; 1H NMR (200 MHz, CD3OD): d = 7.17–
7.81(m, 5H), 6.43–6.51 (d, 1H), 3.17(m, 2H), 1.69–2.15 (m, 10H), 1.22–


G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5311 – 53225320


FULL PAPER P. Dastidar, B. Ganguly et al.



www.chemeurj.org





1.48 ppm (m, 10H); elemental analysis calcd (%) for C21H30BrNO2: C
61.71, H 7.35, N 3.43; found: C 61.87, H 6.90, N 3.33.


9 (3-MeCIN): M.p. 148 8C; 1H NMR (200 MHz, CD3OD): d = 7.10–7.50
(m, 5H), 6.44–6.52 (d, 1H), 3.12–3.15 (m, 2H), 1.68–2.07 (m, 10H), 1.16–
1.41 (m, 10H), 2.34 ppm (s, 3H); elemental analysis calcd (%) for
C22H33NO2: C 76.92, H 9.68, N 4.08; found: C 76.93, H 9.45, N 4.16.


10 (2-MeCIN): M.p.150 8C; 1H NMR (200 MHz,CD3OD): d = 7.68–7.76
(d, 1H), 7.51–7.53 (m, 1H), 7.17 (m, 3H), 6.36–6.43 (d, 1H), 3.15 (m,
2H), 1.68–2.06 (m, 10H), 1.02–1.48 (m, 10H), 2.40 ppm (s, 3H); elemen-
tal analysis calcd (%) for C22H33NO2: C 76.92, H 9.68, N 4.08; found: C
77.01, H 9.55, N 4.09.


11 (HyCIN): M.p.146–148 8C; 1H NMR (200 MHz, CD3OD): d = 7.11–
7.23 (m, 5H), 3.10–3.14 (m, 2H), 2.85–2.94 (t, 2H), 2.39- 2.47 (t, 2H),
1.68–2.05 (m, 10H), 1.22–1.46 ppm (m, 10H); elemental analysis calcd
(%) for C21H33O2 .2 H2O: C 68.63, H 10.15, N 4.10; found: C 69.00, H
10.59, N 3.81.


12 (4-ClBNZ): M.p. 182 8C; 1H NMR (200 MHz, CD3OD): d = 7.88–7.92
(m, 2H) 7.32–7.36 (m, 2H), 3.13–3.19(m, 2H), 1.68–2.07 (m, 10H), 1.21–
1.42 ppm (m, 10H); elemental analysis calcd (%) for C19H28ClNO2: C
67.54, H 8.35, N 4.15; found: C 67.33, H 8.47, N 4.14.


13 (3-ClBNZ): M.p. 178 8C; 1H NMR (200 MHz, CD3OD): d = 7.82–7.91
(m, 2H), 7.28–7.41 (m, 2H), 3.17 (m, 2H), 1.69–2.08 (m, 10H), 1.16–
1.48 ppm (m, 10H); elemental analysis calcd (%) for C19H28ClNO2: C
67.54, H 8.35, N 4.15; found: C 67.41, H 8.67, N 4.19.


14 (2-ClBNZ): M.p. 180–182 8C; 1HNMR (200 MHz,CD3OD): d = 7.21–
7.42 (m, 4H), 3.17 (m, 2H), 1.69–2.07 (m, 10H), 1.16–1.48 ppm (m,
10H); elemental analysis calcd (%) for C19H28ClNO2: C 67.54, H 8.35, N
4.15; found: C 67.41, H 8.46, N 4.07.


15 (4-BrBNZ): M.p. 178–180 8C; 1H NMR (200 MHz, CD3OD): d =


7.74–7.91 (d, 2H), 7.40–7.57 (d, 2H), 2.87–3.26 (m, 2H), 1.59–2.18 (m,
10H), 1.05–1.51 ppm (m, 10H); elemental analysis calcd (%) for
C19H28BrNO2: C 59.69, H 7.38, N 3.66; found: C 59.47, H 7.49, N 3.75.


16 (3-BrBNZ): M.p.186–188 8C; 1H NMR (200 MHz, CD3OD): d = 8.078
(s, 1H), 7.86–7.90 (d, 1H), 7.52–7.56(d, 1H), 7.23–7.30 (t, 1H), 3.14–3.23
(m, 2H), 1.69–2.07 (m, 10H), 1.16–1.58 ppm (m, 10H); elemental analy-
sis calcd (%) for C19H28BrNO2: C 59.69, H 7.38, N 3.66; found: C 59.67,
H 7.29, N 3.50.


17 (2-BrBNZ): M.p. 200–202 8C; 1H NMR (200 MHz, CD3OD): d =


7.49–7.53 (d, 1H), 7.25–7.40 (m, 2H), 7.10–7.18 (t, 1H), 3.11–3.24 (m,
2H), 1.69–2.07 (m, 10H), 1.16–1.48 ppm (m, 10H); elemental analysis
calcd (%) for C19H28BrNO2: C 59.69, H 7.38, N 3.66; found: C 59.50, H
7.02, N 3.62.


18 (BNZ): M.p. 194 8C; 1H NMR (200 MHz, CD3OD): d = 7.92–7.95 (m,
2H), 7.34–7.37 (m, 3H), 3.13–3.15 (m, 2H), 1.68–2.06 (m, 10H), 1.15–
1.47 ppm (m, 10H); elemental analysis calcd (%) for C19H29NO2: C
75.21, H 9.63, N 4.62; found: C 75.05, H 9.60, N 4.92.


Gelation experiments : In a typical experiment, the gelator (10 mg) was
dissolved in a suitable solvent (1 mL) by heating in the presence of a few
drops of MeOH. The mixture was left to cool to room temperature.
After a few hours, when the solution appeared as solid-like material, the
container was inverted. The material was considered to be a gel if it did
not deform. If it flowed slightly, it was considered to be a viscous liquid.


Gel-to-sol dissociation temperature (Tgel) measurement : Tgel was mea-
sured by the following method. The gel was (1.0 mL) prepared in a test
tube (15 mm diameter). A locally made glass ball weighing 0.195 g was
placed on the gel surface. The test tube was then heated in an oil bath.
The temperature (Tgel) was noted when the ball fell to the bottom of the
test tube.


SEM measurement : A hot solution of gelator (50 mL) was placed on the
SEM sample holder and allowed to form a gel, which was then dried in a
vacuum. The dried gel was then subjected to gold sputtering by a Polaron
SC7620 sputter coater. The gold-coated sample was used for direct view-
ing with a LEO 1430 VP SEM instrument.


Single-crystal X-ray diffraction : X-ray quality single crystals were grown
under slow evaporative conditions at room temperature to give crystals
of 1, 3, 5 from MeOH/water, 6 from p-xylene/MeOH, 8 from ethyl ace-
tate, 10 from n-heptane/MeOH, 11 from n-octane, 12, 15, and 18 from
MeOH, 13 and 14 from isobutanol/MeOH, and 16 and 17 from ethanol.


Diffraction data for 1, 3, 5, 6, 12, 15, 16 were collected with MoKa (l =


0.7107 O) radiation on a SMART APEX diffractometer equipped with a
CCD area detector. Data for other crystals were collected with MoKa


(l = 0.7107 O) radiation on a CAD-4 diffractometer. Data collection,
data reduction, structure solution/refinement were carried out with the
software package of SMART APEX for 1, 3, 5, 6, 12, 15, and 16, whereas
the corresponding calculations were performed for the data collected on
CAD-4 with CAD4-PC,[21] NRCVAX,[22] SHELX97.[23] Graphics were
generated with PLATON[24] and MERCURY 1.1.1.[25]


All structures were solved by direct methods and refined in a routine
manner. In all cases, non-hydrogen atoms were treated anisotropically.
Whenever possible, the hydrogen atoms were located on a difference
Fourier map and refined. In other cases, the hydrogen atoms were geo-
metrically fixed. The crystallographic parameters are listed in Tables 2
and 3. The hydrogen-bonding parameters are given in Table 4.


CCDC-230578–CCDC-230591 contain the supplementary crystallograph-
ic 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-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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Towards Organo-Click Chemistry: Development of Organocatalytic
Multicomponent Reactions Through Combinations of Aldol, Wittig,
Knoevenagel, Michael, Diels–Alder and Huisgen Cycloaddition Reactions


Dhevalapally B. Ramachary and Carlos F. Barbas III*[a]


Introduction


Many organic reactions and reaction sequences have been
developed for the construction of structurally complex poly-
cyclic natural and non-natural products. More typically,
these reactions and reaction sequences are not as efficient
as enzymatic reactions in terms of selectivity (chemo-, regio-,
diastereo-, and enantioselectivity) or in the ecology and
economy of chemical reactions. From the synthetic chemist�s


point of view, ideal reaction strategies for preparation of
structurally complex substances would involve sequences in
which stereocontrolled formation of multiple carbon–carbon
bonds occur in a single step starting from simple, readily
available materials. As a result, great attention has been
given to the development of multicomponent reactions
(MCRs), because of their high degree of atom economy,
their applications in combinatorial chemistry, and diversity-
oriented synthesis.[1] Despite intense interest, there are few
reports of diastereo- or enantioselective MCRs for the syn-
thesis of stereochemically complex polycyclic com-
pounds.[1d–f] A key to many interesting MCRs is the incorpo-
ration of a Diels–Alder and Huisgen cycloaddition reaction
sequences to enable construction of complex polycycles in a
completely stereocontrolled manner.[2]


Recent studies in our laboratory[3] have led to develop-
ment of novel organocatalytic MCRs or asymmetric assem-
bly reactions of simple substrates in one pot, such as organo-
catalytic asymmetric Michael/aldol,[3i] Knoevenagel/Mi-
chael,[3b] self-aldol,[3c] aldol/aldol,[3d] amination/aldol,[3e]


Knoevenagel/Diels–Alder,[3f] and Knoevenagel/Diels–Alder/


[a] Dr. D. B. Ramachary, Prof. Dr. C. F. Barbas III
Departments of Chemistry and Molecular Biology and
The Skaggs Institute for Chemical Biology
The Scripps Research Institute
10550 North Torrey Pines Road
La Jolla, CA 92037 (USA)
Fax:(+1)858-784-2583
E-mail : carlos@scripps.edu


Experimental procedures, compound characterization, and analytical
data (1H NMR, 13C NMR, and HRMS) for all new compounds
(PDF). This material is available on the WWW under http://www.che-
meurj.org/or from the author.


Abstract: Here we report on our stud-
ies on combinations of amino acids and
copper(i) for catalyzing multicompo-
nent reactions (MCRs). We aimed to
prepare both diene and dienophiles si-
multaneously, under very mild and en-
vironmentally friendly conditions, thus
giving the constituents for a stereocon-
trolled Diels–Alder reaction, which in
turn yields compounds 4 to 8. A diver-
sity-oriented synthesis of polysubstitut-
ed spirotriones 4 to 6 were assembled
from simple substrates like 1-(triphe-
nylphosphanylidene)-propan-2-one,
two aldehydes, and cyclic-1,3-diketones
through Wittig/Knoevenagel/Diels–
Alder and aldol/Knoevenagel/Diels–
Alder reaction sequences in one pot
under stereospecific organocatalysis.


Chemical diversity libraries of polysub-
stituted spirotrione-1,2,3-traizoles 8
were assembled from simple substrates
by means of Wittig/Knoevenagel/
Diels–Alder/Huisgen cycloaddition re-
action sequences in one pot under ster-
eospecific organo/CuI catalysis. Func-
tionalized dispirolactones such as 6 are
biologically active antioxidants and
radical scavengers, and spirotrione-
1,2,3-traizoles 8 have found wide appli-
cations in chemistry, biology, and mate-
rials science. Experimentally simple


and environmentally friendly, organo-
catalytic, asymmetric four-component
Diels–Alder (AFCDA) reactions of 1-
(triphenylphosphanylidene)- propan-2-
one, two different aldehydes, and
cyclic-1,3-diketones produced diaster-
eospecific and highly enantioselective
substituted spirotriones 4 by means of
a Wittig/Knoevenagel/Diels–Alder re-
action sequence in one pot. Additional-
ly we have developed an organocatalyt-
ic, asymmetric three-component Mi-
chael (ATCM) reaction of 1-(triphenyl-
phosphanylidene)-propan-2-one, alde-
hyde, and cyclic-1,3-diketones that
produced Michael adducts 15, 16
through a Wittig/Michael reaction se-
quence in a highly enantioselective
one-pot process.


Keywords: amino acids ·
cycloaddition · multicomponent
reactions · organocatalysis ·
organo-click reactions
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epimerization[3g,h] reaction sequences. These reaction condi-
tions use less solvent and less toxic solvents than previously
developed schemes and are thus significantly more environ-
mentally friendly.[3a]


Here we describe the development of a set of powerful,
reliable, and selective MCR�s for the rapid synthesis of new
compounds and combinatorial libraries through organo/CuI-
catalyzed [4+2] and [3+2] cycloaddition reactions, an ap-
proach we call “organo-click chemistry”. Recently K. B.
Sharpless and co-workers have provided guidelines for click
chemistry.[4] Ideally, organocatalytic MCR�s fulfill all defin-
ing aspects of click chemistry, such as the reaction(s) must
be modular, wide in scope, high yielding, generate only inof-
fensive byproducts, and be stereospecific.
In an extension of our work, we envisaged that asymmet-


ric assembly of simple substrates like acetone or phosphor-
ane, two different aldehydes, and 1,3-cyclic diketones under
organoamine catalysis would provide complex polycyclic
compounds thorugh aldol-condensation/Knoevenagel/Diels–
Alder (A/K/DA), Wittig/Knoevenagel/Diels–Alder (W/K/
DA), Wittig/Michael (W/M) and Knoevenagel/Michael (K/
M) reaction sequences in one pot (Scheme 1). Further we


envisaged that the stereospecific assembly of simple sub-
strates like phosphorane, aldehydes, 1,3-cyclic diketones,
and azides under organo/CuI catalysis would provide com-
plex heterocyclic compounds by means of Wittig/Knoevena-
gel/Diels–Alder/Huisgen cycloaddition (W/K/DA/HC) reac-
tion sequences in one pot (Scheme 1). We aimed to prepare
both diene and dienophiles simultaneously, under very mild
and environmentally friendly conditions, thus giving the con-
stituents for a stereocontrolled Diels–Alder reaction, which
in turn yields compounds 4 to 8 (Scheme 1). In this
article, we describe the results of this investigation that
provide for the organocatalytic stereospecific asymmetric as-
sembly of polysubstituted 1,4-disubstituted 1,2,3-triazoles 8,
dispiro[5.2.5.2]hexadecanes 6, spiro(cyclohexane-1,2’-indan)-
triones 5, spiro[5.5]undecanes 4, and Michael adducts 15 and
16 from simple substrates in one pot. Dispirolactones 6 are
bioactive molecules with antioxidant and radical scavenger
activities[5c] and substituted 1,2,3-triazoles 8 have enabled a
multitude of applications in biology, chemistry, and materi-
als science.[5a,b,f] We have also developed a new method for
the synthesis of both optical isomers of spirotriones 4 that
involves a simple change in the order of addition of the re-
actants rather than a change in catalyst.
In our reaction we envisioned that amino acids and


amines would catalyze the domino aldol condensation of an
aldehyde with acetone (or with phosphorane in an uncata-
lyzed Wittig reaction) to provide trans-enone 1 (diene
source). Knoevenagel condensation of an aldehyde with 1,3-
cyclic diketones would provide arylidene–cyclic diketones
(2 ; dienophile), which would then undergo a concerted
[4+2] cycloaddition with a 2-amino-1,3-butadiene (3) gener-
ated in situ from trans-enone 1 and amino acid or amine to
form substituted spirotriones 4 to 6 in a diastereoselective
manner (Scheme 1). Propargyl substituted spirotriones 4 to
6 would undergo regiospecific [3+2] cycloaddition with
azides to generate 1,2,3-triazoles 8 under CuSO4/Cu catalysis
in one pot. Enones 1 and 2 could also be directed to under-
go asymmetric Michael additions with 1,3-cyclic diketones
or acetone under amino acid or amine catalysis to furnish
compounds 7. The domino A/K/DA or W/K/DA and W/K/
DA/HC reaction would then generate a quaternary center
with formation of four new carbon–carbon s bonds and four
new carbon–nitrogen s bonds, respectively.


Results and Discussion


Domino aldol/Knoevenagel/Diels–Alder reactions : We were
pleased to find that the three-component reaction of ace-
tone, benzaldehyde, and Meldrum�s acid with a catalytic
amount of pyrrolidine in methanol at 40 8C for 6 h furnished
the Diels–Alder product 4 a as single diastereomer in 65%
yield accompanied by the Michael adduct 7 a in 20% yield
(Table 1, entry 1). The three-component A/K/DA reaction
of benzaldehyde containing an electron-withdrawing group
(4-NO2) furnished spirotrione 4 b as single diastereomer in
66% yield and the Michael adduct 7 b in 15% yield
(Table 1, entry 2). Unfortunately, the hetero-domino A/K/
DA reaction of acetone, 4-NO2C6H4CHO, and Meldrum�s


Scheme 1. Proposed organo/CuI-catalytic assembly of spirotriones and
spirotrione–triazoles via simultaneously organogenerated diene and dien-
ophiles in aldol (or Wittig)/Knoevenagel/Diels–Alder and Wittig/Knoeve-
nagel/Diels–Alder/Huisgen cycloaddition reaction sequences in one pot.
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acid under l-proline catalysis furnished the spirotrione 4 b in
very low yields. The pyrrolidine-catalyzed three-component
A/K/DA reaction of acetone, 4-nitrobenzaldehyde, and Mel-
drum�s acid revealed that yields of this reaction varied with
solvent as shown in Table 2. The highly electrophilic nature
of 4-nitrobenzaldehyde furnished the byproduct alcohol 9 b
under pyrrolidine catalysis in the domino A/K/DA reaction,


but did not generate the alcohols 9 with other aldehydes
(Tables 1 and 2). Pyrrolidine-catalyzed A/K/DA reaction of
benzaldehyde with an electron-donating group (4-MeO) fur-
nished the spirotrione 4 c in 72% yield and the Michael
adduct 7 c in 20% yield (Table 1, entry 4). Based on these
results, our organocatalytic three-component A/K/DA reac-
tion should find utility in the generation of libraries of spiro-
triones 4 with good to moderate yields in a diastereospecific
manner from simple substrates.


Reaction mechanism : The proposed mechanism of diaster-
eospecific assembly of cis-spiranes (4) and Michael adducts
(7) in the MCRs of acetone, aldehyde, and Meldrum�s acid
under pyrrolidine catalysis is illustrated in Scheme 2. First,
reaction of pyrrolidine with aldehyde generates the imine
cation 10, an excellent electrophile that undergoes Mannich
type reactions with enolates or enamines of acetone and
Meldrum�s acid to generate Mannich products 11 and 12, re-
spectively. Retro-Mannich or base-induced elimination reac-
tion of amino–ketones 11 and 12 under basic conditions
would furnish trans-enone 1 and benzylidene–Meldrum�s
acid 2, respectively. Compound 2 is a reactive dienophile
that undergoes a Diels–Alder or a double Michael reaction
with the soft nucleophile 2-amino-1,3-butadiene 3, generated
in situ from trans-enone 1 and an amine catalyst, to produce
the A/K/DA product 4. Compound 2 can also react with
enolate (or enamine) of acetone to produce domino K/M
product 7. The ratio of domino products 4 and 7 is depend-
ent on the electrophilicity of imine 10, dienophile 2, reaction
temperature, and concentration of acetone in the reaction
media (Table 1, entries 3, 4, and 5). Formation of trans-
enones 1 (diene source) and dienophiles 2 by means of Man-


nich and retro-Mannich reac-
tions support our hypothesis
that aldol products 9 did not
form in these reactions, with
the exception of reaction with
the highly reactive 4-NO2C6H4-
CHO. This hypothesis is also
supported by the mechanistic
investigation of pyrrolidine-cat-
alyzed enal formation through
aldehyde self-condensation re-
ported by Saito et al.[6]


Domino Wittig/Knoevenagel/
Diels–Alder reactions : To avoid
the formation of byproducts in
the domino A/K/DA reactions,
we developed a new reaction
sequence for the stereospecific
assembly of spirotriones by
means of three-component W/
K/DA reaction in one-pot
under organocatalysis. We
found that the three-component
reaction of 1-(triphenylphos-
phanylidene)-propan-2-one,
benzaldehyde, and Meldrum�s


Table 1. Diastereospecific and chemoselective three-component Aldol/
Knoevenagel/Diels–Alder reaction sequence catalyzed by pyrrolidine in
one pot.[a]


Entry Ar Products Yield [%][b] d.r.[c]


4 7


1 C6H5 4a,7 a 65 20 >100:1
2[d] 4-NO2C6H4 4b,7b 66 15 >100:1
3[e] 4-NO2C6H4 4b,7b 51 5 >100:1
4 4-MeOC6H4 4c,7c 72 20 >100:1
5[f] 4-MeOC6H4 4c,7c 57 43 >100:1


[a] Experimental conditions: pyrrolidine (0.15 mmol), aldehyde
(1.0 mmol), Meldrum�s acid (0.5 mmol), and acetone (1 mmol) in metha-
nol (0.5 mL) were stirred at 40 8C for 6 h (see Experimental Section).
[b] Yield refers to the purified product obtained by column chromatogra-
phy. [c] Ratio based on 1H NMR analysis of unpurified products. [d] Re-
action time 20 h. [e] Reaction was performed at 25 8C for 72 h. [f] In this
reaction acetone was used as solvent.


Table 2. Effect of solvent on the direct pyrrolidine-catalyzed stereospecific three-component aldol/Knoevena-
gel/Diels–Alder reaction of 4-nitrobenzaldehyde, Meldrum�s acid, and acetone in one pot.[a]


Entry Solvent T t Products Yield[b] Ratio[c]


[0.5 m] [8C] [h] [%] [4 b :1 b :9b]


1[d] MeOH 25 8C 72 4b,1b,7 b 63 5.3:1:0
2[d],[e] MeOH 25 8C 72 4b,1b,9 b,7 b 65 5.3:1:1
3[f] MeOH 25 8C!40 8C 22 4b,1b,9 b,7 b 80 6:1:1
4[f] EtOH 25 8C 72 4b,1b,9 b,7 b 70 4:3:1
5[f] DMF 25 8C 72 4b,1b,7 b 63 5:1:0
6[f] THF 25 8C 72 4b,1b,9 b,7 b 65 3.5:5:1
7[f] CH3CN 25 8C 72 4b,1b,9 b,7 b 65 7:3:1
8[f] CH3C6H5 25 8C 72 4b,1b,9 b,7 b 75 1:2.5:1
9 [bmim]BF4 40 8C 17 4b,9b 50 30:0:1
10 H2O 25 8C!40 8C 72 4b,1b,9 b 30 2:1:3.5


[a] Experimental conditions: pyrrolidine (0.15 mmol), 4-nitrobenzaldehyde (1.0 mmol), and Meldrum�s acid
(0.5 mmol) in solvent (0.5 mL) were stirred at ambient temperature for 20 minutes then acetone (1 mmol) was
added (see Experimental Section). [b] Yield refers to the purified product obtained by column chromatogra-
phy. [c] Ratio based on 1H NMR analysis of unpurified products. [d] 5% of domino Knoevenagel/Michael
product 7b was isolated. [e] Acetone was taken in excess (2 mmol). [f] 10–15% of domino Knoevenagel/Mi-
chael product 7 b was isolated.
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acid with a catalytic amount of l-proline in methanol at
65 8C for 4 h furnished Diels–Alder product 4 a as a single
diastereomer in 80% yield (Table 3, entry 1). Under the
same reaction conditions, different 1,3-cyclic diketones fur-
nished the expected spirotriones 5 a and 6 a in very good
yields as shown in Table 3. Medicinally important dispirolac-
tone 6 a was furnished in 99% yield under optimized condi-
tions (Table 3, entry 4). Chemical diversity libraries of spi-
ranes 4, 5, and 6 could therefore be prepared easily by using
the W/K/DA reaction sequence in a single reaction vessel.
Interestingly, the three-component reaction of 1-(triphe-


nylphosphanylidene)-propan-2-one, benzaldehyde, and di-
medone with a catalytic amount of l-proline in methanol at
65 8C for 2 h furnished the unexpected product 13 a in 85%
yield (Table 3, entry 5) without the expected Diels–Alder
product 14 a. The same reaction at room temperature also
furnished 13 a in very good yield (Table 3, entry 6). Forma-
tion of 13 a in the W/K/DA reaction can be explained due to
more favorable soft–soft interactions of the dienophile (5,5-
dimethyl-2-benzylidene-cyclohexane-1,3-dione) and dime-
done (pKa 11.2, in DMSO at 25 8C)[7e] as compared to Mel-
drum�s acid (pKa 7.3, in DMSO at 25 8C).[7e] The soft acidic
nature of dimedone was further established in three-compo-
nent Knoevenagel/Diels-Alder (K/DA) reaction as shown in
Scheme 3, in which the less reactive dienophile (5,5-dimeth-


yl-2-(4-nitro-benzylidene)-cyclohexane-1,3-dione) was gener-
ated. Organocatalytic K/DA reaction of enone 1 a, 4-nitro-
benzaldehyde, and dimedone under l-proline catalysis at
room temperature also furnished the 13 b in 81% yield with-
out 14 b. Organo-generated aldehyde–dimedone adducts,
which are called dimethones, are very useful materials in
medicinal chemistry (anticonvulsant, antidepressant, diuret-
ic, antibacterial, antitumor, or anticarcinogenic activity).[7b–d]


Amino acid catalyzed dimethone formation may also find
application in the analysis of aldehydes in foods.[7a]


Scheme 2. Proposed catalytic cycle for the simultaneous organogenera-
tion of diene and dienophiles in pyrrolidine-catalyzed aldol/Knoevenagel/
Diels–Alder and Knoevenagel/Michael reaction sequences in one pot.


Table 3. Stereospecific assembly of spirotriones through the three-com-
ponent Wittig/Knoevenagel/Diels–Alder reaction sequence in one pot
under l-proline catalysis.


Entry 1,3-Cyclic Product Yield[%] d.r.
diketone


1 Meldrum�s acid 4 a 80 >100:1
2 1,3-indandione 5 a 84 23:1
3 spirolactone 6 a 91 >100:1
4[a] spirolactone 6 a 99 >100:1
5[b] dimedone 13 a 85 –
6[c] dimedone 13 a 95 –


[a] Ethanol was used as solvent. [b] Reaction time was 2 h. [c] Reaction
performed at 25 8C for 5 h.


Scheme 3. Formation of unexpected product 13b in organocatalytic
Knoevenagel/Diels–Alder reaction.
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Effects of solvent, temperature, and amine on the direct
amine-catalyzed stereospecific three-component W/K/DA
reaction of phosphorane, benzaldehyde, and spirolactone in
one pot are shown in Table 4. Domino W/K/DA product 6 a
was formed in very good yields under l-proline catalysis,
but dispirolactone 6 a was formed in moderate yields under


amine (pyrrolidine) catalysis as shown in Table 4. Interest-
ingly, the primary amino acid glycine also catalyzed the
three-component W/K/DA reaction of phosphorane, alde-
hydes, and spirolactone under physiological conditions to
generate stereospecific spirotriones 6 in one pot as shown in
Table 5. Yields of spirotriones 6 obtained under glycine cat-


alysis were, however, typically less than those obtained
under proline catalysis. Glycine catalyzed reactions are sig-
nificant in understanding the reaction-potential of the prebi-
otic world.[8]


Effect of amine and solvent on the Wittig reaction : Neither
the type of amino acid or amine catalyst nor the use of
protic solvents (MeOH, EtOH) had an effect on the stereo-
chemistry of the Wittig reaction of aldehydes with phosphor-
ane; these reactions furnished only the trans-enones (1) as
shown in Scheme 4.[9]


Chemical diversity libraries of
potential antioxidants : We fur-
ther explored the potential of
the l-proline-catalyzed hetero-
domino W/K/DA reaction for
the synthesis of diverse libraries
of antioxidant dispirolactones
(6) with various arylaldehydes.
Upon simple heating of phos-
phorane, aldehydes, and spiro-
lactone with a catalytic amount
of proline, almost quantitative
conversion to the dispiro-
[5.2.5.2]hexadecanes 6 was ob-
served. The excellent results in
Table 6 establish the scope of
this reaction, which readily ac-
cepts complex carbohydrate
synthons (see 6 r). This proce-
dure is a manifestation of an


“organo-click chemistry” transformation. Each of the target-
ed prochiral dispirolactones 6 was obtained as a single dia-
stereomer. As the reaction proceeds, the mixture solidifies
as the product is formed.
Antioxidant dispirolactones (6) were generated in good


yields with aromatics bearing hydroxy, propargyl, azide, and
glucose moieties in the para-position as shown in Table 6.
Dispirolactone 6 r is an analogue of the antioxidative gluco-
side isolated from oregano (Origanum vulgare).[10] Prochiral
cis-spiranes 6 a–e, j, k, m are anti-oxidants/free-radical scav-
engers. Generation of molecular diversity around this scaf-
fold may allow for the identification of more potent species.
The method described here for the synthesis of these antiox-
idants offers significant improvements in synthetic ease and
yields as compared to previous routes.[5c]


Wittig/Knoevenagel/Diels-Alder/Huisgen cycloaddition re-
actions in one pot : Huisgen 1,3-dipolar cycloaddition reac-
tions[2a–c,g] are exergonic fusion processes, and the cycloaddi-
tion of azides and alkynes to give triazoles is arguably the


Table 4. Effect of solvent and amine on the direct amine-catalyzed stereospecific three-component Wittig/
Knoevenagel/Diels–Alder reaction of phosphorane, benzaldehyde, and spirolactone in one pot.


Entry Catalyst Solvent1 Solvent2 T [8C] t [h] Yield [%][c] d.r.[d]


1[a] l-proline C6H6 MeOH 65!25 1!48 86 >100:1
2[a] l-proline C6H6 MeOH 65!65 0.5!12 99 >100:1
3[b] l-proline MeOH MeOH 25 48 90 >100:1
4[b] l-proline MeOH MeOH 65 4 91 >100:1
5[b] pyrrolidine MeOH MeOH 25 72 62 >100:1
6[b] pyrrolidine MeOH MeOH 65 2 67 >100:1
7[b] l-proline EtOH EtOH 65 4 99 >100:1


[a] Experimental conditions: benzaldehyde (0.75 mmol) and 1-(triphenylphosphanylidene)-propan-2-one
(0.25 mmol) in benzene (0.1 mL) were stirred at 65 8C for 0.5 to 1 h then proline (0.05 mmol), 1,3-cyclic dike-
tone (0.25 mmol), and methanol (0.5 mL) was added and stirred (see Experimental Section). [b] All reactants
mixed at once with same proportions as above in solvent (0.5 mL) and stirred (see Experimental Section).
[c] Yield refers to the purified product obtained by column chromatography. [d] Ratio based on 1H NMR anal-
ysis of purified products.


Table 5. Glycine-catalyzed stereospecific assembly of spirotriones via
three-component Wittig/Knoevenagel/Diels-Alder reaction sequence in
one pot.[a]


Entry Ar Products Yield [%] d.r.


1 C6H5 6 a 62 >100:1
2 4-NO2C6H4 6b 55 >100:1
3 4-MeOC6H4 6c 73 >100:1
4[b] C6H5 6 a 31 >100:1
5[c] 4-MeOC6H4 6c <5 >100:1


[a] See Experimental Section. [b] Water (1 mL) was used as solvent.
[c] Reaction performed at 25 8C for 5 days, enone 1c and Knoevenagel
products were isolated in 90 and 86% yield, respectively.


Scheme 4. Effect of l-proline and methanol on the stereochemistry of the
Wittig reaction.
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most useful members of this family. Huisgen cycloaddition
of propargyl-substituted dispiro[5.2.5.2]hexadecane 6 u with
benzyl azide under CuSO4/Cu catalysis furnished the regio-
specifically 1,4-disubstituted 1,2,3-triazole 8 a in very good
yield as shown in Scheme 5. 1,2,3-Triazoles have found wide
applications in biology, chemistry, and materials science.[5a,b, f]


Therefore, it is important to develop new and more efficient
MCR approaches to diverse arrays of 1,2,3-triazoles in one-
pot. We were pleased to find that the in situ generated dis-
piro[5.2.5.2]hexadecane 6 u under proline catalysis further
reacted with benzyl azide in same solvent under CuSO4/Cu-
catalysis to furnish the expected spirotrione-1,2,3-triazole
(8 a) in 90% yield with formation of four new carbon–
carbon s bonds and four new carbon–nitrogen s bonds in
one pot. The scope of this proline/CuI-catalyzed spirotrione–
triazole synthesis is partly revealed by the examples in
Table 7. Variously substituted azides and 1,3-cyclic diketones
readily participate in this one-pot transformation.


Asymmetric four-component Diels–Alder (AFCDA) reac-
tions : Recently we developed the l-DMTC-catalyzed (l-5,5-
dimethyl thiazolidinium-4-carboxylate) asymmetric three-


Table 6. Stereospecific synthesis of chemically diverse libraries of antiox-
idant polysubstituted dispiro[5.2.5.2]hexadecanes by means of Wittig/
Knoevenagel/Diels–Alder reaction sequence in one pot.[a]


[a] All reactions were carried out in EtOH (0.5 M), with 20 mol% of l-
proline at 65 8C, and complete in 3–12 h. [b] Yield refers to the column
purified product. [c] Reaction time was 20 h. [d] Product obtained from
K/DA reaction.


Scheme 5. Regiospecific synthesis of 1,4-disubstituted 1,2,3-triazole 8a
catalyzed by CuI ions in the presence of Cu wire.


Table 7. Organo/CuI-catalyzed stereospecific synthesis of polysubstituted
triazoles through Wittig/Knoevenagel/Diels–Alder/Huisgen cycloaddition
reactions in one pot.[a]


[a] See Experimental Section. [b] Yield refers to the column purified
product. [c] Huisgen cycloaddition was slow at 25 8C (48 h), but at 50 8C
reaction completed within 5-10 h.
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component Diels–Alder (ATCDA) reaction of trans-enone,
aldehyde, and Meldrum�s acid to produce substituted spi-
ro[5.5]undecanes in very good yields and useful enantiomer-
ic excess (ee). These compounds are useful starting materials
for the synthesis of exotic amino acids.[3f] The versatility of
the ATCDA reaction was improved by optimization as an
asymmetric four-component Diels–Alder (AFCDA) reac-
tion with a L-DMTC-catalyzed W/K/DA reaction sequence
in one pot (Table 8). Reaction of phosphorane, benzalde-
hyde, 4-nitrobenzaldehyde, Meldrum�s acid, and l-DMTC in
methanol furnished a single diastereomer, spirane (7R,11S)-
4 d in 83% yield and 69% ee (Table 8, entry 1).
Significantly, the antipode of the optical isomer can ob-


tained by simply changing the addition sequence of starting
materials in reaction mixture without changing the catalyst
as shown in Table 8. This technique provides for the synthe-
sis of both optical isomers of a number of spiranes (4) in
good yields and ee�s. For example, the optical antipode of
(7R,11S)-4 d was obtained in 80% yield and 42% ee by
changing the addition sequence of C6H5CHO and 4-
NO2C6H4CHO. The enantiomeric excess of (7S,11R)-4 d was


increased to 90% by recrystalising in 15% isopropanol/
hexane (the mother liquor is enantioenriched). Two addi-
tional examples are shown in Table 8.


Asymmetric three-component Michael (ATCM) reactions :
trans-Enones 1 prepared in situ by means of the Wittig reac-
tion were also studied in the asymmetric Michael reaction
of 1,3-cyclic diketones under organocatalysis as recently re-
ported by Jorgensen et al.[11] As shown in Scheme 6, the
novel asymmetric three-component Michael (ATCM) reac-
tion of phosphorane, benzaldehyde, and diethyl malonate
under imidazolidine catalysis furnished the Michael adduct
15 in 65% yield and 90% ee. The ATCM reaction of phos-
phorane, 2-NO2C6H4CHO, and dibenzyl malonate furnished
the expected product 16 in 84% yield and 91% ee, compara-
ble to the previously disclosed two-component reaction


yields. The rate of the Michael
reaction in ATCM was fast rel-
ative to the two-component re-
action presumably due to the
basic nature of byproduct tri-
phenylphosphoxide.


Conclusion


In conclusion, we have demon-
strated for the first time the
organo/CuI-catalyzed enzyme-
like assembly of spirotriones 4,
5, 6, and 8 from readily availa-
ble precursors by means of A/
K/DA, W/K/DA, and W/K/DA/
HC reaction sequences. Combi-
nation of proline/CuI-ions
proved to be compatible


organo/metal catalysts for the MCRs in one pot. This simple
one-pot procedure provides direct access to functionalized
dispirolactones (6), shown to be antioxidants and radical
scavengers in biological studies. Glycine was also a function-
al organo catalyst in some systems. Multicomponent reac-
tions catalyzed by glycine may be significant in understand-
ing the potential chemistries available to the prebiotic
world. Significantly, we developed an AFCDA reaction
scheme that yields both optical isomers of 4 simply by
changing the order of reactant addition. Additionally, a
novel organocatalytic ATCM reaction was developed. These
reactions can be performed on a multigram scale under op-
erationally simple and environmentally safe conditions.
These results suggest that the assembly of complex products
from simple starting materials is within the realm of organo-
catalysis involving simple amino acids and amines. Further


Table 8. Organocatalytic asymmetric four-component Wittig/Knoevenagel/Diels–Alder reaction sequence used
to generate diastereospecific and enantioselective synthesis of spirolactones in one pot.[a]


Entry Ar1 Ar2 Yield[%] d.r. ee[b] Absolute[c]


configuration


1[d] C6H5 4-NO2C6H4 83 >100:1 69 (7R,11S)-4d
2[d] 4-NO2C6H4 C6H5 80 >100:1 42 (7S,11R)-4 d
3[e] C6H5 4-CNC6H4 85 >100:1 70 (7R,11S)-4e
4[e] 4-CNC6H4 C6H5 80 >100:1 42 (7S,11R)-4 e


[a] Experimental conditions: aldehyde, Ar1-CHO (0.5 mmol), and 1-(triphenylphosphanylidene)-propan-2-one
(0.5 mmol) in benzene (0.2 mL) were stirred at 65 8C for 1 h, then l-DMTC (0.1 mmol), aldehyde, Ar2-CHO
(0.5 mmol), Meldrum�s acid (0.5 mmol), and methanol (1.0 mL) were added and stirred at 25 8C (see Experi-
mental Section). [b] Enantiomeric excesses were determined using chiral-phase HPLC. [c] Absolute configura-
tion determined based on HPLC analysis and comparison to earlier reports. [d] Spirotriones 4a and 4b are
formed in 2:1 ratio with 10% yield. [e] Spirotrione 4 f is formed in 10% yield.


Scheme 6. Organocatalytic asymmetric three-component Michael
(ATCM) reactions. [a] Literature values from two-component reactions
obtained byK. A. Jorgensen et al.[11]
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studies aimed at exploring the scope of assembly reactions
of these types are ongoing.


Experimental


General methods : The 1H and 13C NMR spectra were recorded at 400
and 100 MHz, respectively. The chemical shifts are reported in ppm
downfield to TMS (d=0 ppm) for 1H NMR spectra and relative to the
central CDCl3 resonance (d=77.0 ppm) for


13C NMR spectra. Coupling
constants in 1H NMR measurements are given in Hz. In the 13C NMR
spectra, the nature of the carbons (C, CH, CH2, or CH3) was determined
by recording the DEPT-135 experiment, and is given in parentheses.
Flash chromatography (FC) was performed by using silica gel Merck 60
(particle size 0.040–0.063 mm). High-resolution mass spectra were record-
ed on an IonSpec FTMS mass spectrometer with a DHB-matrix. Electro-
spray ionization (ESI) mass spectrometry was performed on an API 100
Perkin–Elmer SCIEX single quadrupole mass spectrometer. The enantio-
meric excess (ee) of the products were determined by HPLC using
Daciel chiralcel OD-H or Daciel chiralpak AS or Daciel chiralpak AD
columns with i-PrOH/hexane as eluent. HPLC was carried out by using a
Hitachi organizer consisting of a D-2500 Chromato-Integrator, an L-4000
UV-Detector, and an L-6200A Intelligent Pump. For thin-layer chroma-
tography (TLC), silica gel plates Merck 60 F254 were used and com-
pounds were visualized by irradiation with UV light and/or by treatment
with a solution of p-anisaldehyde (23 mL), conc. H2SO4 (35 mL), acetic
acid (10 mL), and ethanol (900 mL) followed by heating.


Materials : All solvents and commercially available chemicals were used
as received. 1,5-Dioxaspiro[5.5]undecane-2,4-dione and 7-isopropyl-10-
methyl-1,5-dioxaspiro[5.5]undecane-2,4-diones are prepared cyclizing cor-
responding cyclohexanone and (�)-menthone with malonic acid in acetic
anhydride under catalysis of concentrated H2SO4 or p-TSA at 20 to 50 8C
for 5–10 h, aqueous work-up and recrystallization with petroleum ether
furnished spiro[5.5]undecane-2,4-diones. Catalyst 4-benzyl-1-methyl-imi-
dazolidine-2-carboxylic acid (d.r.=2:1),[12] 4-N3C6H4CHO,


[13] and 4-
[(2,3,4,6-tetra-O-acetyl-d-glucopyranosyl)oxy]benzaldehyde[14] are pre-
pared according to literature procedures.


General experimental procedures for organo-click reactions


Pyrrolidine-catalyzed domino A/K/DA and K/M reactions : In an ordina-
ry glass vial equipped with a magnetic stirring bar, solvent (0.5 mL) was
added to the aldehyde (1.0 mmol), Meldrum�s acid (0.5 mmol) and ace-
tone (1.0 mmol), followed by the addition of the catalyst pyrrolidine
(0.15 mmol). The reaction mixture was stirred at 40 8C for the time indi-
cated in Tables 1 and 2. The crude reaction mixture was directly loaded
on silica gel column without aqueous workup and pure domino K/A/DA
and K/M products 4 a–c and 7 a–c were obtained by flash column chroma-
tography (silica gel, mixture of hexane/ethyl acetate).


Amino acid and amine-catalyzed domino W/K/DA reactions : For the
synthesis of antioxidants 6, reactants 1-(triphenylphosphanylidene)-
propan-2-one (0.5 mmol), aldehyde (1.3 mmol), 1,5-dioxa-spiro[5.5]unde-
cane-2,4-dione (0.5 mmol), and l-proline, glycine or pyrrolidine
(0.1 mmol) in ethanol (1.0 mL) were placed in an ordinary glass vial
equipped with a magnetic stirring bar and stirred at 65 8C for the time in-
dicated in Tables 3–6. The crude reaction mixture was directly loaded on
silica gel column without aqueous workup, and pure domino antioxidant
products 6a–u were obtained by flash column chromatography (silica gel,
mixture of hexane/ethyl acetate).


l-Proline/CuI-catalyzed W/K/DA/HC reactions in one pot : For the syn-
thesis of spirotrione-triazoles 8, reactants 1-(triphenylphosphanylidene)-
propan-2-one (0.25 mmol), 4-prop-2-ynyloxy-benzaldehyde (0.6 mmol),
1,3-cyclic diketone (0.25 mmol) and l-proline (0.05 mmol) in ethanol
(0.5 mL) were placed in an ordinary glass vial equipped with a magnetic
stirring bar and stirred at 65 8C for the time indicated in Table 7. CuSO4


(0.25 mmol), Cu wire (3 mg), and azide (1.2 mmol) were added to the
crude reaction mixture and stirred at room temperature for the time indi-
cated in Table 7. The crude reaction mixture was directly loaded on silica
gel column without aqueous workup and pure spirotrione–triazole prod-
ucts 8a–f were obtained by flash column chromatography (silica gel, mix-
ture of hexane/ethyl acetate).


l-DMTC-catalyzed AFCDA reactions in one pot : A solution of Alde-
hyde, Ar1-CHO (0.5 mmol) and 1-(triphenylphosphanylidene)-propan-2-
one (0.5 mmol) in benzene (0.2 mL) was stirred at 65 8C for 1 h; then l-
DMTC (0.1 mmol), aldehyde, Ar2-CHO (0.5 mmol), Meldrum�s acid
(0.5 mmol), and methanol (1.0 mL) were added and stirred at 25 8C for
the time indicated in Table 8. The crude reaction mixture was treated
with saturated aqueous ammonium chloride solution, the layers were sep-
arated, and the organic layer was extracted three to four times with di-
chloromethane, dried with anhydrous Na2SO4, and evaporated. The pure
AFCDA products 4d and 4 e were obtained by flash column chromatog-
raphy (silica gel, mixture of hexane/ethyl acetate). Enantiomeric excesses
(ee) and NMR spectra of pure AFCDA products were compared with
our previous report of ATCDA products.[3f]


Imidazolidine-catalyzed ATCM reactions in one pot : A solution of alde-
hyde (0.5 mmol) and 1-(triphenylphosphanylidene)-propan-2-one
(0.5 mmol) in benzene (0.2 mL) was stirred at 65 8C for 1 h; then 4-
benzyl-1-methyl-imidazolidine-2-carboxylic acid (0.05 mmol) and diethyl
malonate or dibenzyl malonate (0.5 mL) were added and stirred at 25 8C
for the time indicated in Scheme 6. The pure ATCM products 15 and 16
were obtained by flash chromatography directly from crude reaction mix-
ture; NMR spectra and ee�s of the ATCM products were compared with
literature values, which were obtained from two-component reactions.[11]
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C�C Bond Insertion of a Complexed Phosphinidene into 1,6-
Methano[10]annulene


Rosa E. Bulo,[a] Linda Trion,[a] Andreas W. Ehlers,[a] Fransiscus J. J. de Kanter,[a]


Marius Schakel,[a] Martin Lutz,[b] Anthony L. Spek,[b] and Koop Lammertsma*[a]


Introduction


The intriguing properties of the 10p-aromatic compound
1,6-methano[10]annulene (1) have attracted considerable at-
tention over the past decades,[1] particularly the alleged va-
lence tautomerism between the delocalized aromatic (1) and
localized bisnorcaradiene (1’) forms.[2] There are two possi-


bilities. Either the two forms are in equilibrium or only a
single structure exists. The latter may have nonclassical
properties with a C1�C6 bond length intermediate to those
of 1 and 1’. There are X-ray structures of both localized and
delocalized forms, the nature of which depends on the sub-
stituents at the methano bridge.[3] The most recent theoreti-


cal study (B3LYP and MP2) on the parent molecule gives a
single energy minimum with a structure that has a long C1�
C6 distance (2.23 .), which suggests a delocalized form. It
has a HOMO�1 that indicates homoaromatic stabiliza-
tion.[4]


The aromatic$olefinic character of 1 has stimulated
many reactivity studies, including those with reactive inter-
mediates like carbenes, nitrenes, and singlet oxygen with
varying results. Singlet methylene gives 2d (major) and 2b
(minor) as products (Scheme 1a).[5] The formation of 2d was
thought to occur by 1CH2 addition to the C1�C2 bond (2e),


[a] R. E. Bulo, L. Trion, Dr. A. W. Ehlers, Dr. F. J. J. de Kanter,
Dr. M. Schakel, Prof. Dr. K. Lammertsma
Vrije Universiteit, FEW, Department of Chemistry
De Boelelaan 1083, 1081 HVAmsterdam (The Netherlands)
Fax: (+31)20-444-7488
E-mail : lammert@chem.vu.nl


[b] Dr. M. Lutz, Prof. Dr. A. L. Spek
Bijvoet Center for Biomolecular Research
Department of Crystal and Structural Chemistry
Utrecht University (The Netherlands)


Abstract: Reaction of electrophilic
phosphinidene complex [MePW(CO)5]
with 1,6-methano-[10]annulene results
in the sole formation of the isomeric
C�C insertion products 6c (main) and
6d (minor). The single-crystal X-ray
structure of the complexed 1,7-meth-
ano-3-phospha[11]annulene (6c) shows
a syn-W(CO)5 group at the exo bent
phosphorus. The structure displays C�


C bond alternation without bonding
between the bridgehead carbon atoms.
Density functional theory calculations
indicate 6c to result from a concerted


disrotatory ring opening of an unde-
tected tricyclic exo–syn phosphirane in-
termediate. The endo–anti phosphirane
cannot undergo ring expansion, due to
the high barrier that is associated with
an intramolecular antara–antara retro
Diels–Alder reaction. The stabilizing
effect of transition-metal coordination
is discussed.


Keywords: annulenes · density
functional calculations · electro-
philic substitution · phosphorus ·
tungsten


Scheme 1. Reaction of a) a carbene, b) a nitrene, and c) 1O2 with 1.
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although addition to the C2�C3 bond (2aQ2c)[6] followed
by a 1,9-H shift could be an alternative. Direct addition at
C2�C3 gives the minor product, which rearranges at higher
temperatures to the major product presumably via 2c. Also
methoxycarbonylnitrene inserts into the C2�C3 bond (be-
sides adding to the C1�C2 and C3�C4 bonds) to give 3c,
likely via the aziridine intermediate 3a (Scheme 1b).[7] Addi-
tion of 1O2 gives a 1,4-endoperoxide, which upon further
heating rearranges to a diepoxide (Scheme 1c).[8] Stimulated
by the diagonal P/C-relationship[9] we were intrigued to ex-
plore the reactivity of phosphinidene complex
[MePW(CO)5], which is another low-valent reactive inter-
mediate.


Electrophilic phosphinidene complexes, like carbenes, add
to double bonds to give stable three-membered phosphir-
anes,[10,11] but unlike the carbenes they hardly react with aro-
matic compounds. In fact, transient [RPW(CO)5] is generat-
ed in aromatic solvents (toluene) by cheletropic elimination
from 4 with release of a benzene derivative (Scheme 2a).


Moreover, phosphepines even
decompose rapidly, presumably
via an intermediate phospha-
norcaradiene that expels ben-
zene (Scheme 2b), which sharp-
ly contrasts the behavior of the
nitrogen and carbon homo-
logues.[12]


Still, reactions occur with some aromatics, but the prod-
ucts are less common. For example, [RPW(CO)5] inserts
into the C�H bond of a cyclopentadienyl ring of ferro-
cene,[13] and a 1,4-adduct is obtained that conatins the highly
strained benzene ring of [5]metacyclophane.[14] Reaction
with azulene also gives C�H insertion (five-membered ring)
and 1,4-addition (seven-membered ring) products via inter-
mediate 1,2-complexes (Scheme 3).[15] Theoretical calcula-
tions suggest the aromatic stabilization of 1 to resemble that
of azulene; both having comparable nucleus-independent
chemical shifts (NICS) in spite of their differences in polari-
ty.[16] In light of this duality, that is, the decomposition of


phosphepines versus the reactivity of azulene, we were in-
trigued to examine the behavior of 1 toward electrophilic
phosphinidenes.


Results and Discussion


Phosphanorbornadiene derivative 4 (R=Me), the precursor
to phosphinidene [MePW(CO)5] (5), reacts with 1 at 90 8C
or in the presence of a catalytic amount of CuCl at 55 8C in
toluene to give syn/anti isomeric 6c and 6d as unexpected
sole products in a 85:15 ratio (Scheme 4). Though these
products probably results from the ring opening of inter-
mediate 6a (syn/anti), the C2C3 adduct; this tricyclic species,
with cycloheptatriene and phosphirane rings, could not be
detected by 31P NMR monitoring of the reaction. The struc-
ture of the main product 6c was fully characterized by the
diagnostic 1H and 13C NMR resonances for the olefinic CH
groups at C2 (H 4.93, C 114.4 ppm) and C3 (H 5.22, C
128.2 ppm), those of the CH2 hydrogen atoms (3.67,
5.49 ppm), and the 31P NMR chemical shift at �3.1 ppm; iso-
meric 6d shows similar characteristics (see Experimental
Section). The delocalized nature of the hydrocarbon frame
of 6c is further supported by the low field d(13C) resonances
of C1 (148.8 ppm) and C6 (141.3 ppm), which indicate that
these atoms are not bound covalently. Variable temperature
NMR experiments did not give any indication for an equili-
brium between 6c and 6a.


An X-ray structure determination ascertained the assign-
ment of 6c (Figure 1). The structure shows large separations


between C1 and C6 (2.413(3) .) and between C2 and C3
(2.979(3) .), but also bond length alternation along the
carbon periphery (d(C=C) 1.338(3)–1.347(3) ., d(C�C)


Scheme 2. Generation of a) a complexed and b) a free phosphinidene, fa-
cilitated by formation of aromatic byproducts.


Scheme 3. Phosphinidene reaction products of azulene.


Figure 1. Displacement ellipsoid plot (50% probability level) of 6c. Se-
lected bond lengths [.], and torsion angle [8]: C1�C2 1.343(3), C2�P1
1.805(2), P1�C3 1.823(2), C3�C4 1.347(3), C4�C5 1.461(3), C5�C6
1.338(3), C6�C7 1.466(3), C7�C8 1.342(4), C8�C9 1.455(4), C9�C10
1.344(3), C10 C1 1.458(3), C2�C3 2.979(3), C1�C6 2.413(3); C11-C1-C2-
P1 4.8(3).


Scheme 4. Phosphinidene reaction with 1,6-methano[10]annulene (1). The same structure numbering is used
for both product 6c and 1 for simplicity of the discussion.
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1.455(4)–1.466(3) .). The Julg
parameter[17] of 0.61 supports
the conjugated olefinic nature
of the frame of ten carbon
atoms. Interestingly, the
[MePW(CO)5] group is bent up-
wards with its transition-metal
group directed toward the meth-
ylene bridge (exo), which is
seemingly the more congested
position.


The unexpected PCC-ring ex-
pansion on the one hand and
the very formation of 6c and 6d
as only products with their
unique structure on the other
hand prompted us to investigate
the reaction pathway and the
structural characteristics of the
main product with theoretical
methods. This leads to unex-
pected novel mechanistic in-
sights.


Formation of syn–exo phosphirane 6a : Density functional
theory calculations show a concentration of electron density
at the exo-side of the C2�C3 bond of 1. Therefore, attack by
the electrophilic phosphinidene [MePW(CO)5] is expected
to be more facile at this side, but we will also consider
attack from the less congested endo-side. The minor role of
endo-addition can be inferred from the olefin cycloadditions
of carbenes and phosphinidenes. Those for halocarbenes
have negative enthalpy barriers, and therefore their rate de-
pendency indicates an entropy controlled process.[18] Like-
wise, it has been shown that [RPW(CO)5] adds without an
enthalpy barrier, yet showing a preference for the more
electron-rich olefin.[15,19, 20] In view of this we expect addition
to the less electron-rich site, that is, the endo-site, to play
only a minor role.


For 1,6-methano[10]annulene the calculated energy differ-
ence of 0.1 kcalmol�1 between the syn and anti adducts 6a is
very modest, but in line with the observed 85:15 syn :anti
ratio of 6c and 6d and similar syn:anti-addition ratios for
simple olefins.[20c,21] The clear preference for formation of
the congested syn–exo adduct of norbornadiene may suggest
a similar behavior for 1.[22] For reasons of simplicity and
computational cost, we explore only the syn adduct with Me
substituted for H and W for Cr. These model structures are
labeled with capital letters. In the text, relative DH298 values
are used; DE values are given in addition in the figures and
in the Supporting Information.


Structure 6A represents the initial 1,2-adduct (Figure 2).
The presence of a phosphirane ring is evident from the
short C2�C3 distance of 1.557 .. Like parent 1,[3e] a Bader
analysis[23] of the C1�C6 electron density provides no bond
critical point. Yet, the nucleus-independent chemical shifts
(NICS) value of �13.1 for the cycloheptatriene ring is indi-
cative of homoaromatic stabilization. Further tightening of
the structure with closure of the C1�C6 bond (2.280!


1.645 .) results in the 6.5 kcalmol�1 less stable localized
structure 6B. However, this structure converges back to 6A
without an enthalpy barrier.


Formation of the W(CO)5 complex of 3-methyl-1,7-meth-
ano-3-phospha[11]annulene (6c): Phosphirane 6A rearrang-
es to the 4.3 kcalmol�1 more stable 6C by means of a con-
certed disrotatory ring opening with a low enthalpy barrier
of 10.2 kcalmol�1. Apart from a slightly increased bond de-
localization (dav(C=C) 1.364 ., dav(C�C) 1.451 .), its struc-
ture is in excellent agreement with the crystal structure of
6c with similarly large C1�C6 (2.448 .) and C2�C3
(3.016 .) separations; the calculated NICS value of �0.3
for the cycloheptatriene ring shows that there is no homo-
aromatic stabilization in 6C. The [HPCr(CO)5] group is like-
wise tilted toward the methylene bridge. Surprisingly, bend-
ing this group into the seemingly less congested conforma-
tion 6C’ is not only endothermic by 1.5 kcalmol�1, but has
no an enthalpy minimum.


The inaccessible endo route : Endo–anti addition (labeled
with ’) of [HPCr(CO)5] to the C2C3 bond of 1 followed by
ring opening of the phosphirane (Figure 3) and subsequent
bending of the phosphorus group (Figure 2) would also ex-
plain the observed product formation. However, while
endo–anti adduct 6A’ (favored over localized form 6B’
(C1�C6 1.590 .)) is isoenergetic with exo–syn adduct 6A
(and has a similar NICS value (�19.5) for the cyclohepta-
triene unit), its barrier of 30.8 kcalmol�1 for ring opening to
6C’ (2.8 kcalmol�1) requires an unexpected three times that
of 6A, making this an unlikely process to occur. To explain
the apparent contrast, we focus on the weak C1�C6 p inter-
action that is inherent to the homoaromatic character of
6A. In so doing, we consider the 6A!6C conversion as an
intramolecular retro-Diels–Alder reaction instead of as an
electrocyclic ring opening (Scheme 5).


Figure 2. Relative BP/TZP energies (in kcalmol�1) for the rearrangements of 6A. DH298 values are in italics.
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The retro-Diels–Alder reaction is constrained by orbital
symmetry rules that favor a supra–supra[2s+4s] pathway,
but the antara–antara[2a+4a] path is formally also permit-
ted. The rigid geometry of syn–exo isomer 6A allows for a
[2s+4s] process, which is evident from the HOMO–LUMO
interactions of the fragments shown Figure 4a. With the
[HPCr(CO)5] group tilted toward the endo site, this pathway
is no longer feasible, and the structure becomes instead
more amenable for antara-facial interactions between the
diene and dienophile fragments, as shown in Figure 4b. The
transition state for the 6A’!6C’ conversion indeed shows
the characteristics for a [2a+4a] process. Within the con-


fined ring structure, this process leads to significant geomet-
rical distortions due to the required twisting of the dieno-
phile fragment for proper orbital overlap (torsion in the
transition structure), and thereby diminishes the p stabiliza-
tion for the pericyclic process. It is then no surprise that the
literature contains no examples of [2a+4a] Diels–Alder re-
actions; we are only aware of a theoretical study on a larger
[4a+6a] cycloaddition.[24]


Influence of the transition-metal group : We have seen the
unexpected, exclusive formation of the stable ring-expanded
products 6c and 6d from the reaction of phosphinidene
complex 5 with 1 to be supported by DFT calculation on the
model structures 6A–6C. This result is remarkable for two
reasons. First, as noted, its formation contrasts the reactivity
of all known phosphepines, which easily expel phosphini-
denes to give aromatic hydrocarbons. Second, homoaromat-
ic stabilization in the cycloheptatriene unit would be expect-
ed to stabilize phosphirane isomer 6a over the complexed
1,7-methano-3-phospha[11]annulene.[6] We surmise that the
transition-metal group reverses their stability; this fact is
confirmed by calculations on the uncomplexed system of
which the phosphirane-containing structure 7A is 5.7 kcal -
mol�1 more stable than the ring-opened structure 7C
(Figure 5).


The 4.3 kcalmol�1 favorable ring opening of the Cr(CO)5-
complexed system suggests that the transition-metal group
weakens the C2�C3 bond of 6A (1.557 .), relative to that
of uncomplexed 7A (1.528 .). This effect can be rational-
ized by using Walsh orbitals for the phosphirane ring in an
analogous manner, by which the influence of substituents on
the electrocyclic ring closure/opening of norcaradienes has
been addressed.[25] Coordination of the transition-metal
group involves s-electron donation from the lone pair on
phosphorus to the metal (Figure 6a) and p back-donation
from the metal to the p orbital on phosphorus (Figure 6b).
The s-electron transfer to the metal reduces the C2�C3
bonding and p-electron transfer from the metal enhances
the C2�C3 antibonding. The effect of both is in the same di-
rection, namely coordination of the transition-metal group
on phosphorus weakens its distal C2�C3 bond. A fragment-
based analysis shows a 10 kcalmol�1 stronger phosphorus–
chromium interaction in 6C (38.3 kcalmol�1) than in 6A


Figure 3. Relative BP/TZP energies (in kcalmol�1) for the rearrangement
of 6A’ (referenced against 6A). DH298 values are in italics.


Scheme 5. a) Electrocyclic ring opening/closure and b) retro-Diels–Alder
reactions.


Figure 4. Orbital interactions leading to the respective supra–supra and
antara–antara Diels–Alder reactions in 6C and 6C’.


Figure 5. Relative BP/TZP energies (in kcalmol�1) for ring opening of
6A and for uncomplexed 7A.
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(28.4 kcalmol�1), which is manly due to the described orbital
interactions (DDEoi=6 kcalmol�1).


Conclusions


Reaction of the transient phosphinidene complex
[MePW(CO)5] with 1,6-methano[10]annulene results re-
markably in the sole formation of the stable C�C insertion
products 6c and 6d, which have the first phosphorus-con-
taining 11-membered ring. A crystal structure analysis of the
main isomer 6c shows the tungsten pentacarbonyl moiety
and the phosphorus atom to which it is coordinated posi-
tioned cis to the methylene bridge. The bicyclic compound
results from a disrotatory ring opening of the undetected
phosphinidene adduct 6a, as confirmed by the modest barri-
er that is obtained by density functional calculations on a
model system. The trans addition of the phosphinidene com-
plex does not lead to observed product due to the high bar-
rier for the electrocyclic ring opening, a process that mimics
a concerted [4a+2a] retro-Diels–Alder reaction. The prefer-
ence for the methano-bridged phospha[11]annulene struc-
ture 6c over the localized phosphirane structure 6a is due to
the stabilizing effect of the transition-metal group, as the
relative energy reverses sign without it. The stabilization re-
sults from the s-electron withdrawing and p-electron back-
donation of the metal group to the phosphorus atom, both
of which destabilize the C2�C3 bond of the three-membered
phosphirane ring.


Experimental Section


Computational methods : All geometry optimizations were performed
with the ADF program,[26] with a triple z basis set with polarization func-
tions, the local density approximation (LDA) in the Vosko–Wilk–Nusair
parameterization[27]with nonlocal corrections for exchange (Becke88)[28]


and correlation (Perdew86)[29] included in a selfconsistent manner, and
the analytical gradient method of Versluis and Ziegler.[30]


Zero-point energies (ZPEs) were computed with the Gaussian 98 pro-
gram package,[31] with geometries optimized with the BP86 exchange-cor-
relation potentials and the LANL2DZ basis set for chromium and 6-
31G* for all other elements. Minima were confirmed to have only posi-
tive force constants and transition structures (TS) to have only one imag-
inary value.


The seven-membered rings in 7a and 7b were characterized by the nu-
cleus-independent chemical shifts (NICS), a simple and efficient aroma-
ticity probe.[32] NICS, the negative of the absolute magnetic shielding,


was computed at the ring centers by using gauge-including atomic orbi-
tals (GIAO) in the stand alone utility program NMR[33] of the ADF pro-
gram package. Negative NICS denote aromaticity (�7.5 for benzene),
and positive NICS denote antiaromaticity. Nonaromatics have negligible
NICS values. An advantage of NICS over other aromaticity criteria is the
relatively small dependence on ring size, and its ability to assess the aro-
maticity of individual rings in polycyclic systems.


Synthetic methods : NMR spectra were recorded on a Bruker Avance 250
and an MSL 400 spectrometer (31P; 85% H3PO4,


1H, 13C; TMS). High-
resolution mass spectra (HR-MS) were recorded on a Finnigan Mat 900
spectrometer. Compound 1 was synthesized according to the literature.[34]


Compounds 6c and 6d : Compound 4b (0.464 g, 0.78 mmol), compound 1
(0.088 g, 0.62 mmol), and CuCl2 (0.01 g, 0.1 mmol) were stirred at 55 8C
under nitrogen for 17 h in dry toluene (10 mL). The reaction was moni-
tored by 31P NMR spectroscopy, for disappearance of 4 (202 ppm). Be-
sides 6c and 6d, only P,W-clusters and oxidation products were observed.
After evaporation of the solvent, the reaction mixture was subjected to
chromatography over activated silica with a hexane/dichloromethane
(20:1) as eluents giving 6c and 6d (0.15 g 47.2% in total) in an 85:15
ratio as determined by 31P NMR spectroscopy. Crystallization from pen-
tane resulted in orange crystals of 6c. M.p. 105–106 8C


Data for 6c : 31P NMR (250 MHz, CDCl3): d=�3.1 ppm (d, 1J(P,W)=
231.7); 13C NMR (400 MHz, CDCl3): d=201.5 (d, 2J(C,P)=18.88 Hz;
trans-CO), 196.9 (d, 2J(C,P)=6.8 Hz; cis-CO), 148.8 (d, 2J(C,P)=2.74 Hz;
C1), 141.3 (d, 4J(C,P)=1.72 Hz; C6), 134.3 (d, 2J(C,P)=10.89 Hz; C4),
133.2 (s; C7), 132.2 (d, 3J(C,P)=12.17 Hz; C10), 128.2 (d, 1J(C,P)=
30.56 Hz; C3), 127.2 (s; C9), 125.6 (s; C8), 122.5 (d, 3J(C,P)=4.32 Hz;
C5), 114.4 (d, 1J(C,P)=41.56 Hz; C2), 36.2 (d, 3J(C,P)=12.56 Hz; C11),
21.4 ppm (d, 1J(C,P)=36.36 Hz; MeP); 1H NMR (200 MHz, CDCl3): d=
1.94 (d, 2J(H,P)=7.1 Hz; MeP), 3.67 (dd, 4J(H,P)=2.5 Hz, 2J(H,H)=
11.4 Hz; anti-HC11), 4.93 (m, 2J(H,P)=21.9 Hz, 4J(H,H)=1.6 Hz; HC2),
5.22 (ddd, 2J(H,P)=26.8 Hz, 3J(H,H)=14.5 Hz, 4J(H,H)=1.8 Hz; HC3),
5.41 (d, 3J(H,H)=6.8 Hz; HC5), 5.49 (dd, 4J(H,P)=1.9 Hz, 2J(H,H)=
11.4 Hz; syn-HC11), 5.74 (m, 3J(H,H)=11.1 Hz; HC8), 5.76 (m,
3J(H,H)=11.1 Hz; HC9), 6.13 (m; HC7), 6.21 (m; HC10), 6.21 ppm (ddd,
3J(H,P)=34.6 Hz, 3J(H,H)=6.8 Hz, 3J(H,H)=14.5 Hz; HC4); HRMS: m/
z calcd for C16H11WPO5: 512.0000; found: 512.0010.


Data for 6d : 31P NMR (250 MHz, CDCl3): d=�19.6 ppm (d, 1J(P,W)=
237.5 Hz); 13C NMR (400 MHz, CDCl3): d=200.7 (d, 2J(C,P)=19.6 Hz;
trans-CO), 197.2 (d, 2J(C,P)=7.0 Hz; cis-CO), 147.7 (d, 2J(C,P)=5.2 Hz;
C10), 142.9 (d, 4J(C,P)=2.9 Hz; C5), 135.3 (d, 2J(C,P)=5.1 Hz; C3),
133.1 (s; C6), 132.7 (d, 3J(C,P)=12.4 Hz; C9), 132.0 (d, 1J(C,P)=32.3 Hz;
C1), 128.1 (d, 1J(C,P)=31.9 Hz; C2), 127.1 (d, 3J(C,P)=6.3 Hz; C4),
126.5 (s; C7), 126.2 (s; C8), 34.2 (d, 3J(C,P)=7.8 Hz; C11), 23.1 ppm (d,
1J(C,P)=30.8 Hz; CH3P);


1H NMR (400 MHz, CDCl3): d=6.34–6.28 (m;
HC6, HC9), 6.27 (ddd, 3J(H,P)=36.3 Hz, 3J(H,H)=13.6 Hz, 3J(H,H)=
5.5 Hz; HC3), 6.13 (d, 2J(H,P)=37.3 Hz; HC1), 5.92–5.83 (m; HC4, HC7,
HC8), 5.58 (ddd, 2J(H,P)=24.9 Hz, 3J(H,H)=13.6 Hz, 4J(H,H)=1.7 Hz;
HC2), 4.72 (d, 2J(H,H)=10.9 Hz; cis-HC11), 3.20 (d, 2J(H,H)=10.9 Hz;
trans-HC11), 2.01 ppm (d, 2J(H,H)=7.1 Hz; CH3P).


Crystal data for 6c : C17H13O5PW, Mr=512.09, orange plate, 0.30O0.24O
0.15 mm3, monoclinic, P21/c (no. 14), a=10.6574(1), b=7.0617(1), c=
24.1276(3) ., b=109.3751(8)8, V=1712.99(4) .3, Z=4, 1calcd=


1.986 gcm�3, m=6.860 mm�1. 18905 Reflections were measured on a
Nonius Kappa CCD diffractometer with rotating anode (l=0.71073 .)
at a temperature of 150(2) K up to a resolution of (sinq/l)max=0.65 .�1;
3921 reflections were unique (Rint=0.040). An analytical absorption cor-
rection was applied (0.21–0.56 transmission). The structure was solved
with automated Patterson methods (DIRDIF-99)[35] and refined with
SHELXL-97[36] against F2 of all reflections. Non-hydrogen atoms were re-
fined freely with anisotropic displacement parameters; H atoms were re-
fined freely with isotropic displacement parameters. 269 refined parame-
ters, no restraints. R values [I>2s(I)]: R1=0.0167, wR2=0.0373. R
values (all data): R1=0.0191, wR2=0.0381. GoF=1.054. Residual elec-
tron density between �1.08 and 0.80 e.�3. Molecular illustration, struc-
ture checking and calculations were performed with the PLATON pack-
age.[37]


Figure 6. a) s-donation and b) p-backdonation upon coordination of 7A
to Cr(CO)5.
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Palladium-Catalyzed Tandem Reaction of Yne–Propargylic Carbonates with
Boronic Acids: A Simple Method for the Synthesis of Fused Aromatic Rings
through Allene-Mediated Electrocyclization


Feng Wang,[a] Xiaofeng Tong,[a] Jiang Cheng,[b] and Zhaoguo Zhang*[a]


Introduction


Allene-mediated cyclization reactions have attracted much
attention by chemists.[1] One type of cyclization product, iso-
toluene or its benzo analogues (Scheme 1), can be easily


converted to toluene or naphthalenes, because of their un-
stable properties.[2] As a matter of fact, the electrocycliza-
tion of diene–allenes (A) were used as a key step in organic
synthesis (Scheme 1).[3] This reaction could be extended to
the arylvinylallene (B), which also takes place the 6p elec-
trocyclization to give naphthalene.[4] However, these allenic
compounds cannot be easily synthesized.[3b,5]


It has been sporadically reported that the allenylpalladi-
um complex could favorably insert into a triple bond to
form an allenylvinylpalladium species that couples with the
organometallic compounds to produce allene derivatives
conveniently.[6,7]


On the basis of these foundations, we have designed a
tandem reaction of yne–propargylic carbonates and aryl bor-
onic acids catalyzed by palladium(0) to give the arylvinylal-
lenes and followed by electrocyclization in situ to form the
naphthalene, benzofuran, and benzothiophene derivatives.
Herein, we report our preliminary results.


Results and Discussion


Tandem reaction of yne–propargylic carbonates with aryl
boronic acids—synthesis of multisubstituted naphthalenes :
Following the literature procedure,[6b] when we treated a
mixture of 1, Ph2Zn, and [Pd(dba)2]/4TFP (TFP= trifuryl-
phosphine) in refluxing Et2O for 12 h, the starting material
was recovered; no reaction occurred at all. However, when
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Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences
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Abstract: The palladium-catalyzed
tandem reactions of yne–propargylic
carbonates with aryl boronic acids, 2-
furyl boronic acid, and 2-thiophenebor-
onic acid, followed by 6p-electrocycli-
zation to give fused ring aromatic prod-
ucts such as naphthalene, benzofuran,
and benzothiophene derivatives are re-
alized. Screening of the reaction condi-
tions revealed that the combination of
[Pd(PPh3)4] in THF gave the best re-
sults in terms of reactivity and product


yields in the reaction of yne–propargyl-
ic carbonates with phenylboronic acid.
The reaction is sensitive toward steric
hindrance when substituted phenylbor-
onic acids are emplyed. However,
when we take 2-furyl boronic acid as


the organometallic reagent, most sub-
strates perform very well to give ben-
zofuran derivatives. In addition, 2-thio-
pheneboronic acid is also a very effec-
tive coupling reagent to give bezothio-
phenes in high yields. A mechanism is
proposed that involves the formation
of an allenylpalladium complex from
Pd0 and propargylic carbonate, fol-
lowed by insertion of an intramolecular
triple bond and the Suzuki coupling re-
action, and then electrocyclization.


Keywords: allenes · C�C coupling ·
electrocyclic reactions · fused-ring
systems · heterogeneous catalysis ·
palladium


Scheme 1. Allene-mediated cyclization reactions.
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we employed PhB(OH)2 instead of Ph2Zn as the organome-
tallic reagent for the coupling reaction, 4-methyl-1,3-dihy-
dro-naphtho[2,3-c]furan (2) can be isolated in 19% yield
within 1 h (Table 1, entry 1). By employing the commercially


available catalyst [Pd(PPh3)4], a better result was achieved
(Table 1, entry 2).


Recognizing that the phosphine ligands always play an
important role in transition-metal-catalyzed reactions, the
commercially available bidentate ligands (1,1’-binaphtha-
lene-2,2’-diylbis(diphenylphosphine) (BINAP), 1,2-bis(di-
phenylphosphino)ethane (DPPE), 1,3-bis(diphenylphosphi-
no)propane (DPPP), 1,4-bis(diphenylphosphino)buta-
ne(DPPB)) and monodentate ligands (PPh3, P(OMe)3, P(o-
Tol)3) were tested for the reaction. Pd(OAc)2 with bidentate
phosphine ligands could not catalyze the reaction; no prod-
ucts were detected at all and the starting material 1 was re-
covered (entry 7). In contrast Pd(OAc)2 with monodentate
phosphine ligands could catalyze the reaction, giving 2 in
the yields ranging from 0% to 42% (entries 3–6). Among
the monophosphine ligands screened, PPh3 gave the best
result with 42% isolated yield. Compound 1 was consumed
completely and no side product was detected in the 1H spec-
trum of the solvent-free reaction mixture.


Besides THF, the reaction in other solvents, such as tolu-
ene, CH3CN and DMF, were also investigated; under the
catalysis with [Pd(PPh3)4] compound 2 was separated in
poor yields (Table 1, entries 9, 11, 12). The reaction proceed-
ed in 1,4-dioxane similarly as in THF, the same yield was
obtained (42%, Table 1, entry 10). When K2CO3 was added
as a base, the yield decreased to 35% (Table 1, entry 13). It
is noted that when the mixture of water and THF (1:5) was


employed as the solvent, the yield of 2 did not change at all
(Table 1, entry 8).


To improve the yields of products, we employed propargyl
methyl carbonate 3 as reactant, and 48% of isolated yield of
the product could be achieved (Table 2, entry 1). Other aryl


boronic acids with electron-withdrawing, electron-donating
groups, or an ortho-substituent, can also react with 3 to give
the corresponding naphthalene derivatives 5b–5e (Table 2,
entries 2–5). When the terminal alkyne moiety of 3 is
blocked by a methyl group, the resulting propargyl methyl
carbonate 4 reacts with phenylboronic acid smoothly, and
the isolated yield of naphthalene derivative (6a) is increased
to 65% (Table 2, entry 1). The para-substituted phenylbor-
onic acids also react with 4 to give the desired products in
moderate yields (Table 2, entries 2, 3). It is not clear why a
low yield of 6e is obtained when electron-rich boronic acid
e reacts with 4 (Table 2, entry 5).


However, no naphthalene product is detected when 4
reacts with 2-MeC6H4B(OH)2; this outcome is different
from that found when propargyl methyl carbonate 3 was
employed as the substrate. From the energy-minimized
model of the allenic intermediate (Figure 1), the 6p system


Table 1. Tandem reaction of propargyl ethyl carbonates with phenylbor-
onic acid.[a]


Entry Catalyst (5 mol%) Solvent Yield [%][b]


1 [Pd(dba)2]/4TFP THF 19
2 [Pd(PPh3)4] THF 42[c]


3 Pd(OAc)2/3TFP THF 7
4 Pd(OAc)2/3PPh3 THF 42
5 Pd(OAc)2/3P(OMe)3 THF –
6 Pd(OAc)2/3P(o-tol)3 THF –
7 Pd(OAc)2/2L THF –[d]


8 [Pd(PPh3)4] 5THF/H2O 43
9 [Pd(PPh3)4] toluene 29
10 [Pd(PPh3)4] dioxane 42
11 [Pd(PPh3)4] CH3CN trace
12 [Pd(PPh3)4] DMF trace
13 [Pd(PPh3)4] THF 35[e]


[a] All reactions were performed under argon atmosphere with 1
(0.30 mmol), palladium (5 mol%), and phenylboronic acid (0.45 mmol)
in a specified solvent (3 mL) at 70 8C for 1 h. [b] Yield of isolated product
based on 1. [c] At room temperature no reaction occurred. [d] L=


BINAP, DPPE, DPPP or DPPB. The substrate 1 could be recovered; the
reaction time was 12 h. [e] K2CO3 (0.6 mmol) was added as a base.


Table 2. Tandem reaction of propargyl methyl carbonates with aryl bor-
onic acids.[a]


Entry R’C6H4B(OH)2 t [h] Product Yield
5/6 [%][b]


1 1
5a/6a
48/65


2 2
5b/6b
61/61


3 1
5c/6c
60/69


4 1
5d/6d
45/–[c]


5 2
5e/6e
61/34


[a] All reactions were performed under argon atmosphere with 3
(0.30 mmol), [P(PPh3)4] (5 mol%), and aryl boronic acid (0.45 mmol) in
refluxing THF (3 mL). [b] Yield of isolated product based on 3. [c] Un-
identified mixture.
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cannot co-exist in one plane, due to the steric hindrance of
two methyl groups, and this prevents the electrocyclization
reaction.


The nitrogen-bridged substrate 7 reacts with phenylboron-
ic acid smoothly to give 13 in 55% of yield (Table 3,
entry 1). Like the oxygen-tethered substrate 3, compound 7
could also react with other substituted aryl boronic acids, in-


cluding ortho-substituted phenylboronic acid, to give the
corresponding naphthalene derivatives as the products.
When the a-position of the propargyl carbonates is substi-
tuted, for example, for an ethyl-substituted compound (8),
the reaction even proceeds at room temperature. When a
phenyl group is substituted at the a-position, the yield is
much higher (entry 6). However, for the substrates 9 and 11,
mixtures of products are obtained that cannot be separated
or identified. This may also be attributed to the same reason
that a coplanar 6p system cannot be formed (Figure 1). The
carbon-tethered substrate 12 with methyl carboxylate
groups also reacts with phenylboronic acid to give a carbon-
ring product, but with lower yields.


Tandem reaction of yne–propargylic carbonates with 2-furyl-
boronic acid and 2-thiopheneboronic acids—synthesis of
benzofurans and benzothiophenes : Besides the aryl boronic


acids, we found that other het-
eroaryl boronic acids, such as 2-
furylboronic acid and 2-thio-
pheneboronic acid, react more
easily with the yne–propargylic
carbonates to give the corre-
sponding benzofurans and ben-
zothiophenes (Tables 4 and 5).


Substrates 3 and 10 react
with 2-furylboronic acid
smoothly in higher yield than
those with aryl boronic acids
(Table 4, entries 1 and 2); even
the a,a-dimethyl-substituted
substrate 19 also gives benzo-
furan in moderate yield
(Table 4, entry 3). Other sub-
strates such as nitrogen- and
carbon-tethered alkynyl propar-
gylic carbonates react with 2-
furylboronic acid to give the
corresponding benzofurans
(Table 4, entries 4–6).


The best results are obtained
when we take 2-thiophenebor-
onic acid as the coupling re-
agent. The yields are higher
than those of when aryl and 2-
furylboronic acid are employed
and the reaction time is much
shorter. For substrate 9, which
cannot form naphthalene when
it reacts with phenylboronic
acid (Table 3, entry 5), benzo-
thiophene 30 is afforded in
moderate yield in 30 minutes
(Table 5, entry 4). It seems that
the steric hindrance of carbo-
nates does not have any effect
on the reaction when 2-thiophe-
neboronic acid is applied
(Table 5, entries 3–5 and 8).


Figure 1. The energy-minimized (Chem3D ultra 6.0, MM2) model of the
allenic intermediate.


Table 3. Tandem reaction of yne–propargylic carbonates and aryl bronic acids.[a]


Entry Carbonates ArB(OH)2
[b] t [h] Products Yield


[%][c]


1 a 1 55


2 7 c 1 64


3 7 d 2 59


4 a 1 55


5 a 2 mixture[d] –


6 a 1 76


7 a 1 mixture[d] –


8 a 1 27(29)[e]


[a] The reaction conditions were the same as those in Table 1. [b] For structures of ArB(OH)2 see Table 2.
[c] Yield of isolated product. [d] Mixture products could not be separated or identified. [e] The yield in paren-
thesis is obtained with 5 mol% of Pd(OAc)2/3PPh3 as catalyst.
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Mechanism investigation : In our initial experiment of yne–
propargylic carbonate 1 with phenylboronic acid, we isolat-
ed another product VI, which is unstable. It directly changed
slowly to 2 at room temperature, or very fast on heating or
with catalytic amount of trifluoroacetic acid (Scheme 2).
Therefore, we believe that the compound VI is one of the
intermediates in the reaction.


On the basis of these results, we propose a possible reac-
tion mechanism (Scheme 3). Palladium(0) attacks at propar-
gylic carbonate through SN2’ substitution to form an allenyl-
palladium compound (I). Instead of direct coupling with
phenylboronic acid,[7] the intermediate I inserts into the in-


tramolecular triple bond to generate the alkenylpalladium
intermediate II. The transmetalation of intermediate II with
aryl boronic acid affords the intermediate III, which under-
goes reductive elimination to give arylvinylallene IV. This
allenic compound IV electrocylizes to form the highly conju-
gated intermediate V. Intermediate V either aromatizes di-
rectly to give the final product 2 or reacts through the [1,5]
H-shift to afford the intermediate VI, which further isomer-
izes to give the product 2. The isolation of compound VI[8]


indicates that [1,5] H-shift must have taken place during the
course of the product formation. Compound VI will covert
to the naphthalene product in several hours in air at room
temperature or in a few minutes in the presence of TFA.[1f]


Table 4. Tandem reaction of yne–propargylic carbonates with 2-furylbor-
onic acid.[a]


Entry Carbonates t [h] Products Yield
[%][b]


1 0.5 67


2 0.5 75


3 1 63


4 1 59


5 0.5 52


6 3 37(45)[c]


[a] The reaction conditions were the same as those in Table 1. [b] Yield
of isolated product. [c] The yield in parenthesis is obtained with 5 mol%
of Pd(OAc)2/3PPh3 as catalyst.


Table 5. Tandem reaction of yne–propargylic carbonates with 2-thiophe-
neboronic acid.[a]


Entry Carbonates t [h] Products Yield
[%][b]


1 0.1 91


2 0.5 86


3 0.5 71


4 0.5 62


5 0.5 82


6 0.5 86


7 0.5 58


8 1 79


[a] The reaction conditions were the same as those in Table 1. [b] Yield
of isolated product.


Scheme 2. Formation and subsequent reaction of intermediate VI.
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We have no proof to support the direct aromatization of V
to give the product.


Conclusion


In summary, we found a novel method for the synthesis of
poly-substituted naphthalenes, benzofurans, and benzothio-
phenes by means of the palladium-catalyzed tandem reac-
tion of yne–propargylic carbonates with boronic acids fol-
lowed by electrocyclization. This is an efficient way to build
complex fused ring system from linear molecules. It should
be noted that this method can be used especially for the syn-
thesis of multi-substituted naphthalenes, benzofurans, and
benzothiophenes with regioselectivity. The searching for the
catalyst/ligands to achieve a more efficient coupling of the
yne–propargylic carbonate with aryl boronic acids, and the
application of the method in highly fused aromatic ring syn-
thesis are in progress in our laboratory.


Experimental Section


General : All reactions and manipulations were conducted under Ar at-
mosphere by using standard Schlenk techniques. All solvents were puri-
fied according to standard procedures. Column chromatography was per-
formed using silica gel (200–300 mesh). Melting points were not correct-
ed. NMR spectra were recorded at 300 MHz for 1H and 75 MHz for 13C
spectra, with tetramethylsilane as the internal standard for 1H spectra
and the residual solvent signals as the standard for 13C spectra. Chemical
shifts were downfield reported in ppm. MS, HRMS, IR spectra, and mi-
croanalysis were performed by the State-authorized Analytical Center in
Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences.
All catalysts and phosphine ligands were purchased from commercial
sources. The substrates were prepared similarly according to the litera-
ture.


General procedure for the palladium-catalyzed tandem reaction of yne–
propargylic carbonates with aryl boronic acids (Method A): A Schlenk
tube was charged a solution of aryl boronic acid (0.45 mmol) and
[P(PPh3)4] (17.3 mg, 0.015 mmol) in THF (2.0 mL) under argon atmos-
phere. With stirring, a solution of yne–propargylic carbonate (0.3 mmol)
in THF (1.0 mL) was introduced into the tube by syringe in one portion.
The reaction mixture was heated at reflux until the carbonate was con-
sumed as monitored by TLC. The reaction mixture was cooled to room


temperature, and one drop of trifluoroacetic acid was added; the mixture
was then stirred for about 30 minutes. After evaporation of the solvent
under reduced pressure, the mixture was purified by chromatography on
silica gel with hexane and ethyl acetate as eluent to afford the product.


4-Methyl-1,3-dihydronaphtho[2,3-c]furan (5a/2): 48%, white solid; m.p.
50–51 8C; 1H NMR (300 MHz, CDCl3): d=8.00–7.96 (m, 2H), 7.81–7.78
(m, 1H), 7.51–7.44 (m, 3H), 5.23–5.22 (m, 4H), 2.53 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): d=137.4, 136.6, 133.5, 132.1, 128.5, 126.2,
125.5, 125.3, 123.5, 117.2, 73.5, 72.8, 15.4 ppm; MS (EI, 70 eV): m/z (%):
184 (100) [M+], 169 (40), 155 (92), 141 (57), 128 (20), 115 (23); IR
(KBr): ñ=2854 (w), 1048 (s), 908 (m), 747 cm�1 (s); elemental analysis
calcd (%) for C13H12O: C 84.75, H 6.57; found: C 84.73, H 6.77.


6-Chloro-4-methyl-1,3-dihydronaphtho[2,3-c]furan (5b): 61%, white
solid; m.p. 125–126 8C; 1H NMR (300 MHz, CDCl3): d=7.95 (d, J=
2.1 Hz, 1H), 7.74 (d, J=8.7 Hz, 1H), 7.50 (s, 1H), 7.40 (dd, J=2.1,
8.7 Hz, 1H), 5.23 (s, 4H), 2.50 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d=137.8, 137.8, 132.9, 131.8, 131.4, 129.9, 126.1, 125.6, 122.7, 117.2, 73.4,
72.7, 15.4 ppm; MS (EI, 70 eV): m/z (%): 218 (100) [M+(35Cl)], 189 (90),
175 (38), 153 (54), 139 (14); IR (KBr): ñ=2858 (w), 1495 (m), 1081 (m),
1044 (s), 900 (s), 865 cm�1 (s); elemental analysis calcd (%) for
C13H11ClO: C 71.40, H 5.07; found: C 71.32, H 5.15.


6-Methyl-4-methyl-1,3-dihydronaphtho[2,3-c]furan (5c): 60%, white
solid; m.p. 100–101 8C; 1H NMR (300 MHz, CDCl3): d=7.74–7.69 (m,
2H), 7.48 (s, 1H), 7.31–7.25 (m, 1H), 5.22 (s, 4H), 2.54 (s, 3H), 2.52 ppm
(s, 3H); 13C NMR (75 MHz, CDCl3): d=136.6, 136.4, 135.1, 132.3, 131.7,
128.3, 127.5, 125.4, 122.6, 117.0, 73.5, 72.8, 22.0, 15.4 ppm; MS (EI,
70 eV): m/z (%): 198 (60) [M+], 183 (32), 169 (100), 155 (68), 141 (14),
128 (18), 115 (15); IR (KBr): ñ=2850 (w), 1505 (w), 1340 (m), 1048 (s),
901 (s), 800 (s), 521 cm�1 (m); elemental analysis calcd (%) for C14H14O:
C 84.81, H 7.12; found: C 84.84, H 7.25.


4,8-Dimethyl-1,3-dihydronaphtho[2,3-c]furan (5d): 45%, white solid;
m.p. 83–84 8C; 1H NMR (300 MHz, CDCl3): d=7.86 (d, J=8.4 Hz, 1H),
7.71 (s, 1H), 7.41–7.36 (m, 1H), 7.30 (d, J=6.6 Hz, 1H), 5.28 (s, 2H),
5.24 (s, 2H), 2.68 (s, 3H), 2.54 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d=137.2, 136.2, 134.5, 132.6, 132.1, 126.7, 126.2, 125.0, 121.8, 113.4, 73.8,
72.9, 20.0, 15.8 ppm; MS (EI, 70 eV): m/z (%): 198 (98) [M+], 183 (39),
169 (100), 155 (74), 141 (18), 128 (23), 115 (24), 91 (16); IR (KBr): ñ=
2838 (m), 1448 (m), 1341 (m), 1048 (s), 904 (s), 793 (s), 750 cm�1 (s); ele-
mental analysis calcd (%) for C14H14O: C 84.81, H 7.12; found: C 84.79,
H 7.32.


6-Methoxy-4-methyl-1,3-dihydronaphtho[2,3-c]furan (5e): 61%, white
solid; m.p. 119–120 8C; 1H NMR (300 MHz, CDCl3): d=7.70 (d, J=
9.0 Hz, 1H), 7.45 (s, 1H), 7.21 (d, J=2.4 Hz, 1H), 7.13 (dd, J=2.4,
9.0 Hz, 1H), 5.22 (s, 4H), 3.94 (s, 3H), 2.48 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=157.4, 137.1, 135.0, 133.1, 129.9, 128.8, 124.8, 127.5,
117.0, 102.3, 73.5, 72.9, 55.2, 15.5 ppm; MS (EI, 70 eV): m/z (%): 214 (74)
[M+], 199 (15), 185 (100), 171 (41), 152 (24), 141 (86), 128 (41), 115 (87);
IR (KBr): ñ=2858 (w), 1618 (s), 1506 (s), 1233 (s), 1180 cm�1 (s), 1045
(s); HRMS (MALDI): m/z calcd for C14H15O2


+ [M++H]: 215.1072;
found: 215.1067.


4,9-Dimethyl-1,3-dihydronaphtho[2,3-c]furan (6a): 65%, white solid;
m.p. 139–141 8C; 1H NMR (300 MHz, CDCl3): d=8.01–7.98 (m, 2H),
7.52–7.49 (m, 2H), 5.26 (s, 4H), 2.51 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3): d=135.8, 132.5, 125.1, 123.9, 123.8, 73.5, 15.3 ppm; MS (EI,
70 eV): m/z (%): 198 (100) [M+], 183 (81), 169 (74), 155 (91), 141 (31),
128 (27), 115 (27), 91 (15); IR (KBr): ñ=2839 (w), 1457 (m), 1335 (m),
1038 (s), 908 (s), 759 cm�1 (s); elemental analysis calcd (%) for C14H14O:
C 84.81, H 7.12; found: C 84.45, H 7.08.


6-Chloro-4,9-dimethyl-1,3-dihydronaphtho[2,3-c]furan (6b): 61%, white
solid; m.p. 114–115 8C; 1H NMR (300 MHz, CDCl3): d=7.91–7.86 (m,
2H), 7.40 (d, J=8.7 Hz, 1H), 5.21(s, 4H), 2.45 (s, 3H), 2.43 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): d=137.0, 136.1, 133.5, 131.1, 130.8, 125.7,
125.5, 124.0, 123.2, 123.0, 73.4, 73.4, 15.3, 15.3 ppm; MS (EI, 70 eV): m/z
(%): 232 (100) [M+(35Cl)], 217 (81), 203 (72), 189 (45), 165 (36), 153
(55), 91 (44); IR (KBr): ñ=2847 (m), 1604 (m), 1501 (m), 1461 (m), 1382
(m), 1338 (m), 1096 (m), 1041 (s), 910 (s), 871 (s), 805 cm�1 (s); elemental
analysis calcd (%) for C13H11ClO: C 72.26, H 5.63; found: C 72.28, H
5.75.


4,6,9-Trimethyl-1,3-dihydronaphtho[2,3-c]furan (6c): 69%, white solid;
m.p. 95–96 8C; 1H NMR (300 MHz, CDCl3): d=7.90 (d, J=8.7 Hz, 1H),


Scheme 3. The possible mechanism of the tandem reaction of yne–prop-
argylic carbonates and aryl boronic acids.
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7.77 (s, 1H), 7.34 (d, J=8.7 Hz, 1H), 5.26 (s, 4H), 2.55 (s, 3H), 2.50 ppm
(s, 6H); 13C NMR (75 MHz, CDCl3): d=135.7, 134.8, 134.5, 132.7, 130.6,
127.1, 123.7, 123.6, 123.1, 123.0, 73.5, 73.4, 21.8, 15.3, 15.2 ppm; MS (EI,
70 eV): m/z (%): 212 (100) [M+], 197 (77), 183 (71), 169 (56), 153 (34),
141 (15), 128 (16), 115 (14); IR (KBr): ñ=2837 (w), 1337 (m), 1041 (s),
909 (s), 810 cm�1 (s); HRMS (EI): m/z calcd for C15H16O: 212.1201;
found: 212.1191.


6-Methoxy-4,9-dimethyl-1,3-dihydronaphtho[2,3-c]furan (6e): 34%,
white solid; m.p. 135–136 8C; 1H NMR (300 MHz, CDCl3): d=7.91 (d,
J=9.3 Hz, 1H), 7.24 (d, J=2.7 Hz, 1H), 7.17 (dd, J=2.7, 9.3 Hz, 1H),
5.25 (s, 4H), 3.95 (s, 3H), 2.48 (s, 3H), 2.46 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=157.1, 136.4, 133.7, 133.5, 127.8, 125.5, 123.9, 122.5,
116.9, 102.9, 73.6, 73.5, 55.2, 15.5, 15.4 ppm; MS (EI, 70 eV): m/z (%):
228 (100) [M+], 213 (64), 199 (58), 185 (36), 153 (16), 141 (20), 115 (14);
IR (KBr): ñ=1617 (s), 1423 (m), 1224 (s), 1043 (s), 838 (s), 811 cm�1


(m); HRMS (EI): m/z calcd for C15H16O2: 228.1150; found: 228.1151.


4-Methyl-2-(toluene-4-sulfonyl)-2,3-dihydro-1H-benzo[f]isoindole (13):
55%, white solid; m.p. 172–173 8C; 1H NMR (300 MHz, CDCl3): d=7.93
(d, J=8.1 Hz, 1H), 7.81 (d, J=8.1 Hz, 2H), 7.75 (d, J=8.1 Hz, 1H),
7.50–7.46 (m, 3H), 7.32 (d, J=8.1 Hz, 2H), 4.74 (s, 2H), 4.72 (s, 2H),
2.50 (s, 3H), 2.39 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=143.7,
134.0, 133.4, 133.3, 133.2, 131.9, 129.8, 128.4, 128.0, 127.6, 125.8, 125.7,
123.5, 119.2, 53.6, 53.0, 21.5, 15.2 ppm; MS (EI, 70 eV): m/z (%): 337 (13)
[M+], 181 (100), 167 (12), 155 (12), 91 (15); IR (KBr): ñ=1348 (s), 1160
(s), 1098 (m), 670 (s), 546 cm�1 (s); HRMS (EI): m/z calcd for
C20H19NO2S: 337.1136; found: 337.1145.


4,6-Dimethyl-2-(toluene-4-sulfonyl)-2,3-dihydro-1H-benzo[f]isoindole
(14): 64%, white solid; m.p.>250 8C (decomp); 1H NMR (300 MHz,
CDCl3): d=7.81 (d, J=8.4 Hz, 2H), 7.69 (s, 1H), 7.65 (d, J=8.4 Hz,
1H), 7.43 (s, 1H), 7.31 (dd, J=8.4 Hz, 3H), 4.73 (s, 2H), 4.71 (s, 2H),
2.52 (s, 3H), 2.48 (s, 3H), 2.39 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d=143.7, 135.4, 133.4, 133.2, 133.0, 132.1, 131.5, 129.8, 128.1, 127.9, 127.6,
127.2, 122.6, 118.9, 53.6, 53.0, 22.0, 21.5, 15.1 ppm; MS (EI, 70 eV): m/z
(%): 351 (15) [M+], 195 (100); IR (KBr): ñ=1346 (s), 1160 (s), 1098 (s),
667 (s), 547 cm�1 (s); HRMS (EI): m/z calcd for C20H19NO2S: 351.1293;
found: 351.1290.


4,8-Dimethyl-2-(toluene-4-sulfonyl)-2,3-dihydro-1H-benzo[f]isoindole
(15): 59%, white solid; m.p. 183–184 8C; 1H NMR (300 MHz, CDCl3):
d=7.81 (dd, J=8.4 Hz, 3H), 7.64 (s, 1H), 7.39–7.25 (m, 4H), 4.78 (s,
2H), 4.73 (s, 2H), 2.63 (s, 3H), 2.50 (s, 3H), 2.39 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=143.7, 134.5, 133.8, 133.5, 132.9, 132.5, 132.0, 129.8,
128.5, 127.6, 126.5, 125.4, 121.8, 115.4, 53.9, 53.1, 21.5, 19.9, 15.6 ppm; MS
(EI, 70 eV): m/z (%): 351 (16) [M+], 195 (100); IR (KBr): ñ=1346 (s),
1160 (s), 1098 (s), 667 (s), 547 cm�1 (s); HRMS (EI): m/z calcd for
C20H19NO2S: 351.1293; found: 351.1287.


4-Propyl-2-(toluene-4-sulfonyl)-2,3-dihydro-1H-benzo[f]isoindole (16):
55%, white solid; m.p. 135–136 8C; 1H NMR (300 MHz, CDCl3): d=7.95
(d, J=7.8 Hz, 1H), 7.81 (d, J=8.1 Hz, 2H), 7.77–7.74 (m, 1H), 7.49–7.42
(m, 3H), 7.31 (d, J=8.1 Hz, 2H), 4.74 (s, 4H), 2.90–2.85 (m, 2H), 2.40 (s,
3H), 1.69–1.61 (m, 2H), 1.02 ppm (t, J=7.2 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=143.7, 134.1, 133.7, 133.4, 133.0, 131.2, 129.8, 128.5, 127.6,
125.7, 125.5, 123.5, 119.4, 115.2, 53.5, 52.8, 31.9, 23.4, 21.5, 14.4 ppm; MS
(EI, 70 eV): m/z (%): 365 (17) [M+], 209 (71), 180 (100), 167 (19), 152
(20), 91 (41); IR (KBr): ñ=1345 (s), 1160 (s), 1100 (s), 669 (s), 547 cm�1


(s); elemental analysis calcd (%) for C22H23NO2S: C 72.30, H 6.34, N
3.83; found: C 72.54, H 6.49, N 3.63.


4-Benzyl-1,3-dihydro-naphtho[2,3-c]furan (17): 76%, white solid; m.p.
63–65 8C; 1H NMR (300 MHz, CDCl3): d=7.97–7.94 (m, 1H), 7.85–7.82
(m, 1H), 7.52 (s, 1H), 7.61 (s, 1H), 7.46–7.38 (m, 1H), 7.23–7.15 (m, 1H),
7.12–7.07 (m, 1H) 5.27 (s, 2H), 5.19 (s, 2H), 4.33 ppm (s, 2H); 13C NMR
(75 MHz, CDCl3): d=139.4, 137.8, 137.6, 133.9, 131.9, 128.6, 128.6, 128.5,
128.1, 126.2, 125.8, 125.4, 124.0, 118.4, 73.4, 72.7, 35.4 ppm; MS (EI,
70 eV): m/z (%): 260 (100) [M+], 215 (75), 182 (93), 169 (83), 153 (60),
141 (86), 115 (32), 78 (23); IR (KBr): ñ=2838 (m), 1056 (s), 909 (m), 740
(s), 705 (s), 509 cm�1(m); HRMS (EI): m/z calcd for C19H17O


+ : 261.1279;
found: 261.1274.


Dimethyl ester of 4-methyl-1,3-dihydrocyclopenta[b]naphthalene-2,2-di-
carboxylic acid (18): 27%, yellow oil. 1H NMR (300 MHz, CDCl3): d=
7.95 (d, J=8.4 Hz, 1H), 7.75 (d, J=8.4 Hz, 1H), 7.52 (s, 1H), 7.45–7.33
(m, 3H), 3.76 (s, 6H), 3.74 (s, 2H), 3.72 (s, 2H), 2.59 ppm (s, 2H);


13C NMR (75 MHz, CDCl3): d=172.1, 138.2, 137.1, 133.4, 132.1, 128.7,
128.2, 125.1, 125.0, 123.6, 120.5, 60.2, 53.0, 40.5, 39.7, 15.3 ppm; MS (EI,
70 eV): m/z (%): 298 (25) [M+], 238 (57), 179 (100), 165 (37), 84 (74), 47
(18); IR (CHCl3): ñ=2955 (w), 1736 (br s), 1435 (s), 1256 (br s), 1073 (m),
734 cm�1 (m); HRMS (EI): m/z calcd for C18H18O4: 298.1205; found:
298.1204.


General procedure for the palladium-catalyzed tandem reaction of yne-
propargylic carbonates with furylboronic acid and thiopheneboronic acid
(Method B): A Schlenk tube was charged a solution of furyl boronic acid
or thiopheneboronic acid (0.45 mmol) and [P(PPh3)4] (17.3 mg,
0.015 mmol) in THF (2.0 mL) under argon atmosphere, with stirring; a
solution of yne–propargylic carbonate (0.3 mmol) in THF (1.0 mL) was
added to the tube by syringe in one portion. The reaction mixture was
heated at reflux until carbonate was consumed as detected by TLC. The
reaction mixture was cooled, evaporated under reduced pressure, and pu-
rified by chromatography on silica gel with hexane and ethyl acetate as
eluent to afford the product.


4-Methyl-5,7-dihydro-1,6-dioxa-s-indacene (21): 67%, colorless oil;
1H NMR (300 MHz, CDCl3): d=7.60 (d, J=2.4 Hz, 1H), 7.17 (s, 1H),
6.76 (d, J=2.4 Hz, 1H), 5.23 (s, 2H), 5.18 (s, 2H), 2.37 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): d=154.9, 145.0, 135.1, 131.6, 127.1, 123.4,
104.9, 101.4, 73.7, 72.5, 15.7 ppm; MS (EI, 70 eV): m/z (%): 174 (35) [M+


], 159 (41), 145 (100), 131 (23), 115 (28); IR (CHCl3): ñ=2852 (s), 1382
(s), 1297 (s), 1141 (s), 1038 (s), 908 (s), 770 (s), 725 ppm (s); HRMS (EI):
m/z calcd for C11H10O2: 174.0681; found: 174.0664.


4-Benzyl-5,7-dihydro-1,6-dioxa-s-indacene (22): 75%, colorless oil;
1H NMR (300 MHz, CDCl3): d=7.58 (d, J=2.1 Hz, 1H), 7.29–7.13 (m,
6H), 6.69 (dd, J=1.2, 2.1 Hz, 1H), 5.18 (s, 2H), 5.04 (s, 2H), 4.11 ppm (s,
2H); 13C NMR (75 MHz, CDCl3): d=155.2, 145.1, 139.2, 136.4, 132.9,
128.6, 128.4, 127.1, 126.3, 126.2, 105.1, 102.2, 73.5, 72.3, 36.8 ppm; MS
(EI, 70 eV): m/z (%): 250 (82) [M+], 221 (38), 172 (100), 159 (34), 131
(35), 115 (47), 78 (40), 51 (41); IR (CHCl3): ñ=2849 (m), 1379 (s), 1297
(s), 1139 (s), 1043 (s), 909 (m), 735 (m), 701 cm�1 (m); HRMS (EI): m/z
calcd for C17H14O2: 250.0994; found: 250.0980.


4-Isopropyl-8-phenyl-5,7-dihydro-1,6-dioxa-s-indacene (23): 63%, color-
less oil; 1H NMR (300 MHz, CDCl3): d=7.60 (d, J=2.1 Hz, 1H), 7.57–
7.54 (m, 2H), 7.50–7.45 (m, 2H), 7.40–7.36 (m, 1H), 6.91 (d, J=2.1 Hz,
1H), 5.26 (s, 2H), 5.20 (s, 2H), 3.15 (h, J=6.9 Hz, 1H), 1.40 ppm (d, J=
6.9 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=152.9, 144.7, 134.8, 134.6,
133.4, 131.6, 129.0, 128.5, 127.7, 125.5, 117.7, 106.0, 72.9, 72.6, 31.8,
22.0 ppm; MS (EI, 70 eV): m/z (%): 278 (100) [M+], 263 (14), 249 (50),
235 (36), 207 (52), 178 (50), 43 (56); IR (CHCl3): ñ=2963 (s), 1481 (s),
1375 (s), 1146 (s), 1067 (s), 744 (s), 698 cm�1 (s); HRMS (EI): m/z calcd
for C19H18O2: 278.1307; found: 278.1328.


4-Propyl-6-(toluene-4-sulfonyl)-6,7-dihydro-5H-1-oxa-6-aza-s-indacene
(24): 59%, white solid; m.p. 166–168 8C; 1H NMR (300 MHz, CDCl3):
d=7.79 (d, J=8.1 Hz, 2H), 7.56 (d, J=2.1 Hz, 1H), 7.31 (d, J=8.1 Hz,
2H), 7.12 (s, 1H), 6.72 (d, J=2.1 Hz, 2H), 4.69 (s, 2H), 4.65 (s, 2H), 2.67
(t, J=7.2 Hz, 2H), 2.39 (s, 3H), 1.67–1.57 (m, 2H), 0.94 ppm (t, J=
7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=154.9, 145.0, 143.6, 133.5,
132.6, 129.9, 129.8, 128.9, 127.6, 126.8, 105.0, 103.3, 53.6, 52.2, 32.8, 23.1,
21.5, 14.1 ppm; MS (EI, 70 eV): m/z (%): 355 (5) [M+], 199 (42), 170
(58), 115 (54), 91 (100), 71 (71), 39 (68); IR (KBr): ñ=1340 (s), 1163 (s),
1098 (m), 667 (s), 607 (m), 551 cm�1 (m); elemental analysis calcd (%)
for C20H21NO3S: C 67.58, H 5.95, N 3.94; found: C 67.47, H 6.17, N 3.57.


4-Methyl-5,7-dihydro-1-oxa-s-indacene-6,6-dicarboxylic acid dimethyl
ester (25): 52%, yellow oil ; 1H NMR (300 MHz, CDCl3): d=7.53 (d, J=
1.8 Hz, 1H), 7.17 (s, 1H), 6.71 (d, J=1.8 Hz, 1H), 3.76 (s, 6H), 3.68 (s,
2H), 3.58 ppm (s, 2H), 2.41 (s, 3H); 13C NMR (75 MHz, CDCl3): d=


172.1, 154.7, 144.3, 136.5, 132.8, 126.6, 125.8, 105.0, 104.6, 60.5, 53.0, 40.5,
38.5, 15.8 ppm; MS (EI, 70 eV): m/z (%): 288 (35) [M+], 228 (100), 197
(22), 169 (94), 141 (17), 115 (20), 84 (17); IR (CHCl3): ñ=2956 (w), 1740
(s), 1435 (m), 1251 (s), 1201 cm�1 (m); HRMS (EI): m/z calcd for
C16H16O5: 288.0998; found: 288.0970.


Dimethyl ester of 4-methyl-8-phenyl-5,7-dihydro-1-oxa-s-indacene-6,6-di-
carboxylic acid (26): 37%, yellow oil; 1H NMR (300 MHz, CDCl3): d=
7.59–7.54 (m, 3H), 7.51–7.47 (m, 2H), 7.1–7.35 (m, 1H), 6.77 (d, J=
2.1 Hz, 1H), 3.73 (s, 6H), 3.69 (s, 2H), 3.65 (s, 2H), 2.45 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): d=172.1, 144.6, 143.3, 135.2, 134.5, 134.4,
133.5, 129.5, 128.4, 127.4, 125.0, 119.8, 105.2, 60.5, 53.0, 39.8, 38.8,
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15.8 ppm; MS (EI, 70 eV): m/z (%): 364 (64) [M+], 304 (71), 245 (66),
202 (21), 84 (100); IR (CHCl3): ñ=2955 (w), 1736 (s), 1256 (s), 757 cm�1


(s); HRMS (MALDI): m/z calcd for C22H20O5Na+ : 387.1208; found:
387.1203.


4-Methyl-5,7-dihydro-6-oxa-1-thia-s-indacene (27): 91%, white solid;
m.p. 69–70 8C; 1H NMR (300 MHz, CDCl3): d=7.53 (s, 1H), 7.41 (d, J=
5.7 Hz, 1H), 7.36 (dd, J=1.8, 5.7 Hz, 1H), 5.21 (s, 2H), 5.17 (s, 2H),
2.47 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=139.5, 138.7, 136.2,
134.8, 125.8, 125.3, 121.3, 111.9, 73.5, 72.6, 16.3 ppm; MS (EI, 70 eV): m/z
(%): 190 (35) [M+], 175 (47), 161 (100), 147 (20), 128 (20), 115 (18); IR
(KBr): ñ=2848 (w), 1046 (s), 904 (s), 764 (s), 697 cm�1 (s); HRMS (EI):
m/z calcd for C11H10OS: 190.0452; found: 190.0449.


4-Benzyl-5,7-dihydro-6-oxa-1-thia-s-indacene (28): 86%, colorless oil;
1H NMR (300 MHz, CDCl3): d=7.59 (s, 1H), 7.39–7.33 (m, 2H), 7.27–
7.16 (m, 3H), 7.12–7.09 (m, 2H), 5.19 (s, 2H), 5.07 (s, 2H), 4.21 ppm (s,
2H); 13C NMR (75 MHz, CDCl3): d=140.0, 139.2, 138.8, 136.6, 135.6,
128.5, 128.2, 128.0, 126.3, 126.2, 121.6, 112.9, 73.3, 72.4, 37.0 ppm; MS
(EI, 70 eV): m/z (%): 266 (100) [M+], 250 (16), 237 (39), 221 (50), 188
(68), 175 (37), 147 (38), 115 (19); IR (CHCl3): ñ=2857 (w), 1493 (w),
1054 (s), 740 (m), 699 cm�1 (s); HRMS (EI): m/z calcd for C17H14OS:
266.0765; found: 266.0763.


4-Methyl-8-phenyl-5,7-dihydro-6-oxa-1-thia-s-indacene (29): 71%, yellow
oil; 1H NMR (300 MHz, CDCl3): d=7.53–7.39 (m, 7H), 5.23 (s, 2H), 5.15
(s, 2H), 2.50 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=139.7, 139.5,
138.6, 135.7, 134.2, 128.8, 128.2, 128.0, 127.5, 126.4, 124.3, 121.7, 73.3,
72.9, 16.2 ppm; MS (EI, 70 eV): m/z (%): 266 (100) [M+], 251 (8), 237
(90), 221 (65), 189 (20), 111 (10); IR (CHCl3): ñ=2856 (w), 1443 (m),
1361 (m), 1054 (s), 763 (m), 734 (s), 703 cm�1 (s); elemental analysis
calcd (%) for C17H14OS: C 76.66, H 5.30; found: C 76.55, H 5.17.


4-Isopropyl-5,7-dihydro-6-oxa-1-thia-s-indacene (30): 62%, yellow oil;
1H NMR (300 MHz, CDCl3): d=7.55 (s, 1H), 7.50 (d, J=5.4 Hz, 1H),
7.39 (d, J=5.4 Hz, 1H), 5.26 (s, 2H), 5.16 (s, 2H), 3.40 (h, J=7.5 Hz,
1H), 1.37 ppm (d, J=7.5 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=140.3,
137.1, 137.0, 136.3, 133.2, 125.3, 122.0, 112.2, 72.7. 72.4, 31.8, 21.8 ppm;
MS (EI, 70 eV): m/z (%): 218 (100) [M+], 203 (12), 189 (57), 175 (34),
235 (84), 161 (18), 147 (57); IR (CHCl3): ñ=2964 (s), 1463 (m), 1364 (s),
1059 (s), 918 (s), 841 (s), 777 (s), 702 cm�1 (s); HRMS (MALDI): m/z
calcd for C13H15OS+ : 219.0844; found: 219.0838.


4-Isopropyl-8-phenyl-5,7-dihydro-6-oxa-1-thia-s-indacene (31): 82%,
yellow oil; 1H NMR (300 MHz, CDCl3): d=7.57–7.38 (m, 7H), 5.32 (s,
2H), 5.08 (s, 2H), 3.44 (h, J=7.2 Hz, 1H), 1.42 ppm (d, J=7.2 Hz, 6H);
13C NMR (75 MHz, CDCl3): d=140.7, 138.6, 138.0, 135.3, 135.0, 134.2,
128.8, 128.2, 128.0, 127.7, 126.0, 122.5, 72.8, 72.4, 31.9, 21.9 ppm; MS (EI,
70 eV): m/z (%): 294 (100) [M+], 279 (15), 265 (27), 251 (34), 235 (21),
223 (71), 84 (21); IR (CHCl3): ñ=2964 (s), 1359 (m), 1062 (s), 720 (m),
732 (s), 701 cm�1 (s); HRMS (EI): m/z calcd for C19H18OS: 294.1078;
found: 294.1064.


4-Propyl-6-(toluene-4-sulfonyl)-6,7-dihydro-5H-1-thia-6-aza-s-indacene
(32): 86%, white solid; m.p. 166–168 8C; 1H NMR (300 MHz, CDCl3):
d=7.80 (d, J=8.4 Hz, 2H), 7.50 (s, 1H), 7.41–7.30 (m, 4H), 4.71 (s, 2H),
4.69 (s, 2H), 2.77 (t, J=7.8 Hz, 2H), 2.39 (s, 3H), 1.69–1.57 (m, 2H),
0.97 ppm (t, J=7.8 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=143.7,
139.9, 138.4, 133.4, 132.9, 131.8, 131.2, 129.8, 127.6, 126.2, 121.4, 113.9,
53.5, 52.4, 33.2, 23.3, 21.5, 14.3 ppm; MS (EI, 70 eV): m/z (%): 371 (5)
[M+], 215 (56), 186 (100), 173 (22), 115 (17), 91 (46), 65 (14); IR (KBr):
ñ=2951 (w), 1338 (s), 1162 (s), 1095 (m), 666 (s), 602 cm�1 (m); elemen-
tal analysis calcd (%) for C20H22O2S2: C 64.66, H 5.70, N 3.77; found: C
64.16, H 5.58, N 3.77.


Dimethyl ester of 4-methyl-5,7-dihydro-1-thia-s-indacene-6,6-dicarboxylic
acid (33): 58%, white solid; m.p. 108–110 8C; 1H NMR (300 MHz,
CDCl3): d=7.54 (s, 1H), 7.36–7.32 (m, 2H), 3.76 (s, 6H), 3.69 (s, 2H),
3.63 (s, 2H), 2.51 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d=172.1,
139.1, 138.5, 136.9, 135.2, 127.9, 125.1, 121.6, 115.1, 60.5, 53.0, 40.4, 38.9,
16.3 ppm; MS (EI, 70 eV): m/z (%): 304 (33) [M+], 244 (85), 185 (100),
171 (31); IR (KBr): ñ=2952 (w), 1740 (s), 1722 (s), 1252 (s), 1156 (s),
1071 (m), 766 (m), 701 cm�1 (m); HRMS (MALDI): m/z calcd for
C16H16O4SNa+ : 327.0667; found: 327.0662.


Dimethyl ester of 4-methyl-8-phenyl-5,7-dihydro-1-thia-s-indacene-6,6-di-
carboxylic acid (34): 79%, yellow oil; 1H NMR (300 MHz, CDCl3): d=
7.55–7.46 (m, 4H), 7.43–7.34 (m, 3H), 3.73 (s, 6H), 3.71 (s, 2H), 3.60 (s,


2H), 2.59 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=172.0, 139.6,
139.1, 139.0, 135.9, 134.7, 129.9, 128.7, 128.6, 127.7, 127.0, 125.9, 122.0,
60.4, 53.0, 39.8, 39.2, 16.3 ppm; MS (EI, 70 eV): m/z (%): 380 (79) [M+],
320 (73), 289 (15), 261 (100), 247 (22), 84 (54); IR (CHCl3): ñ=2954 (w),
1736 (s), 1436 (s), 1249 (s), 1073 (m), 703 cm�1 (m); HRMS (MALDI):
m/z calcd for C22H20O4SNa+ : 403.0980; found: 403.0975.
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Evaluation of the Efficiency of the Photocatalytic One-Electron Oxidation
Reaction of Aromatic Compounds Adsorbed on a TiO2 Surface


Takashi Tachikawa, Akihiro Yoshida, Sachiko Tojo, Akira Sugimoto,
Mamoru Fujitsuka, and Tetsuro Majima*[a]


Introduction


It is well-known that electron-hole pairs are generated when
TiO2 is irradiated by UV photons with an energy higher
than the TiO2 band-gap energy, and that these charge carri-
ers can then migrate to the TiO2 surface to initiate various
redox reactions of the adsorbates. Such interfacial electron
(hole) transfer reactions are fundamental processes in
water-splitting reaction for hydrogen evolution,[1] the degra-
dation of organic pollutants,[2–6] the surface wettability con-
version,[7] and so on. The origins and reactivities of reactive
species such as the photogenerated electrons and holes,[8–10]


O2C� ,[11] H2O2,
[12] and OH radicals[4,13–15] during the photoca-


talytic reactions have been investigated using various meth-
ods. For example, it is proposed that the surface hydroxyl
groups react with the holes to form the surface-bound OH
radicals, which then oxidize the surface adsorbates.[4] Re-
cently, Nakamura and Nakato investigated the photooxida-
tion of water adsorbed on the TiO2 surface by in situ FT-IR
absorption and photoluminescence measurements, and con-


cluded that the oxygen photoevolution is initiated by a nu-
cleophilic attack of a H2O molecule on a photogenerated
hole at a surface lattice O site, not by oxidation of a surface
OH group by the hole.[16] Henderson and Onishi also clari-
fied the surface sites associated with charge transfer and
trapping during the photodecompostion of trimethyl acetic
acid adsorbed on the rutile TiO2 surface by using scanning
tunneling microscopy and electron energy loss spectrosco-
py.[17] They directly estimated the extent of the electron
trapping with the yields of the photodesorption fragments,
which resulted from the hole transfer reactions between the
photogenerated hole and trimethyl acetic acid in the ab-
sence of oxygen.


Although a great deal of research has been conducted on
the photodecomposition of organic compounds during TiO2


photocatalytic reactions, only a few quantitative studies
have been reported for the one-electron oxidation processes
of organic compounds adsorbed on a TiO2 surface using
time-resolved spectroscopy. A further understanding of the
one-electron oxidation processes of organic compounds ad-
sorbed on the TiO2 surface may lead to novel developments
of efficient photocatalytic systems specific to particular
chemical species.


The time-resolved diffuse reflectance (TDR) method is a
powerful tool for investigations of photocatalysis under vari-
ous conditions.[10d–g,18–20] In a nonaqueous medium or air, it is
expected that the TiO2 particle surfaces are the main reac-
tion fields for the direct oxidation of organic compounds. In
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Abstract: The TiO2 photocatalytic one-
electron oxidation mechanism of aro-
matic sulfides with a methylene bridg-
ing group (-(CH2)n-, n=0–4) between
the 4-(methylthio)phenyl chromophore
and the carboxylate binding group on
the surface of a TiO2 powder slurried
in acetonitrile (MeCN) has been inves-
tigated by time-resolved diffuse reflec-
tance (TDR) spectroscopy. The elec-
tronic coupling element (HDA) between
the hole donor and acceptor, which


was estimated from the spectroscopic
characteristics of the charge transfer
(CT) complexes of the substrates (S)
and the TiO2 surface, exhibited an ex-
ponential decline with the increasing of
the methylene number of S. The deter-
mined decay factor (b) of 9 nm�1 also


supports the fact that the 4-(methyl-
thio)phenyl chromophore is separated
from the TiO2 surface. The efficiency
of the one-electron oxidation of S ad-
sorbed on the TiO2 surface, which was
determined from the relationship be-
tween the amount of adsorbates and
the concentration of the generated rad-
ical cations, significantly depended on
the HDA value, but not on the oxidation
potential of S determined in homoge-
neous solution.


Keywords: adsorption ·
electron transfer · photochemistry ·
radical ions · titanium oxide
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fact, TDR spectroscopy has been used to study the interfa-
cial charge transfer between adsorbate and TiO2. Fox and
co-workers studied the oxidation processes of various organ-
ic compounds and concluded that many oxidation reactions
appear to occur by direct hole transfer from the photo-excit-
ed TiO2 powder to organic compounds adsorbed on the
TiO2 surface in acetonitrile.[19]


Recently, we investigated the one-electron oxidation reac-
tions of several aromatic compounds, such as aromatic sul-
fides and biphenyl derivatives, adsorbed on the TiO2 surface
in acetonitrile (MeCN) by using nano-second TDR spectro-
scopy.[20a–c] We successfully evaluated the efficiencies of the
one-electron oxidation reactions of substrates (S) from the
relationship between the amounts of S adsorbed on the
TiO2 surface and the concentrations of the generated radical
cations of S. We also estimated the electronic coupling ele-
ments (HDA) between S and TiO2 by steady-state diffuse re-
flectance measurements and found that the efficiency of the
one-electron oxidation significantly depends on HDA.[20b]


However, it is not always easy to determine the crucial
factor in the one-electron oxidation processes of S adsorbed
on the TiO2 surface due to the difficulty in varying the fun-
damental parameters, the distance between the hole donor
and acceptor (dDA), HDA, and the free energy change
(DGHT) for a hole transfer (HT) reaction in an independent
and quantifiable manner. Such studies were performed for
the electron-transfer (ET) reaction from methylene-bridged
molecular adsorbates or tripodal sensitizers to semiconduc-
tor nanocrystalline films.[21,22] For example, Lian et al. inves-
tigated the relative rates of photoinduced interfacial ET as a
function of the methylene bridge length (number of methyl-
ene groups: n=1–5).[21] They observed a breakdown in the
exponential dependence of the rate on the bridge length for
n=1 and 2. This breakdown provides a strong evidence for
the possible change in the mechanism from the nonadiabatic
limit to the adiabatic limit.


In the present study, we investigated the one-electron oxi-
dation of aromatic sulfides with a methylene bridging group
(-(CH2)n-, n=0–4) between the 4-(methylthio)phenyl chro-
mophore and the carboxylate binding group (see Figure 1)
during TiO2-photocatalytic reactions by using TDR spectro-
scopy. The efficiencies of the one-electron oxidation reac-
tions of S are evaluated from the relationship between the
concentrations of the radical cations generated from the
one-electron oxidation reactions by the photogenerated
holes in the TiO2 particles and the amount of adsorbates.
The effects of the oxidation potentials of S and HDA on the
efficiency of the one-electron oxidation reaction are dis-
cussed along with data previously obtained for other aro-
matic compounds.


Results and Discussion


Langmuir adsorption isotherms : Figure 2 shows the Lang-
muir adsorption isotherms of S on the TiO2 surface in
MeCN at 22 8C.


According to the Langmuir adsorption models,[23–25] the
amount of equilibrium adsorption, nad, can be expressed by
the following Equation (1):


½S�eq=nad ¼ a � ½ S�eq þ b ð1Þ


where [S]eq is the equilibrium S concentration in the bulk so-
lution, a=L/ns is the reciprocal amount of adsorbate for a
monolayer coverage and Kad=a/b is the equilibrium con-
stant for surface adsorption. The nad values were calculated
from the difference in the absorbance with and without
TiO2 powder in MeCN solutions. The UV absorption spectra
observed for MTC0 (a) and MTC3 (b) are shown in the
inset of Figure 2 as representative examples. For example,
Figure 2b shows the absorption spectra of 1.5 mm (m	
mol dm�3) MTC3 in bulk MeCN (solid line) and MTC3 in
MeCN after reaching the adsorption equilibrium with the
surface of the TiO2 particles (broken line). The TiO2 parti-
cles in solution were completely removed by centrifugation
(10 000 rpm, 10 min). The absorption spectrum absorbance
of MTC3 in MeCN after reaching the adsorption equilibri-
um indicated a reduction of 98 % compared to that of
MTC3 in MeCN in the absence of TiO2 powder. This result
clearly suggests that the MTC3 is strongly adsorbed on the
TiO2 surface in MeCN. The obtained Kad and ns values for S
are summarized in Table 1. The Kad values of (2.9
1.0) I 104


and (1.1–1.2
0.6) I 104
m


�1 were determined for MTC0 and
MTC1–4, respectively. These values are greater than those
observed for 4-(methylthio)phenyl methanol and the hy-
droxyl-substituted biphenyls,[20a–c] suggesting that the -COOH
group is strongly adsorbed on the TiO2 surface comparedFigure 1. Molecular structures of substrates.


Figure 2. Langmuir adsorption isotherms of MTC0 (&), MTC1 (*),
MTC2 (~), MTC3 (*), and MTC4 (~) on the TiO2 powder in MeCN.
Inset: steady-state UV absorption spectra of MTC0 (0.5 mm) a) and
MTC3 (1.5 mm) b) in MeCN at room temperature. Solid lines indicate
the spectra observed for substrates in bulk MeCN. Broken lines indicate
those observed for substrates after reaching the adsorption equilibrium
in MeCN.
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with the -OH group. The relatively large Kad value for
MTC0, compared with those for MTC1–4, is mainly due to
the strong electronic interaction between S and the TiO2 sur-
face. This tendency is quite consistent with that observed for
the hydroxyl-substituted biphenyls adsorbed on the TiO2


surface.[20b]


Formation of CT complexes between the substrates and
TiO2 surface : Figure 3 shows the steady-state diffuse reflec-
tance difference spectra observed for TiO2 samples contain-
ing MTC0, MTC1, and MTC3 (10mm) at room temperature.
The delta absorbance value (DAbs.) is defined as the differ-
ence in the absorbances of the spectra observed for samples
in the presence and the absence of S. As shown in the inset
of Figure 3, good linear relationships between DAbs. and nad


were observed for all the substrates, clearly indicating the
formation of a charge transfer (CT) complex between S and
the TiO2 surface. These CT bands were observed for all the
substrates and were very similar to that observed for cate-
chol as reported elsewhere.[24,26]


In a two-state model, a simple evolution of the transition
moment, using MullikenKs approach of donor–acceptor sys-
tems, yields Equation (2) according to Hush,[27]


HAD ¼
2:06� 10�3ðnCTeCTDn1=2


Þ1=2
dDA


ð2Þ


where nCT, Dn1=2
, and eCT are the energy of the spectral band


(in cm�1), its full width at half-height (in cm�1), and the
molar extinction coefficient (in m


�1 cm�1), respectively. As
shown in Figure 4a, the “effective” distance between TiO2 as
a hole-donor and S as a hole-acceptor (dDA) can be estimat-
ed by Equation (3),[28]


dDA ¼ 0:5þ 0:127� n ½nm� ð3Þ


where n is the number of methylenes in the alkane chain
and 0.5 nm is dDA evaluated for the structure of MTC0 from
the PM3 molecular orbital calculation.[29]


As mentioned above, good linear relationships between
DAbs. and nad were observed for all the substrates. These re-
sults clearly indicated that almost every S molecules yield
CT complexes with the TiO2 surface in the present S con-
centrations. Therefore, we estimated the eCT values from the
quantitative relationship between DAbs. and nad by using
the eCT value (5 I 104


m
�1 cm�1 at 400 nm) for the catechol–


TiO2 CT band as a reference.[26] The spectroscopic parame-
ters and HDA values determined for the S–TiO2 complexes
are summarized in Table 2.


Figure 4b shows the relationship between dDA and HDA.
The dDA dependence of HDA is usually given by Equa-
tion (4),[30]


HDA / expð�b


2
� dDAÞ ð4Þ


where b is a decay parameter which depends on the inter-
vening atomic and molecular structure. A linear relationship
between dDA and lnHDA was obtained, suggesting that HDA


depends on dDA in accordance with Equation (4). We then
determined the b value of 9
1 nm�1 from Equation (4);
this value indicates that the 4-methylthiophenyl chromo-
phore is well separated from the TiO2 surface by the methyl-
ene bridging group. The determined b value is closer to
those (5–9 nm�1) calculated for the electronic interaction
through saturated alkane chains via the superexchange
model, while larger b values (~30 nm�1) are expected for a
through-space pathway.[31] In the present systems, therefore,
the methylene bridges play an important role in assisting the


Table 1. Equilibrium constants of adsorption (Kad) and the amount of sa-
turated sites (ns) for S obtained from Langmuir plots shown in Figure 2.


Substrate Kad [104
m


�1] ns [10�4 mol g�1]


MTC0 2.9
0.6 2.2
0.2
MTC1 1.2
0.4 1.6
0.2
MTC2 1.1
0.4 2.0
0.2
MTC3 1.1
0.4 1.6
0.2
MTC4 1.1
0.4 1.8
0.2


Figure 3. Steady-state diffuse reflectance difference spectra observed for
the TiO2 slurries containing a) MTC0, b) MTC1, and c) MTC3 (10 mm) at
room temperature (DAbsorbance=Absorbance (TiO2+S) � Absorbance
(TiO2)). Inset: the relationship between DAbsorbance (DAbs.) at 430 nm
and the amount of adsorbates (nad) for MTC0 (&), MTC1 (*), and
MTC3 (~).


Figure 4. a) Model of substrates adsorbed on the TiO2 and b) the rela-
tionship between HDA and dDA.
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electronic interaction between S and the TiO2 surface as
suggested elsewhere.[21]


Interestingly, we also observed an unusual oscillation in
the diminution of HDA with the chain length. Theoretical
studies predict that the dependence of HDA on the number
of spacers in the short alkyl chains deviates from the expo-
nential and oscillates between odd and even n values.[32] In
brief, this effect arises from taking a linear combination of
powers of the positive and negative eigenvalues correspond-
ing to the various electronic states on the bridge. In the
present systems, a similar odd–even oscillation in the dimin-
ution of HDA was observed, as a carbon atom of -COOH
group being bound to the TiO2 surface was included in the n
value.[33]


One-electron oxidation reaction of adsorbates : TDR ab-
sorption spectra were observed during the laser photolysis
of TiO2 with 355 nm light (1.5 mJ pulse�1, 1 Hz) in the ab-
sence and presence of S in MeCN at room temperature.


Figure 5 shows the TDR spectra obtained during the laser
photolysis of TiO2 with the 355 nm light in the presence of S
in MeCN. The transient absorption band at 450–650 nm im-
mediately appeared after the laser flash. The obtained TDR
spectra were quite consistent with the transient absorption
spectra attributed to the radical cations of S (SC+) observed
during the 355 nm laser flash photolysis of chloranil in the
presence of S in MeCN and during the pulse radiolysis of an
N2O-saturated aqueous solution in the presence of MTC0[34]


or MTC1,[35] although the spectral shapes were broader than
those obtained in the bulk MeCN. These broad spectra
clearly indicate the interaction between SC+ and the TiO2


surface.
As mentioned in the Introduction, TiO2 particles generate


the valence band hole (hþ
VB) and the conduction band elec-


tron (e�
CB) during the band gap excitation [Eq. (5)],


TiO2
hn�! hþ


VBþ e�CB ð5Þ


After their generation, both the electrons and holes are rap-
idly trapped in the surface states of the TiO2 particles within
sub- or a few picoseconds [Eq. (6) and (7), respectively],


hþ
VB ! hþ


tr ð6Þ


e�CB ! e�tr ð7Þ


These photogenerated carriers
then participate in the redox
processes at the surface. The
fast recombination kinetics of
the untrapped or trapped
charge carriers have been stud-
ied in detail by several group-
s.[8c,d,10d,10e] Although most trap-
ped charge carriers quickly re-
combine, that is, within less


Table 2. Spectroscopic parameters and the coupling elements (HDA) of S–TiO2 complexes.


Substrate nCT Dn1=2
eCT dDA HDA


[cm�1] [cm�1] [103
m


�1 cm�1][a] [nm][b] [103 cm�1]


MTC0 24300 4230 2.9
0.2 0.5
0.05 2.3
0.2
MTC1 23700 3940 1.3
0.2 0.63 1.2
0.3
MTC2 23700 4060 3.0
0.4 0.75 1.7
0.3
MTC3 23300 3900 0.25
0.1 0.88 0.4
0.2
MTC4 23300 3900 0.18
0.1 1.0 0.3
0.1


[a] Estimated from the quantitative relationship between DAbs. and nad using the eCT value (5 I 104
m


�1 cm�1 at
400 nm) for the catechol–TiO2 CT band as a reference.[26] [b] Estimated from dDA=0.5+0.127 In (nm), where
n is the number of methylenes in the alkane chain and 0.5 nm is dDA evaluated from the PM3 molecular orbital
calculation for the structure of MTC0.


Figure 5. TDR spectra attributed to SC+ observed at 0.1 (&), 0.5 (*), 2
(~), and 5 ms (!) after the laser flash during the 355 nm laser photolysis
of TiO2 powder in the presence of a) MTC0 (0.5 mm), b) MTC1 (2 mm),
c) MTC2 (2 mm), d) MTC3 (2 mm), and e) MTC4 (2 mm) in MeCN. Inset:
the %abs. at 540 nm versus time after a laser flash during the 355 nm
laser flash photolysis of TiO2 powder. Solid lines indicate the results
fitted by the stretched exponential function.
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than 30 ps [Eq. (8)],


eþ
tr þ hþ


VB ðhþ
trÞ ! heat ð8Þ


Although most charge carriers quickly recombine, a minori-
ty that trapped at the surface of the particles will be availa-
ble for reactions with adsorbates such as a surface-bound
OH� and O2. A trapped positive hole, such as a surface-
bound OH radical, typically oxidizes an organic molecule
and thus induces its further oxidative degradation.


According to the Marcus theory, the free energy change
for an HT (DGHT) from holes in the TiO2 particle to S is
simply given by Equation (9),[30]


DGHT ¼ ES �Eox ð9Þ


where ES and Eox are the oxidation potentials of S and the
oxidizing species, respectively. The ES values for S are sum-
marized in Table 2. It is clear that MTC0 can be hardly oxi-
dized by the surface-bound OH radical which has Eox value
of about 1.5 V versus NHE in water.[13] Therefore, we
assume that the hþ


VB or the shallow trapped positive holes
(hþ


tr) are the main oxidizing species in the present systems as
given by Equation (10),


hþ
VB ðhþ


trÞ þ S ! SCþ ð10Þ


where hþ
VB has an Eox of 2.66 V versus NHE which is a po-


tential of the valence band edge.[36]


The decay kinetics of SC+ is worth clarifying, because the
efficiency of the photocatalytic reaction is significantly de-
pendent on the interfacial charge recombination rate which
competes with many others. The charge recombination reac-
tion between the trapped electrons and SC+ was influenced
by numerous factors, for example, the relaxation time from
the shallow to deeply trapped states, the redox potentials of
the substrates, and the distance between the electron accept-
or and donor.[37] As shown in the inset of Figure 5, the ob-
served time traces were well reproduced using a stretched
exponential function (%abs./exp(�(t/t)g), where t is the
average lifetime and g is a heterogeneous parameter).[38] For
example, the t values of 3.9 and 3.7 ms and the g values of
0.32 and 0.40 were determined for MTC1 (2 mm) and MTC4
(2 mm), respectively. Interestingly, the obtained t values are
almost the same in spite of the difference in dDA, whereas
the efficiencies of the one-electron oxidation are quite dif-
ferent as presented in the next section. Recent transient ab-
sorption demonstrates that e�


tr immediately reacted with
scavenger molecules, while the free e�


CB reacted very slowly
because these are distributed in the bulk.[10h] We also ob-
served almost the same signal traces for the oxygen and
argon gas-saturated samples, suggesting that SC+ mainly re-
combines with e�


CB in the present time regime. Therefore, it
seems that the observed insensitivity of t to dDA results from
the long back ET distance between the surface-bound SC+


and e�
CB in the bulk TiO2 particles, where the average pri-


mary particle size is 21 nm, compared with dDA between S
and the TiO2 surface (0.5–1.0 nm). In such a case, the charge


recombination (CR) rate would be limited by the motion of
electrons.


One-electron oxidation mechanisms : In the present experi-
ments, it is possible to extract the relative change in the SC+


concentration from the initial signal intensity (%abs.t=0) due
to the fact that the signal intensity was found to be approxi-
mately proportional to the transient concentrations, al-
though we do not know the absolute concentration of SC+ .[18]


Figure 6 shows the relationship between nad and %abs.t=0/
e C+ , where e C+ is the molar extinction coefficient of SC+ . The
e C+ values of SC+ were evaluated from the transient absorp-
tion spectra observed during the 355 nm laser flash photoly-
sis of chloranil in the presence of S in bulk MeCN and are
summarized in Table 3.


As shown in Figure 6, the %abs.t=0 values increased with
the increasing of nad at the present S concentration, suggest-
ing that SC+ is generated by a bimolecular reaction with the
photogenerated oxidizing species on the TiO2 surface. A
similar nad dependence of %abs.t=0 is observed for other sys-
tems.[20] As shown in Figure 7, because the HT reaction rate
(kHT) from the photogenerated holes (h+) in the TiO2 parti-
cles to S competes with the fast CR reaction rate (kCR), the


Table 3. Spectroscopic parameters obtained by TDR measurements,
molar extinction coefficients of SC+ (e C+), and the oxidation potentials of
substrates (ES).


Substrate lTDR
max [nm] e C+ [103


m
�1 cm�1] (lmax [nm])[a] ES [V vs NHE]


MTC0 540 2.6
0.2(545) 1.86
MTC1 540 4.4
0.3(545) 1.67
MTC2 535 5.6
0.3(545) 1.63
MTC3 540 5.8
0.3(545) 1.60
MTC4 540 5.8
0.3(545) 1.60


[a] Determined from the transient absorption spectra attributed to SC+


observed during the 355 nm laser flash photolysis of chloranil in the pres-
ence of S in MeCN.[39]


Figure 6. The relationship between the initial transient signal intensity
(%abs.t=0) corrected by e C+ values and nad for MTC0 (&), MTC1 (*),
MTC2 (~), MTC3 (~), and MTC4 (*). The lines are arbitrarily.
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quantum yield of SC+ generated by HT (fHT) is tentatively
given by Equation (11),[6]


�HT ¼ kHT � nad


kCR þ kHT � nad
ð11Þ


Because kCR@kHT Inad, the fHT values are approximately
proportional to the nad values. The observed relationship is
quite consistent with that predicted from Equation (11).


As clearly indicated in Figure 6, the efficiency of the one-
electron oxidation is in the order MTC0 > MTC1 >


MTC2 � MTC3 > MTC4. Here, we define the efficiency
factor (a) for the one-electron oxidation of S adsorbed on
the TiO2 surface by Equation (12)[20b]


a ¼ %abs:t¼0


e Cþ � 1
nad


ð12Þ


The a values were determined from the initial slopes of the
solid lines shown in Figure 6 because the linearity for the
actual absorptions can be satisfied only when %abs. is
below 10 % as suggested elsewhere.[16]


In terms of the semiclassical ET theory,[30] the rate con-
stant (kET) for a nonadiabatic ET reaction can be expressed
as a product of the thermally averaged Franck-Condon (FC)
factor and an electronic factor which is proportional to the
square of the HDA between the electron donor and acceptor
as shown by Equation (13),


kET ¼ 4p2


h
ðHDAÞ2 FC ð13Þ


The thermally averaged FC factor, which depends on the
driving force (DGET) for ET and the reorganization energy
(l) accompanying ET, is given by Equation (14) in the clas-
sical limit,


FC ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plRT


p exp
�
� lþ DGETÞ2


4lR


�
ð14Þ


Therefore, we examined the DGHT dependence on the a


values. As given by Equations (9), (13), and (14), it is ex-
pected that the a values increase with the decreasing of the
DGHT values, that is, with the increasing of the driving force
for the HT reactions. However, as shown in Figure 8, the a


values decreased with the decreasing of the DGHT values es-


timated from Equation (9) and Eox of 2.66 V versus NHE
for hþ


VB,[36] while those previously obtained for the hydroxyl-
substituted biphenyls increased with the decreasing of the
DGHT values, although we have no data for ES values for S
adsorbed on the TiO2 surface under the same conditions. As
reported elsewhere, the redox potential of adsorbate strong-
ly depends on the electronic interaction between S and TiO2


surface.[22c] If ES decreases or increases with increasing HDA,
however, the significant difference in the a values cannot be
explained by ES.


Next, we examined the relationship between HDA and a.
As shown in Figure 9, the a values significantly increased
with the increasing of the H 2


DA values at HDA <2000 cm�1


and were insensitive to H 2
DA values at HDA >2000 cm�1. In


the non-adiabatic regime,[30] it is expected that the HT rate
depends on ES as well as HDA. In fact, as shown in Figure 8,
the a values obtained for MTC3 and MTC4 are much
higher than those for 4-biphenylmethanol and 4-biphenyl-
ethanol which have high ES values (2.01 and 2.08 V vs NHE,
respectively) in spite of similar HDA values (730 and
430 cm�1, respectively).[20b] Therefore, the increase in the a


values at HDA <2000 cm�1 provides evidence for the non-
adiabatic mechanism.


An alternative description of the ET rate constant is re-
quired when HDA is large enough and is referred to the adia-
batic limit. In this limit, the rate constant is no longer con-
trolled by the magnitude of HDA, but rather by the frictional
coupling between the changing charge distribution of the re-
actants and the polarization of the surrounding medium.
This frictional coupling is most often characterized by the
characteristic relaxation time of the medium, ts, or the vis-
cosity, h, of the medium.[40] When the frictional coupling to
the medium is very strong, the rate constant decreases by
1/ts or 1/h. The strong coupling, or adiabatic regime, is often
used to describe short-range electron transfer and is viewed
as solvent-controlled motion in a single electronic state. Un-
fortunately, we cannot easily discuss the solvent effects on
the HDA dependence on the a values, because the CT band
character significantly depends on the nature of the solvents.


Figure 7. Schematic image of the hole transfer (HT) from the photogen-
erated holes (h+) to S adsorbed on the TiO2. CR denotes the charge re-
combination between the photogenerated electrons (e�) and h+ .


Figure 8. The relationship between the efficiency factor (a) determined
for MTC0–4 (*), 4-(methylthio)phenyl methanol (*),[20a} and biphenyl
derivatives (~)[20b] and the free energy change for HT (DGHT) estimated
from DGHT = ES�Eox, where ES and Eox are the oxidation potentials of
S and hþ


VB, respectively.
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Although it is difficult to know all the facts concerning
the one-electron oxidation mechanisms due to the heteroge-
neity in the systems, We believe that the observed HDA de-
pendence of the a values clearly suggest a gradual transition
of the one-electron oxidation mechanisms from the non-
adiabatic to the adiabatic regime or other influences on the
one-electron oxidation mechanisms such as a significant
shift in the flat band potentials of TiO2 particles due to the
strong interaction between adsorbates and the TiO2 surface.


Conclusion


In summary, we have investigated the TiO2 photocatalytic
one-electron oxidation mechanisms of aromatic sulfides in-
volving -COOH terminal groups adsorbed on the surface of
a TiO2 powder slurried in MeCN by using TDR spectrosco-
py. The HDA estimated from the spectroscopic characteristics
and structures of the CT complexes of S and the TiO2 sur-
face, exhibited an exponential decline with the increasing of
the dDA value, although a slight oscillation between the even
and odd n was observed. The determined b value of 9

1 nm�1 clearly suggests that the 4-(methylthio)phenyl chro-
mophore is separated from the TiO2 surface with the in-
creasing of the methylene number. The efficiencies of the
one-electron oxidations of S adsorbed on the TiO2 surface
determined from the relationship between the amount of
adsorbates and the concentration of the generated radical
cations significantly depended on HDA, but not ES. Along
with the reported ones, the a values dramatically increased
with the increasing of the H 2


DA values at HDA <2000 cm�1


and were insensitive to the H 2
DA values at HDA >2000 cm�1.


These experimental results suggest that HDA plays an impor-
tant role in the efficiency of the one-electron oxidation of S
adsorbed on the TiO2.


Experimental Section


Materials : The TiO2 powder (P25, Japan Aerosil) was a mixture of rutile
(20 %) and anatase (80 %) with a BET surface area of 50 m2 g�1 and an
average primary particle size of 21 nm. 4-(Methylthio)benzoic acid
(MTC0) and 4-(methylthio)phenyl acetic acid (MTC1) were purchased
from Aldrich and recrystallized from ethanol. The synthetic procedures
of 3-(4-methylthiophenyl)propionic acid (MTC2), 4-(4-methylthiophe-
nyl)butyric acid (MTC3), and 5-(4-methylthiophenyl)pentanoic acid
(MTC4) are described below. Fresh MeCN (Nakarai Tesque, spectral
grade) was used as the solvent without further purification.


Synthetic procedures : 3-(4-Methylthiophenyl)propionic acid (MTC2), 4-
(4-methylthiophenyl)butyric acid (MTC3), and 5-(4-methylthiophenyl)-
pentanoic acid (MTC4) were synthesized by the following procedures.
Melting points (mp) were determined with a Yanaco micro-melting point
apparatus and are uncorrected. NMR spectra were recorded on a JEOL
JMN EX-270 (270.05 MHz) spectrometer using tetramethylsilane as in-
ternal standard; J values in Hz. Mass spectra were obtained on a JEOL
JMS-M600 mass spectrometer.


3-(4-Methylthiophenyl)propionic acid (MTC2): A mixture of 4-(methyl-
thio)benzaldehyde (Tokyo Kasei) (15.79 g), malonic acid (12.57 g), and
piperidine (5 drops) in anhydrous pyridine (30 mL) was heated at 100 8C
for 2 h. The mixture was then heated under reflux for 1 h to remove the
excess malonic acid and cooled to room temperature. The reaction mix-
ture was added to hydrochloric acid, and a pale yellow precipitate
(olefin, 2a) formed. Compound 2a (16.85 g) was collected by filtration.
A suspension of palladium-activated carbon (Pd 10%) (Wako) (2.0 g) in
ethyl acetate (20 mL) and ethanol (60 mL) was stirred overnight at room
temperature under a hydrogen atmosphere. To the suspension was added
a solution of the olefin (2 g) in ethyl acetate (60 mL) and the mixture
was stirred under a hydrogen atmosphere for 7 d at room temperature.
After the Pd catalyst was filtered off, the solvents were removed under
vacuum. The crude product was purified by distillation under reduced
pressure (175–185 8C) to yield MTC2 as a colorless solid (100 mg). M.p.
100.5–101.5 8C; 1H NMR (270 MHz, CDCl3, 20 8C, TMS): d=7.17
(AA’BB’ type signals, 4H, ArH), 2.92 (t, J=7.6 Hz, 2 H, CH2), 2.66 (t,
J=7.6 Hz, 2H, CH2), 2.47 (s, 3 H, SCH3); MS: m/z : calcd for C10H12O2S:
196.27, found 196.2; elemental analysis calcd (%) for C10H12O2S: C 61.20,
H 6.16, S 16.34; found: C 61.16, H 6.03, S 16.36.


4-(4-Methylthiophenyl)butyric acid (MTC3): A solution of MTC2
(160 mg), sulfuric acid (20–30 drops), and methanol (5 mL) in dichloro-
methane (20 mL) was heated under reflux overnight. The reaction mix-
ture was washed with a saturated aqueous solution of NaHCO3 and then
dried over anhydrous sodium sulfate. The solvents were removed under
vacuum to yield a liquid (methyl ester, 3a) (4.25 g). LiAlH4 (830 mg) was
added in portions to a solution of the methyl ester (5.15 g) in anhydrous
Et2O (40 mL). After stirring overnight, the usual workup gave a yellow
liquid (alcohol, 3b) (2.72 g). A solution of PBr3 (2 g) in a small amount
of carbon tetrachloride was added dropwise into a solution of 3b (2.72 g)
in carbon tetrachloride (10 mL). The mixture was stirred overnight at
room temperature, and water was then dropwise added to the reaction
mixture. The ethereal extract was concentrated by using a vacuum evapo-
rator and the residue was distilled under reduced pressure (175–185 8C)
to yield yellow liquid (bromide, 3c) (1.18 g). A solution of 3c (780 mg)
and a small amount of iodine in anhydrous ether (15 mL) was added to
magnesium turnings (for Grignard) (100 mg) with a syringe under an
argon atmosphere, and the mixture was stirred overnight at room temper-
ature. The reaction mixture was powered onto crushed dry ice (300 g) in
anhydrous Et2O (50 mL). Evaporation of the ethereal solution gave a
crude pale yellow solid. The crude acid was dissolved in an aqueous
NaOH solution and the solution was filtered. Upon the addition of hy-
drochloric acid to the filtrate, a colorless solid formed. The precipitate
was collected by filtration to yield MTC3 as a colorless solid (160 mg).
M.p. 82.0–82.5 8C; 1H NMR (270 MHz, CDCl3, 20 8C, TMS): d = 7.15
(AA’BB’ type signals, 4H, ArH), 2.64 (t, J=7.7 Hz, 2 H, CH2), 2.47 (s,
3H, SCH3), 2.37 (t, J=7.4 Hz, 2 H, CH2), 1.94 (q, J=7.4 Hz, 2H, CH2);
MS: m/z : calcd for C11H14O2S1: 210.30, found 210.2; elemental analysis
calcd (%) for C11H14O2S: C 62.83, H 6.71, S 15.25; found: C 62.92, H
6.65, S 15.16.


Figure 9. The relationship between the efficiency factor (a) determined
for MTC0–4 (*), 4-(methylthio)phenyl methanol (*), and biphenyl deriv-
atives (~) and the electronic coupling element between the hole donor–
acceptor (HDA) estimated from Equation (2). The lines are arbitrarily.
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5-(4-Methylthiophenyl)pentanoic acid (MTC4): A solution of n-butyl
lithium (Nakarai Tesque, about 1.6m (15 %) in hexane) (26 mL) under an
argon atmosphere was dropwise added to a solution of 4-bromothioani-
sole (Tokyo Kasei) (4.06 g) in anhydrous Et2O (50 mL). The mixture was
stirred for 2 h. The reaction mixture was then dropwise added to a so-
lution of 1,4-dibromobutane (Tokyo Kasei, 98 %) (21.6 g) in anhydrous
Et2O (15 mL) for 30 min with a syringe under an argon atmosphere, and
the mixture was stirred overnight. An ether solution of an NH4Cl saturat-
ed aqueous solution was dropped into the reaction mixture and the mix-
ture was extracted with Et2O. The extract was washed with a saturated
aqueous NaCl solution, and dried over anhydrous sodium sulfate. The
solvent and an excess of 1,4-dibromobutane were removed under
vacuum, and the residue was distilled under reduced pressure (175–
185 8C). The product was purified by column chromatography (hexane)
to yield of pale yellow liquid (bromide, 4a) (1.843 g). MTC4 (150 mg) as
a colorless solid was prepared from the bromide (907.2 mg) following the
same procedure as MTC3 : M.p. 79.0–80.0 8C; 1H NMR (270 MHz,
CDCl3, 20 8C, TMS): d = 7.14 (AA’BB’ type signals, 4 H, ArH), 2.60 (t,
J=6.9 Hz, 2H, CH2), 2.47 (s, 3 H, SCH3), 2.38 (t, J=6.9 Hz, 2H, CH2),
1.66 (m, 4 H, CH2CH2); MS: m/z : calcd for C12H16O2S: 224.32, found
224.2; elemental analysis calcd (%) for C12H16O2S: C 64.25, H 7.19, S
14.29; found: C 64.12, H 7.07, S 14.26.


Cyclic voltammetry measurements : Cyclic voltammograms were obtained
by using a conventional three-electrode system (BAS, CV-50W) in
MeCN solution at room temperature. A platinum electrode was used as
the working electrode and an Ag/AgNO3 electrode was used as the refer-
ence electrode.


Steady-state UV/Vis absorption and diffuse reflectance spectral measure-
ments : The steady-state UV/Vis absorption and diffuse reflectance spec-
tra were measured by UV/Vis-NIR spectrophotometers (Shimadzu, UV-
3100 and Jasco, V-570, respectively) at room temperature. The sample
solutions containing TiO2 powder (20 gdm�3) were sonicated for 10 min,
and the TiO2 particles in solution were then completely removed by cen-
trifugation (10 000 rpm, 10 min) using a high-speed microcentrifuge (Hi-
tachi, himac CF16RX) at 22 8C for the UV absorption measurements. All
procedures for the sample preparation were performed with shielding
from the UV light.


The concentrations of the adsorbates in MeCN containing TiO2 powder
(20 gdm�3) after reaching an adsorption equilibrium ([S]eq) were deter-
mined from the steady-state UV absorption measurements. The amounts
of adsorbates (nad, in mol g�1) were estimated by using Equation (15),


nad ¼ ½S� �Abs:�Abs:TiO2


Abs:
ð15Þ


where [S] is the concentration of S in the bulk MeCN, and Abs. and
Abs.TiO2 represent the absorbances of S in the absence and presence of
the TiO2 powder, respectively.


Time-resolved diffuse reflectance (TDR) measurements : The TDR meas-
urements were performed using the third harmonic generation (355 nm,
5 ns full width at half-maximum) from a Q-switched Nd3+ :YAG laser
(Continuum, Surelite II-10) for the excitation operated with temporal
control by a delay generator (Stanford Research Systems, DG535). In
these experiments, the spot irradiated on the sample cell with a thickness
of 2 mm was approximately 1 cm“2. The reflected analyzing light from a
pulsed 450-W Xe-arc lamp (Ushio, XBO-450) was collected by a focusing
lens and directed through a grating monochromator (Nikon, G250) to a
silicon APD (Hamamatsu Photonics, S5343). The transient signals were
recorded by a digitizer (Tektronix, TDS 580D). The reported signals are
averages of 20–30 events.


The absorption values (% absorption) were obtained by subtracting the
absorption value observed in the absence of S from that observed in the
presence of S. Here, %absorption (%abs.) is given by Equation (16),


%abs: ¼ R0 �R
R0


� 100 ð16Þ


where R and R0 represent intensities of the diffuse reflected monitor
light with and without excitation, respectively.[16]
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Diphosphines with Expandable Bite Angles: Highly Active Ethylene
Dimerisation Catalysts Based on Upper Rim, Distally Diphosphinated
Calix[4]arenes


Manuel Lejeune,[a] David S'meril,[a] Catherine Jeunesse,[a] Dominique Matt,*[a]


Fr'd'ric Peruch,[b] Pierre J. Lutz,*[b] and Louis Ricard[c]


Introduction


Generic calix[4]arenes provide exceptionally useful plat-
forms for the preparation of multidentate ligands with con-
vergent binding sites.[1–6] Despite the widespread applica-
tions of such multitopic ligands in supramolecular chemis-
try,[7–10] the use of calixarenes in catalytic chemistry is only
in its infancy.[11–24] Recently, methodology has become avail-
able that allows regioselective attachment of two phosphino


groups to the upper rim of calix[4]arenes immobilised in the
cone conformation, resulting either in distally[25,26] (calixar-
enes with substitution patterns as in 1 or 2) or proximal-
ly[22,27,28] functionalised (i.e. 5,11-substituted) compounds.
Both types of diphosphine were shown to form transition-
metal complexes, but interestingly only the distally function-
alised compounds appear suitable for the formation of com-
plexes involving chelate rings. For example, the latter li-
gands form octahedral ruthenium complexes of trans-config-
uration, a property that can be used for the controlled posi-
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Abstract: The binding properties of
two large diphosphines, cone-5,17-di-
bromo-11,23-bis(diphenylphosphino)-
25,26,27,28-tetrapropoxycalix[4]arene
(1) and cone-5,17-bis(diphenylphosphi-
no)-25,26,27,28-tetrapropoxycalix[4]ar-
ene (2) toward NiII centres have been
investigated. Whatever the starting
complex, NiBr2 or [NiCp]BF4, quantita-
tive formation of a chelate complex
was observed, illustrating the preorga-
nisation of the ligands. An X-ray struc-
ture determination was carried out for
[NiCp·1]BF4 which revealed that the
nickel atom is positioned to one side of
the calixarene axis, the PNiP plane
being roughly parallel to the calixarene


reference plane. The molecule has C1
symmetry in the solid state, a feature
which is also observed in solution at
low temperature. As shown by varia-
ble-temperature 1H and 31P NMR stud-
ies, the complex undergoes two distinct
motions: 1) a fan-like swinging of the
coordination plane which displaces the
metal from one side of the calixarene
axis to the other, a motion during
which the PNiP angle is likely to un-
dergo a significant enlargement; 2) a


rapid oscillation of each PPh2 unit
about the corresponding Ni�P bond. In
the latter dynamics the two endo-ori-
ented PPh rings alternately occupy the
calixarene entry. The two flexible li-
gands were assessed in ethylene oligo-
merisation. Activation with methylalu-
minoxane of the paramagnetic com-
plexes [NiBr2·(1 or 2)] afforded highly
active ethylene dimerisation catalysts,
with turnover frequencies up to
106 (mol C2H4) (mol Ni)


�1h�1. The se-
lective formation of 1-butene can be
rationally controlled by using low cata-
lyst concentrations.


Keywords: calixarenes · ethylene
dimerisation · molecular dynamics ·
nickel · P ligands
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tioning of metal-organic fragments inside the calix cavity.[25]


In contrast, cis-chelating behaviour of these 12-membered li-
gands, as observed with square-planar PdII or PtII metal cen-
tres, displaces the metal away from the calixarene axis, the
coordination plane adopting an orientation which is almost
parallel to the calixarene reference plane.[26] Thus, while im-
portant aspects of the coordination chemistry of these li-
gands have already been considered, no study of the catalyt-
ic properties of such distally diphosphinated calixarenes has
yet been made. Herein we report for the first time the prep-
aration of Ni-based precatalysts which turned out to be
highly active ethylene dimerisation catalysts. It is worth
mentioning that the two ligands used in this study are ther-
mally robust, making them particularly interesting for cata-
lytic applications. The electronic properties of the PIII atoms,
as inferred from the 31P NMR data (d(31P)=�6.6 ppm (1);
�6.4 ppm (2)), are close to those of triphenylphosphine.
Hence 1 and 2 may be regarded as chelators containing two
independent triphenylphosphine coordination centres.


Results and Discussion


Synthesis and dynamics of nickel(ii) complexes obtained
from 1 and 2 : The two calixarene ligands used in this study
have been prepared according to a previously described
method. Reaction of [Ni(h5-C5H5)(cod)]BF4 (cod=1,5-cyclo-
octadiene) with diphosphine 1 produced the diamagnetic,
yellow complex 3 in high yield [Eq. (1)]. Chelate formation
was inferred from the electron spray mass spectrum which
showed an intense peak at 1241 (with the expected isotopic
profile), corresponding to the [M�BF4]+ ion.


The molecular structure of 3 was determined by a single
X-ray diffraction study. The unit cell contains two very simi-
lar molecules, 3a and 3b, each with C1 symmetry (Figure 1;
Table 1). The calixarene units adopt a flattened cone confor-
mation,[29] with the two phosphorus-bearing phenol rings
being markedly displaced towards the interior of the cavity
upon complexation (dihedral angle: �28.28 (3a), �26.88
(3b); versus +57.78 (3a) and +63.68 (3b) for the other two
distal rings). As already observed in the previously reported
complex [PtCl2·1], chelation positions the metal atom away
from the calixarene axis, with one side of the coordination


plane facing the cavity interior. In the two isomers the dihe-
dral angle between the PNiP plane and the calixarene refer-
ence plane (defined as the mean plane of the bridging
ArCH2 carbon atoms) is only about 208. The bite angle of
the chelating unit, 104.72(6)8 (3a) and 103.69(5)8 (3b), is
rather large but is comparable with that found in other com-
plexes of the general formula [NiCp(PPh3)2]


+ (Cp=C5H5 or
Cp-derived ligand).[30] In cis-[PtCl2·1], the bite angle is sig-


Figure 1. Molecular structure (Platon) of 3a (top) and 3b (bottom).


Table 1. Selected bond lengths [J] and angles [8] for 3.


Distances


Ni1�P1 2.207(2) Ni1�P2 2.184(2)
Ni2�P3 2.212(2) Ni2�P4 2.185(2)
P1�C29 1.834(5) P2�C41 1.822(5)
P3�C98 1.825(6) P4�C120 1.822(5)


Angles


P2-Ni1-P1 104.72(6) P4-Ni2-P3 103.69(5)
C98-P3-Ni2 116.8(2) C120-P4-Ni2 116.1(2)
C70-P3-C98 105.0(2) C120-P4-C86 112.2(2)
C41-P2-Ni1 117.0(2) C29-P1-Ni1 119.3(2)
C3-P1-C29 104.5(2) C41-P2-C17 111.5(2)
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nificantly smaller, 99.78, thus illustrating the flexibility of the
calixarene scaffold in adapting to the electronic require-
ments imposed by the metal centre. As already mentioned,
each isomer contains a single PPh ring oriented towards the
centre of the cavity (ring C29 in isomer 3a, and its counter-
part C120 in isomer 3b), making the two phosphorus atoms
of each isomer inequivalent. The asymmetry of the whole
structure can be seen by comparing the two angles C17-P2-
C41 and C3-P1-C29 (111.5(2)8 and 104.5(2)8, respectively)
as well as the Ni�P bond lengths (Ni1�P2 2.1839(15); Ni1�
P1 2.2073(15) J). The inequivalence of the P atoms is also
evident in solution at low temperatures. Thus, the 31P NMR
(CD2Cl2, 202.45 MHz) spectrum measured at 200 K shows
an AB quartet with 2J(P,P’)=42 Hz (Figure 2). As the tem-


perature is increased the two phosphorus signals first broad-
en then coalesce near 268 K, and finally merge to a single
signal. This observation is best
interpreted in terms of a fast os-
cillation of the two PPh2 units
about their respective P�Ni
bonds, a motion that takes alter-
nately each of the endo-phenyl
rings from directly above to-
wards one side of the cavity
(Scheme 1). The activation bar-
rier[31] for this exchange is
11.4 kcalmol�1. Interestingly,
the 1H NMR spectra measured
at low temperatures (Figure 3)
show four distinct AB quartets
for the ArCH2Ar protons, in
keeping with the C1-symmetrical
structure already observed in
the solid state. As the tempera-
ture is raised, these signals sim-
plify to a single AB quartet, in-
dicating the molecule to have
effectively a C2v-symmetrical


structure. The latter findings not only corroborate the con-
clusions drawn from the 31P NMR study, but also imply that
the metal plane undergoes a fan-like motion during which
the nickel atom is displaced from one side to the other of
the calix axis (Scheme 1). Similar conclusions have been
drawn previously for the related complexes cis-[PtCl2·1] and
[Pd(Me-allyl)·2]BF4, but in these complexes the fanning
motion could not be frozen out. Analysis of the 1H NMR
spectra did not enable features specific for each motion to
be identified, the energy barriers of the two processes being
too close. The DG# value determined for the process having
the lowest barrier was 11.2 kcalmol�1 (cf. 11.4 kcalmol�1 for
the DG� value, as inferred from the 31P NMR variable-tem-
perature study). Regarding the swinging of the coordination
plane, the stereochemistry of the nickel atom in the transi-
tion state is a matter of contention. We do not know how


Figure 2. 31P NMR (CD2Cl2) variable-temperature study of 3.


Scheme 1. Dynamics of complex 3 in solution. Top: fanning motion displacing the metal centre from one side
of the calixarene axis to the other. Bottom: reversible, restricted rotation about the Ni�P bonds.


Figure 3. 1H NMR (CD2Cl2) variable-temperature study of 3 (ArCH2


region). Equilibrating ArCHax or ArCHeq protons are marked by the
symbols * and #, respectively.
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the metal coordination geometry varies when the metal
plane swings from one side to the other, in particular what
is the P-Ni-P angle in the transition state. The rather normal
value of the J(P-P’) constant determined for the slow ex-
change indicates that during the motion, the P atoms are
likely to remain coordinated in a cis fashion. Molecular me-
chanics calculations using SPARTAN were carried out as-
suming that the only stereochemical parameter which varies
is the P-Ni-P angle.[32] With this hypothesis, the calculated
energy barrier for the fanning motion is about 12 kcalmol�1,
with a P-Ni-P angle raising up to 1248. This DG� value fits
well with our experimental data. It is worth mentioning here
that our findings about the dynamic behaviour of 3 are fully
consistent with those of Tsuji et al. who recently reported
on a square-planar PtII chelate complex based on a related
ligand, although the latter is bearing heavier substituents.[33]


Interestingly, these authors describe the motion which equi-
librates the P atoms as resulting from a reversible twist of
the calixarene backbone, this interpretation being deduced
from calculated dihedral P-Ccalix···Ccalix-P angles of about 118.
The corresponding angles in 3a and 3b being respectively of
only 2.48 and 3.38 in the solid state, the P1/P2 exchange in
this complex is therefore better described as a simple oscil-
lation about the P�Ni bond. This description is also consis-
tent with the fact that a single endo-oriented P-phenyl ring
occupies the calixarene entrance.
The complex 4 was obtained in high yield by reacting an-


hydrous NiBr2 with 1 in CH2Cl2 [Eq. (2)]. The green colour
and the observed paramagnetism of this complex is consis-
tent with a tetrahedral coordination geometry. The molecu-
lar formula of 4 was inferred from elemental analysis and an
osmometric molecular weight determination (see Experi-
mental Section). The related complex 5, also paramagnetic,
was prepared in a similar way. Despite several attempts to
obtain single crystals of these complexes, the solid state
structure of neither could be determined. Thus, the precise
orientation of the chelating unit in the solid state is not


known, but as shown by molecular modeling, the strain of
this molecule may be minimized if the tetrahedral nickel
atom is displaced away from the calixarene axis. We there-
fore assign a sidewards orientation of the metal atom, as al-
ready established for complex 3.


Oligomerisation of ethene : Complexes of the type [NiX2(di-
phosphine)] (X=halide), once activated with alkylalumini-
um compounds, constitute effective catalytic systems for
olefin oligomerisation or polymerisation.[34–37] It is well
known that the performances of such systems mainly
depend upon the nature of the phosphine used.[38] In the
present study, complexes 4 and 5 were activated with
400 equivalents of methylaluminoxane (MAO). The runs
were carried out in a 100-mL steel autoclave under an ethyl-
ene pressure of 20–30 bar with toluene as solvent. The
whole autoclave was cooled by means of an ice bath. In the
present study the chelate complex [NiBr2(dppe)] (dppe=
Ph2PCH2CH2PPh2) was used as reference (Table 2, run 1).
In each test the reaction started as soon as an ethylene pres-


Table 2. Catalytic ethylene dimerisation in a 100-mL steel autoclave.[a]


Run Precursor n(Ni) t P(C2H4) T DT[b] MAO yield TOF[d]/10�4


[mmol] [h] [bar] [8C] [8C] [equiv/Ni] [g][c]


1 NiBr2(dppe) 4.5 0.25 30 40 13 400 1.07 3.39
2 4 4.5 1 30 10 3 400 2.44 1.93
3 4 4.5 0.25 30 25 5 400 4.27 13.54
4 4 4.5 0.5 30 25 5 400 5.94 9.42
5 4 4.5 1 30 25 5 400 7.00 5.55
6 4 4.5 0.25 20 25 5 400 1.90 6.03
7 4 4.5 0.25 30 40 40 400 2.63 8.34
8 4 4.5 1 30 40 40 400 3.54 2.81
9 4 1.5 1 30 40 5 400 1.20 2.85
10,11[e] 4 0.09 0.25 20 25 3 400 0.76 120.54
12 4 0.09 0.25 20 25 3 10000 0.61 96.75
13 4 0.09 0.25 20 25 3 20000 0.40 63.44
14 5 4.5 0.25 20 25 57 400 3.70 11.74
15–17[e] 5 0.09 0.25 20 25 3 400 0.52 83.53
18 5 0.81 0.25 20 25 3 400 0.95 16.74
19 5 0.81 0.25 20 25 3 1260 1.45 25.55
20 3 4.5 1 30 40 3 1000 2.92 2.31


[a] Toluene 22 mL, 500 rpm. [b] Max. temperature increase (8C) during the catalytic run. [c] Yield determinated by mass of final reaction mixture versus
mass of control reaction in toluene (22 mL). [d] Mol of C2H4 converted per mol of Ni per hour ((mol C2H4) (mol Ni)


�1 h�1). [e] For these experiments the
results were averaged.
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sure was applied, producing sometimes a considerable tem-
perature increase (up to 57 8C, see Table 2, entry 14). Both
complexes turned out to be excellent dimerisation catalysts,
displaying higher activities than [NiBr2(dppe)] (Table 2).
The observed butene selectivities were all larger than 95%.
The optimal reaction temperature was found to be 25 8C.
We noted some important differences between the two com-
plexes. Thus, when using an amount of 4.5 mmol of catalyst
(in 22 mL of toluene) the activity of complex 5 was about
two times higher than that observed with 4 (compare for ex-
ample runs 6 and 14 in Table 2). The better performance of
5 could be due to steric reasons: MAO possibly interacts
with the calixarene-bonded Br atoms of 4 resulting in a cal-
ixarene bearing very bulky substituents that make the metal
environment more crowded, hence reducing its activity. It is
worth mentioning here that at this catalyst concentration, a
fast temperature increase was observed with 5 (the tempera-
ture reaching 82 8C for an initial ethylene pressure of
20 bar), causing a loss of activity after a few minutes. Under
similar conditions complex 4 remained active, the reaction
temperature remaining below 35 8C. Catalyst decomposition
induced by a rapid temperature increase has already been
reported for other Ni-based ethylene oligomerisation cata-
lysts.[39, 40] The observed exothermicity also caused an isomer-
isation of 1-butene into 2-butenes. This phenomenon is not
new either.[41] In run 6 for example, 1-butene and 2-butenes
were formed in a 25:75 ratio. To maintain the activity of 5
over a longer period, and incidentally also produce mainly
1-butene, we carried out a catalytic run using a 50-fold
lower concentration (Table 2, runs 15–17). In this case the
reaction temperature could be kept near room temperature
and accordingly, no loss of activity was observed. The pro-
portion of 1-butene was then 91%, hence demonstrating
that temperature control of the reaction can drastically
reduce the 1-butene isomerisation. The highest TOF ob-
served with 5 reached 0.83Q106 h�1, which corresponds to
the highest dimerisation activity ever observed for [NiX2(di-
phosphine)] complexes.[36, 37,42] Thus, the lifetime of the cata-
lytically active species seems to be strongly dependent on
the temperature which should not exceed 30 8C. At tempera-
tures near 25 8C, the catalyst indeed displayed a longer life-
time, remaining active after 1 h, although the catalyst activi-
ty slowly decreased. The high activity of complex 5 probably
relies on the particular features of the diphosphine ligand. It
appears likely that during the dimerisation process a rapid
fan-like motion of the P-Ni-P plane, as described above for
complex 3, still takes place, resulting in a permanent varia-
tion of the ligand bite angle. A moderate increase of the
ligand bite angle possibly reduces the activation barrier of
the reductive elimination step in the dimerisation process,
hence leading to a faster olefin dimerisation. Preliminary
studies showed that other C–C coupling reactions carried
out with 4, for instance norbornene polymerisation, also led
to remarkably high activities when compared to that of
other [NiBr2(diphosphine)] procatalysts (see Experimental
Section). A possible bite angle variation during the catalytic
process which lowers the activation barrier of the rate-deter-
mining step may here again be invoked. Interestingly, in a
recent study, Schatz et al. described the use of the calixar-


ene-bis(carbene)palladium(ii) complex A for Suzuki cross-
coupling reactions.[24] Like in complexes 3–5, the chelating
unit in these calixarenes positions the catalytic centre away


from the calixarene axis, but in the molecules developed by
Schatz and co-workers the capping unit is more rigid, thus
preventing displacement of the metal centre from one side
to the other. Interestingly, these bis(carbene) ligands do not
lead to an unusual activity increase. Of course, whether this
arises from the ligandRs rigidity cannot be stated with cer-
tainty, in particular because the mecanisms involved in eth-
ylene dimerisation and Suzuki cross coupling cannot strictly
be compared.
Complex 4 was also tested under “high dilution” condi-


tions and, unexpectedly, its activity surpassed then that of 5,
the activity rising up to 1.2Q106 h�1 (runs 10,11). The higher
activity of 4 versus 5 under these conditions could arise
from the fact that most MAO was used for cleaning the re-
action medium (note, in these runs only 1.78 mg of MAO
was present in the 100-mL autoclave), hence leaving the Br
atoms of the calixarene unmodified. The halide atoms are
thus able to interact with the terminal methyl group of an
intermediately formed Ni-butyl moiety, a situation which
possibly favors b-elimination through an in-plane position-
ing of the b-H atom. The beneficial role of neighbouring
halide atoms in olefin polymerisation has been demonstrat-
ed recently by Fujita et al. who used fluorinated phenoxyi-
mine Ti catalysts,[43,44] but in the latter case the halide–alkyl
interaction involves the b-H atom (and not the d-H atom)
and favors ethylene insertion. Thus the effect produced in
the present study is different from that observed by Fujita
and co-workers. We are aware that the proposed interpreta-
tion must be considered with care, in particular because our
system is dynamic, and further investigations are needed for
a better understanding of the observed phenomenon. As ex-
pected, when the low Ni concentration tests were repeated
with larger amounts of MAO (runs 12,13), the activity of the
catalytic system decreased.
Finally, we found that upon activation with MAO the


nickel cyclopentadienyl complex 3 also dimerises ethylene
(Table 2, entry 20). However, cyclopentadienyl substitution
turned out to be more difficult, and accordingly somewhat
lower activities were observed in this case.
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Conclusion


The present study reveals the high degree of preorganisation
of the large diphosphines 1 and 2, which are well suited to
forming nickel(ii) chelate complexes. Activation with MAO
of the corresponding [NiX2(diphosphine)] complexes afford-
ed ethylene dimerisation catalysts with remarkably high ac-
tivities. A plausible explanation of the observed perform-
ance relies on a permanent and fast P-Ni-P bite angle varia-
tion taking place during the catalytic process and which inci-
dentally may lower the transition state of the rate-determin-
ing step. This interpretation cannot be confirmed at the
present stage but appears likely in view of the fanning
motion which was shown to occur in 3 and taking also into
account the lower activity of [NiBr2(dppe)], a complex in
which the bite angle of the diphosphine remains fixed near
908. The observed catalytic activities are remarkable espe-
cially as ligands 1 and 2 are less basic than dppe, for which
the reductive elimination step should intrinsically be fa-
vored. Regarding the second dynamics found in complex 3,
namely the oscillation about the Ni�P bonds, a possible
driving force for this motion, but certainly not the only one,
could arise from the cavityRs marked tendency to fill the
empty part of the hollow (nature abhors a vacuum) and
hence to guest alternately the two endo-oriented PPh rings.
Further work will concentrate on variants of 1 in which the
inherent flexibility of the calixarene core is controlled.
Overall, contrary to a general belief, the present work shows
that pseudo bis(triphenylphosphine) ligands may result in
high performance catalysts for ethylene dimerisation.


Experimental Section


General aspects : All reactions involving phosphines were performed in
Schlenk flasks under dry nitrogen. Solvents were dried by conventional
methods and distilled immediately prior to use. CDCl3 was passed down
a 5-cm-thick alumina column and stored under nitrogen over molecular
sieves (4 J). Routine 1H, 13C, and 31P were recorded with FT Bruker AV-
300 or AV-500 spectrometer. 1H NMR spectra were referenced to residu-
al protonated solvent (d=7.26 ppm for CDCl3),


13C chemical shifts are
reported relative to deuterated solvent (d=77.0 ppm for CDCl3), and the
31P data are given relative to external H3PO4. Gas chromatographic anal-
yses were performed on a VARIAN 3900 gas chromatograph using a
WCOT fused silica column (25 m, 0.32 mm inside diameter, 0.25 mm film
thickness). The mass spectrum of 3 was recorded on a MSDAgilent spec-
trometer using CH2Cl2 as solvent; that of 5 was measured with a Micro-
TOF Bruker Daltonic spectrometer using CH3CN as solvent. The molec-
ular weight determination by vapour-pressure osmometry (CH2Cl2) of
complex 4 was performed by Analytische Laboratorien, Lindlar, Germa-
ny. Elemental analyses were performed by the Service de Microanalyse,
Institut de Chimie, Universit0 Louis Pasteur, Strasbourg. Melting points
were determined with a BUchi 535 capillary melting-point apparatus and
are uncorrected. 5,17-Dibromo-11,23-bis(diphenylphosphino)-25,26,27,28-
tetrapropoxycalix[4]arene (1),[26] 5,17-bis(diphenylphosphino)-25,26,27,28-
tetrapropoxycalix[4]arene (2)[26] and [{(h5-C5H5)Ni(cod)}BF4]


[45] were pre-
pared according to methods reported in the literature. Anhydrous NiBr2
was purchased from Aldrich and used as received. MAO 10 wt% (Al-
drich) was used as a white powder which was obtained after evaporation
of the solvent (60 8C, 3 h). This treatment reduces the amount of residual
trimethylaluminium to about 3%. The resulting solid residue was dried
over 3 h at 60 8C under vacuum. In the NMR data “Cq” denotes a quater-
nary carbon atom. The temperatures of the NMR experiments have been


corrected, using methanol as reference. The accuracy is better than
�1 K.
Preparation of cis-P,P’-(h5-cyclopentadienyl)-{5,17-dibromo-11,23-bis(di-
phenylphosphino)-25,26,27,28-tetrapropoxycalix[4]arene}nickel(ii) tetra-
fluoroborate (3): To a solution of 1 (0.142 g, 0.127 mmol) in CH2Cl2
(20 mL) was added a solution of [(h5-C5H5)Ni(cod)]BF4 (0.038 g,
0.13 mmol) in CH2Cl2 (2 mL). After 3 h of vigorous stirring the solution
was filtered through Celite and concentrated to about 5 mL. Addition of
Et2O afforded 3 (0.156 g, 92%) as a yellow precipitate; m.p. 270 8C.
1H NMR (CDCl3): d=7.19–7.06 (m, 16H; PPh2), 6.87 (br. s, 8H; m-H of
OArP and PPh2), 6.53 (br. s, 4H; m-H of OArBr), 5.03 (s, 5H; C5H5),
4.56 and 3.26 (2d, AB spin system, 2J=14.2 Hz, 8H; ArCH2Ar), 4.08 (t,
3J=8.1 Hz, 4H; OCH2), 3.83 (t,


3J=6.5 Hz, 4H, OCH2), 1.98–1.85 (m,
8H; OCH2CH2), 1.17 (t,


3J=7.3 Hz, 6H; CH2CH3), 0.87 ppm (t, 3J=
7.3 Hz, 6H; CH2CH3);


13C{1H} NMR (CDCl3): d=158.67 and 157.24 (2 s;
arom. Cq-O), 139.10–128.63 (arom. CRs), 115.69 (s; arom. Cq-Br), 97.35 (s;
C5H5), 77.65 and 76.90 (2 s; OCH2), 31.15 (s; ArCH2Ar), 23.57 and 22.65
(2 s; CH2CH3), 10.82 and 9.60 (2 s; CH2CH3);


31P{1H} NMR (CDCl3,
300 K): d=31.0 (s; PPh2); elemental analysis (%) calcd for
C69H69BBr2F4NiO4P2 (Mr=1329.58): C 62.33, H 5.23; found: C 62.06, H
4.75; ES mass spectrum: m/z (%): 1241.3 (100) [M�BF4]+ .
Preparation of cis-P,P’-dibromo-{5,17-dibromo-11,23-bis(diphenylphos-
phino)-25,26, 27,28-tetrapropoxycalix[4]arene}nickel(ii) (4): A mixture of
1 (0.524 g, 0.468 mmol) and anhydrous NiBr2 (0.110 g, 0.502 mmol) in
CH2Cl2 (50 mL) was stirred for 24 h at room temperature. The solvent
was removed and the residue was taken up with CHCl3. Addition of pen-
tane afforded a green powder. The precipitate was filtered off, washed
with cold pentane (3Q10 mL) and then with diethyl ether (2Q10 mL)
and dried under vacuum to afford 4 (0.458 g, 73%) as a green solid; m.p.
> 280 8C; elemental analysis (%) calcd for C64H64Br4NiO4P2 ·0.25 CHCl3
(Mr=1337.5 + 29.8): C 56.44, H 4.74; found: C 56.16, H 4.91; molecular
weight determination by osmometry (CH2Cl2): 1300�65, corresponding
to a monomer.


Preparation of cis-P,P’-dibromo-{5,17-bis(diphenylphosphino)-25,26,27,28-
tetrapropoxycalix[4]arene}nickel(ii) (5): A mixture of 2 (0.233 g,
0.242 mmol) and anhydrous NiBr2 (0.053 g, 0.24 mmol) in CH2Cl2
(50 mL) was stirred for 24 h at room temperature. The solution was fil-
tered through Celite. The solvent was evaporated and the residue was
taken up with CHCl3. Addition of pentane afforded a light green
powder. The precipitate was filtered off, washed with cold pentane (3Q
10 mL) and then with diethyl ether (2Q10 mL) and dried under vacuum
to afford 5 (0.201 g, 70%) as a green solid; m.p. 263–266 8C (decomp); el-
emental analysis (%) calcd for C64H66Br2NiO4P2·CHCl3·C4H10O (Mr=


1179.6 + 193.5): C 60.35, H 5.65; found: C 60.74, H 5.77; MS (MALDI
TOF): m/z (%): 1099 (20) [(M�Br)+ , expected isotopic profile], 1018
(10) [(M�2Br)+ , expected isotopic profile].
General catalytic testing procedure for ethylene dimerisation : A 100-mL
steel autoclave was heated at 100 8C under vacuum for 2 h, cooled to
room temperature and back-filled with ethylene. A solution of catalyst
(4.5 mmol) in toluene (12 mL) was introduced into the autoclave by using
a syringe under low ethylene pressure and stirred for 15 min. The reactor
was vented upon which a solution of MAO (0.089 g, ca. 1.80 mmol) in
toluene (10 mL) was added. The reactor was then pressurised. Two types
of run were carried out (Table 2), those with an initial temperature of
25 8C, the temperature increase being, when necessary, controlled with an
ice bath, and those in which the initial temperature was 40 8C. In the
latter runs, no temperature regulation was applied. At the end of the run,
the autoclave was cooled down to 7 8C and depressurised over 1 h. The
flask containing the reaction mixture was weighed. This procedure was
performed as quickly as possible to minimise the potential evolution of
the butenes products. The reaction yield was determined from the final
mass of reaction mixture versus the mass of the control reaction solution.
To determine the mass of the control reaction solution (reaction mixture
with no catalyst or co-catalyst), toluene (22 mL) was added to the auto-
clave and stirred under the same pressure at 25 8C for 30 min. The reactor
was vented to ambient pressure and the flask containing the reaction
mixture was weighed. The products were analysed by 1H NMR spectros-
copy and GC. 1-Butene was identified by 1H NMR resonances at d=


2.00, 4.95 and 5.78 ppm. Resonances for the 2-butenes appear at d=1.54
and 5.37 (cis form) and at d=1.58 and 5.55 (trans) ppm.
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Homopolymerisation of norbornene using 4 : A solution of pre-catalyst 4
(0.006 g, 4.5 mmol) and norbornene (0.648 g, 6.7 mmol) in chlorobenzene
(13 mL) was introduced by using a syringe into a Schlenk flask containing
solid MAO (0.022 g, 0.45 mmol). The mixture was then vigorously stirred
for 5 min. At the end of the test, acidified ethanol (20 mL) was added.
The polymer was taken up in chlorobenzene, then precipitated with etha-
nol and dried under vacuum at 50 8C overnight. Yield: 0.150 g (23.6%;
TOF: 4261 h�1). Under silmilar conditions [NiBr2(dppe)] afforded a yield
about tenfold lower.[46]


Crystallography : Single crystals of 3 were grown as pale orange plates by
slow diffusion of hexane into a dichloromethane solution of the complex
at room temperature. Data were collected at 150 K on a Nonius Kappa
CCD diffractometer using an MoKa (l=0.71073 J) X-ray source and a
graphite monochromator. Formula: C69H70BBr2F4NiO4P2·1/2CH2Cl2;
Mr=1371.98 gmol


�1; monoclinic; space group Cc ; a=32.531(1), b=
23.840(1), c=22.531(1) J, b=133.711(1)8, V=12630.6(9) J3; Z=8; 1=
1.443 gcm�3 ; m=1.726 cm�1; F(000)=5640. Crystal dimensions 0.22Q
0.20Q0.06 mm. Total reflections collected 35403, 16648 with I>2s(I).
Goodness of fit on F2 1.049; R(I>2s(I))=0.0459, wR2=0.1169 (all
data), 1557 parameters; maximum/minimum residual density
0.942(0.072)/�0.579(0.072) eJ�3. The crystal structure was solved in SIR
97[47] and refined in SHELXL97[48] by full-matrix least-squares using ani-
sotropic thermal displacement parameters for all non-hydrogen atoms.
The unit cell contains two distinctive isomers co-crystallising with a mole-
cule of CH2Cl2. Figure 1 was drawn using PLATON.


[49]


CCDC-237221 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-
033; or deposit@ccdc.cam.ac.uk).
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Synthesis, Light-Harvesting and Energy-Transfer Properties of Regioregular
Silylene-Spaced Alternating [(Donor-SiMe2-)n=1–3-(Acceptor-SiMe2)]
Copolymers


Yen-Ju Cheng and Tien-Yau Luh*[a]


Introduction


There has been ever-burgeoning interest in artificial light-
harvesting systems capable of converting solar radiation into
a useful source of energy.[1] Intramolecular energy transfer
in supramolecular,[2,3] polymeric,[4] and dendritic[5] systems
has been studied extensively. Conjugated copolymers with
alternating donor–acceptor repeat units have received much
attention because intramolecular charge transfer within the
chain may result in concomitant changes in band gaps, and
electrochemical and optical properties.[6] Linear polymer
backbones with pendant chromophores provide alternative
models for the investigation of energy-transfer or light-har-
vesting phenomena. Occasionally, moderate energy-transfer
efficiencies are obtained and
aggregation, resulting in
quenching of the fluorescence,
may occur. It is known that
well-designed interruptions of
the conjugation along the con-
jugated polymer backbone by


insulating spacers may allow for tuning of the emission
properties of the polymers.[7] The silylene moiety has been
used extensively as an insulating spacer.[8] It is known that
the intramolecular photoinduced charge transfer between
donor and acceptor chromophores, separated by a silylene
moiety, can occur readily.[9] The silylene-spaced copolymers
1 are readily accessible by rhodium-catalyzed hydrosilylation
of bisalkynes 2 with bissilyl hydrides 3 [Eq. 1].[10] In this
regard, two different chromophores, separated by a silylene
group in the polymeric chain, are regioregularly positioned.
It is envisaged that such a strategy may generate a useful va-
riety of fascinating polymers that have different regioselec-
tive combinations of donors and acceptors along the poly-
mer chain.


When the Ar groups in Equation (1) have relatively long
conjugation lengths, the emission profiles of these copoly-
mers appear to be similar to those of the corresponding
monomers (having the same chromophores); no excimer-
like emission is observed in their fluorescence spectra. It is
thus believed that through-spaced interactions between
chromophores along these polymeric chains may not take
place.[11] We envision that silylene-spaced copolymers may
serve as a useful model for the study of light harvesting and
energy transfer along the polymeric backbone.[12] By adopt-
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and
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Abstract: A series of silylene-spaced
alternating [(donor-SiMe2)n=1–3-(accept-
or-SiMe2)] copolymers 4–6 was synthe-
sized by rhodium-catalyzed hydrosilyla-
tion of bisalkynes with bissilyl hydrides.
Monomeric reference compounds 7–10
with similar chromophore components
were prepared for comparison. The
ratio of donor to acceptor groups is


well-controlled by the precise regio-
chemistry and nature of the repeat
units. The silylene moieties serve as in-
sulating spacers between chromo-


phores. The polymers exhibit light-har-
vesting abilities, for which the intensity
of the emission enhanced with larger
donor-to-acceptor ratios. No emission
originating from the donors was ob-
served in fluorescence spectra, illustrat-
ing that intrachain energy transfer is
highly efficient along the polymer
chain.


Keywords: chromophores · energy
transfer · hydrosilylation · inorganic
polymers · light harvesting
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ing a strategy similar to that shown in Equation (1), differ-
ent ratios of donor-to-acceptor chromophores can be regio-
selectively incorporated into the copolymers. Herein we
report the unprecedented synthesis and photophysical prop-
erties of a series of silylene-spaced alternating [(donor-
SiMe2)n-(acceptor-SiMe2)]m copolymers 4–6, where n=1–3.


Results and Discussion


The synthesis of copolymers 4–6 was based on the strategy
shown in Equation (1). The donor and acceptor chromo-
phores were chosen on the basis of their absorption and
emission profiles. The absorption and fluorescence spectra
of the corresponding monomers 7–10 are shown in Figure 1.
In general, the absorption of the acceptor chromophore
should overlap with the emission maximum of the donor
chromophore.


Accordingly, the divinyldiphenyl oxadiazole chromophore
was paired with the dimethoxyterphenylene tetravinylene
chromophore. Similarly, the divinylbiphenyl chromophore
was used with the diphenylene tervinylene chromophore.


The acceptor chromophore was designed by incorporation
of the silylhydride substituent at the olefinic termini (for ex-
ample 8 and 10). Nickel-catalyzed silyl olefination of the
corresponding dithioacetals with (iPrO)Me2SiCH2MgCl, fol-
lowed by the reduction of the corresponding Si�O bond,
was employed for the synthesis of 8 and 10.[13]


Silylene-spaced diynes 12 and 13 having different numbers
of donor chromophores were prepared according to
Scheme 1–3.


Synthesis of the two-donor diyne 12a : Treatment of 4-bro-
mobenzoylhydrazide (15) with 4-iodobenzoyl chloride (14)
afforded the corresponding hydrazine 16 in 81% yield. Ring
closure of 16 (POCl3) furnished oxadiazole 17 in 82% yield.
A double Heck reaction of 17 with 18 gave the correspond-
ing dibromide 19 (46% yield).[14] Unfortunately, we were
unable to couple 19 with trimethylsilylacetylene under vari-
ous Sonogashira reaction conditions. Instead, the
[Pd2(dba)3]/PPh3–catalyzed Kumada–Corriu reaction of 19


Figure 1. Top: absorption (a) and emission spectra (b) of 7, absorption
(c) and emission spectra (d) of 8 in CHCl3. Bottom: absorption spectra
of 9 (a) and 10 (b); emission spectra of 9 (c) and 10 (d) in CHCl3.
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with the Grignard reagent 20,
prepared from trimethylacety-
lene and MeMgI, afforded the
corresponding bisalkyne 21 in
47% yield.[15] Removal of the
TMS group from 21 under basic
conditions (KOH, MeOH) af-
forded 12a in 82% yield
(Scheme 1).


Synthesis of the two-donor
diyne 12b : In a similar manner
(Scheme 2), a double Heck re-
action of 22 with 18 gave 23 in
68% yield.[16] The palladium-
catalyzed cross-coupling reac-
tion of 23 with 20 yielded 24.
This was followed by desilyla-
tion to give 12b in 49% yield
(two steps).


Synthesis of the three-donor
diyne 13 : In a sequential Sono-
gashira reaction, 22 was first
treated with one equivalent of
triisopropylsilylacetylene to
yield 25, which was then al-
lowed to react with trimethyla-
cetylene to afford 26 (overall
84%). Selective removal of the
TMS group in 26 (NaOH,
MeOH) led to 27 (85%). Rho-
dium-catalyzed hydrosilylation
of 28 with two equivalents of 27 resulted in the formation of 29 in 89% yield. Desilylation of the TIPS group in 29 with


TBAF afforded 13 in 82% yield (Scheme 3).


Synthesis of polymers 4–6 : A range of silylene-spaced co-
polymers 4–6 was synthesized by rhodium-catalyzed hydrosi-
lylation of bisalkynes 11–13 with bissilyl hydride 8 and 10
according to Equation (1). The results are summarized in
Table 1. The fluorescence quantum yields (F) of the poly-
mers measured in CHCl3 are also summarized in Table 1


Absorption and fluorescence properties : In the beginning of
this investigation, a 1:1 mixture of the monomeric donor 7
and acceptor 8 chromophores was dissolved at different con-
centrations in chloroform. As can be seen from the fluores-
cence spectra in Figure 2, emission profiles from both 7 and
8 were observed upon excitation of 7 at 310 nm. The fluores-
cence spectrum for polymer 4a is also included in Figure 2
for comparison. In contrast, when the solution was excited
at 310 nm, the emission from the donor in 4a was complete-
ly quenched; only fluorescence from the acceptor was ob-
served at 467 nm and 490 nm. The photophysical properties
of polymer 4a were unaffected when the polarity of the sol-
vent was changed (benzene, THF, EtOAc, and CHCl3).


[18]


These results suggested that efficient intrachain energy
transfer from the divinyldiphenyl oxadiazole donor moiety
to the terphenylene tetravinylene chromophore can occur in


Scheme 1. Synthesis of the two-donor diyne 12a.


Scheme 2. Synthesis of the two-donor diyne 12b.
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polymer 4a and that no photo-
induced electron transfer takes
place. The excitation spectrum,
recorded at the lem of the ac-
ceptor (490 nm), and the ab-
sorption spectrum of 4a are
shown in Figure 3. When these
two spectra are normalized at
the lmax value of the donor
(405 nm), the efficiency of the
energy transfer is estimated to
be 87%.


Figure 4 shows the absorption
spectra of the polymers 4a and
5a in chloroform. Two separate
absorption bands, which corre-
spond to the absorptions of the
donor and acceptor, can be dif-
ferentiated. Apparently, the
spectrum of polymer 5a is the
summation of the individual ab-
sorptions of the donor and the
acceptor chromophores. This
observation again not only illus-
trates that the silylene moiety


Scheme 3. Synthesis of the three-donor diyne 13.


Table 1. Reaction of donor with acceptor monomers by [RhCl(PPh3)3]
leading to silylene-spaced copolymers 4–6.


Donor Acceptor Polymer Mn (PDI)[a] F[b]


11a 8 4a 7800(2.8) 0.58
11b 10 4b 8600(3.1) 0.66
12a 8 5a 6700(2.9) 0.52
12b 10 5b 9800(3.3) 0.59
13 10 6b 12100 (3.0) 0.51


[a] The Mn and PDI values were determined by GPC using polystyrenes
as standard.[17] [b] Measured in CHCl3 using coumarin 1 in EtOAc (F=


0.99) as the standard.


Figure 2. Concentration-dependent fluorescence spectra (lex: 310 nm) of
an equal molar mixture of 7 and 8 in CHCl3 (a: 1K10�1 gmL�1; b: 1K
10�2 gmL�1; c: 1K10�3 gmL�1) and fluorescence spectrum (d: lex :
310 nm) of 4a in CHCl3.


Figure 3. Comparison of the absorption spectrum (solid line) with the ex-
citation spectrum (dashed line) of 4a in CHCl3, monitored at 490 nm.


Figure 4. Absorption spectra of polymer 5a (dashed line) and 4a (solid
line) in CHCl3.
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in these copolymers serves as insulating spacer, but also
demonstrates that there is no interaction in the ground state
between donors and acceptors. As the molar fraction of the
donor in the polymers increases from 50% in 4a to 67% in
5a, the absorbance around 300–350 nm, corresponding to
that of the donor chromophore, is also doubled. As shown
in Figure 5, excitation of the donor chromophores at 310 nm


in polymer 4a and 5a resulted in fluorescence from the ac-
ceptor exclusively. It is noteworthy that the emission intensi-
ty of 5a is approximately doubled in comparison with that
of 4a when the intensity of acceptor absorption was kept
the same in both polymers. These results indicated that the
light-harvesting capability is significantly enhanced in 5a.
Again, a comparison of the excitation spectrum with the ab-
sorption spectrum of 5a suggested that the energy-transfer
efficiency is 86%.[18]


The photophysical properties of 4b, 5b, and 6b were also
examined. The normalized absorption spectra of these poly-
mers (normalized at the lmax = 355 nm) are shown in
Figure 6. This maximum originates from the absorption of
the acceptor chromophores in these polymers. The increase
of the absorption from divinylbiphenyl in 5b and 6b was


due to the higher molar fraction of this donor chromophore.
The emission spectra of these polymers upon excitation at
300 nm are shown in Figure 7.


As expected, polymer 6b exhibits the highest emission in-
tensity in comparison with those of 4b and 5b. In a similar
manner, the intensity of the emission for 5b is doubled in
comparison with that of 4b. However, the intensity of emis-
sion from 6b (molar fraction=0.75) was somewhat less than
triple that from 4b. Although increasing the donor number
allows more light harvesting from donor to acceptor, the dis-
tance between donor and acceptor would not be the same.
In other words, the distance between the donor chromo-
phore at the center and the acceptor chromophore in 6b
would be different from the distance between the other
donor and acceptor chromophores. Accordingly, the efficien-
cies for the energy transfer from different donor chromo-
phores may not be identical.


The emission profile was recorded upon excitation at
360 nm (the lmax of the acceptor chromophore in 6b), and is
also shown in Figure 7 (dashed line). Interestingly, the re-
corded intensity of this spectrum is much lower than that of
6b when the excitation wavelength was 300 nm (the lmax of
the donor chromophore in 6b). These results revealed that
the acceptor can emit stronger through an energy-transfer
mechanism from donors than when it is directly excited at
the acceptor. The ability of the light-harvesting effect, along
with subsequent energy transfer in these polymers, is very
efficient (>88%).[18]


Conclusion


In summary, we have demonstrated efficient syntheses of
three types of regioregular silylene-spaced copolymers 4–6.
The ratio of donor to acceptor can easily be controlled by
appropriate design of the monomeric precursors. Unlike
most copolymers, our strategy has provided a powerful ar-


Figure 5. Emission spectra of 5a (dashed line) and 4a (solid line) in
CHCl3 (excitation at 310 nm).


Figure 6. Absorption spectra of polymer 4b, 5b, and 6b in CHCl3.


Figure 7. Emission spectra of 4b, 5b, and 6b in CHCl3 (excitation at
300 nm) and 6b (directly excitation at 360 nm of the acceptor chromo-
phore, dashed line).
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senal for the construction of copolymers with precise regio-
chemistry and repeating units. In these polymers, the light-
harvesting ability has been shown to increase with an in-
creasing donor-to-acceptor ratio. No emission coming from
the donor was observed in fluorescence spectra, illustrating
that intrachain energy transfer is highly efficient along the
polymer chain. These results suggest that the use of silylene
linkers for the construction of donor–acceptor polymers has
provided a new ideal architecture for light harvesting and
energy transfer.


Experimental Section


4-Benzoic acid N’-4-iodobenzoylhydrazide (16): 4-iodobenzoic chloride
14 (13.3 g, 50 mmol) in THF (30 mL) was added dropwise over 30 min to
a solution of 4-bromobenzoic acid hydrazide 15 (10.75 g, 50 mmol),
sodium carbonate (5.3 g, 50 mmol) in THF (60 mL), and water (60 mL).
The mixture was stirred at room temperature for 1 h. After removal of
THF in vacuo, the solid was collected by filtration, washed with water,
and dried in vacuo to give 16 as a white solid (18.02 g, 81%): m.p. 320–
321 8C; IR (KBr): ñ 3183, 2997, 1594, 1554, 1498, 1453, 1256, 845,
743 cm�1; 1H NMR (400 MHz, [D6]DMSO): d=7.69 (d, J=8.3 Hz, 2H),
7.74 (d, J=8.5 Hz, 2H), 7.85 (d, J=8.5 Hz, 2H), 7.91 (d, J=8.3 Hz, 2H),
10.59 ppm (s, 2H); 13C NMR (100 MHz, [D6]DMSO): d=100.3, 126.3,
129.9, 130.1, 132.2, 132.4, 138.0, 165.5, 165.8 ppm; HRMS (EI)
(C14H10BrIN2O4): calcd: 443.8964; found: 443.8964; elemental analysis
(%) calcd for C14H10BrIN2O4: C 37.78, H 2.26; found: C 37.92, H 2.34.


2-(4-Bromophenyl)-5-(4-iodophenyl)-[1,3,4]oxadiazole (17): A mixture of
16 (8.9 g, 20 mmol) and POCl3 (100 mL) was refluxed for 16 h. Excess
POCl3 was removed by distillation. The residue was washed with water
and collected by filtration and recrystallized from THF to afford 17 as a
white solid (7 g, 82%): m.p. 242–243 8C; IR (KBr): ñ 3076, 1921, 1656,
1611, 1532, 1481, 1397, 833, 738 cm�1; 1H NMR (400 MHz, CDCl3): d=
7.66 (d, J=8.4 Hz, 2H), 7.83 (d, J=8.4 Hz, 2H), 7.88 (d, J=8.4 Hz, 2H),
7.98 ppm (d, J=8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=98.8,
122.7, 123.2, 126.6, 128.3, 128.4, 132.5, 138.4, 164.1, 164.2 ppm; HRMS
(FAB) (M++H, C14H9BrIN2O): calcd: 426.8943; found: 426.8940; ele-
mental analysis (%) calcd for C14H8BrIN2O: C 39.38, H 1.89; found: C
39.28, H 1.72.


Bis{2-[4-(2-[5-(4-bromophenyl)[1,3,4]oxadiazolyl])phenyl]vinyl}dimethyl-
silane (19): A mixture of 17 (4.27 g 10 mmol), 18 (0.67 g, 6 mmol),
Pd(OAc)2 (0.11 g, 0.5 mmol), Bu4NOAc (6.03 g, 20 mmol), and molecular
sieves (4L) in dry DMF (150 mL) was stirred at 80 oC for 24 h under
argon. After filtration over celite, water was added, and the mixture was
extracted with chloroform. The organic layer was washed with water and
brine, and dried (MgSO4). After removal of the solvent in vacuo, the
crude product was separated on a flash silica gel column (CHCl3) to
afford 19 (1.63 g, 46%): m.p. 247–248 8C; IR (KBr): ñ 2985, 2952, 1926,
1605, 1577, 1543, 1481, 1076, 839, 738 cm�1; 1H NMR (400 MHz, CDCl3):
d=0.37 (s, 6H), 6.68 (d, J=19.1 Hz, 2H), 7.01 (d, J=19.1 Hz, 2H), 7.60
(d, J=8.4 Hz, 4H), 7.67 (d, J=8.5 Hz, 4H), 8.00 (d, J=8.5 Hz, 4H),
8.09 ppm (d, J=8.4 Hz, 4H); 13C NMR (100 MHz, CDCl3): d=�2.7,
122.8, 123.1, 126.4, 127.1, 127.3, 128.3, 130.4, 132.5, 141.4, 143.9, 163.9,
164.6 ppm; HRMS (FAB) (M++H, C34H26Br2N4O2Si): calcd: 709.0270;
found: 709.0276; elemental analysis (%) calcd for C34H26Br2N4O2Si: C
57.48, H 3.69; found: C 57.26, H 3.81.


Bis{2-[4-(2-[5-(4-triisopropylethynylphenyl)[1,3,4]oxadiazolyl])phenyl]vi-
nyl}dimethylsilane (21): A freshly prepared 2m solution of methylmagne-
sium iodine (2.2 mL) was added to a solution of trimethylacetylene
(0.64 mL, 4.48 mmol) in dry diethyl ether (5 mL) at room temperature
and the mixture was stirred for 30 min under argon. THF (120 mL) was
introduced, followed by the successive addition of [Pd2(dba)3] (0.08 g),
PPh3 (0.08 g), and 19 (0.8 g, 1.12 mmol). The reaction mixture was re-
fluxed for a further 24 h, quenched with NH4Cl, extracted with CHCl3,
and dried (MgSO4). After removal of the solvent in vacuo, the crude
product was purified by flash chromatography (chloroform) to afford 21
(0.39 g, 47%): m.p. 286–288 8C; IR (KBr): ñ 2952, 2157, 1611, 1566, 1538,


1487, 1397, 1250, 845 cm�1; 1H NMR (400 MHz, CDCl3): d = 0.25 (s,
18H), 0.36 (s, 6H), 6.68 (d, J=19.1 Hz, 2H), 7.00 (d, J=19.1 Hz, 2H),
7.59–7.64 (m, 8H), 8.06 (d, J=8.3 Hz, 4H), 8.09 ppm (d, J=8.3 Hz, 4H);
13C NMR (100 MHz, CDCl3): d �2.8, �0.2, 97.7, 103.9, 123.1, 123.4,
126.6, 127.1, 127.2, 128.3, 130.3, 132.5, 141.3, 143.8, 164.0, 164.5 ppm;
HRMS (FAB) (M++H, C44H44N4O2Si3): calcd: 745.2850, found: 745.2863;
elemental analysis (%) calcd for C44H44N4O2Si3: C 70.93, H 5.95; found:
C 70.56, H 5.61.


Bis{2-[4-(2-[5-(4-ethynylphenyl)[1,3,4]oxadiazolyl])phenyl]vinyl}dime-
thylsilane (12a): A solution of 21 (75 mg, 0.1 mmol) in MeOH (10 mL),
THF (40 mL) and 0.1m NaOH solution (2.2 mL) was stirred at room
temperature for 1 h. After removal of the solvent in vacuo, water was
added and the mixture was extracted with CHCl3. The organic layer was
dried (MgSO4), evaporated in vacuo and the residue was purified on a
flash silica gel column (CHCl3) to yield 12a (49 mg, 82%): m.p. 312 8C
(decomp); IR (KBr): ñ 3295, 3273, 3042, 2952, 2912, 2101, 1926, 1612,
1577, 1543, 1481, 1245, 991, 833, 743 cm�1; 1H NMR (400 MHz, CDCl3):
d=0.37 (s, 6H), 3.24 (s, 2H), 6.68 (d, J=19.1 Hz, 2H), 7.01 (d, J=
19.1 Hz, 2H), 7.61 (d, J=8.5 Hz, 4H), 7.63 (d, J=8.5 Hz, 4H), 8.09 (d,
J=8.5 Hz, 4H), 8.10 ppm (d, J=8.5 Hz, 4H); 13C NMR (75 MHz,
CDCl3): d �2.8, 80.1, 82.7, 123.1, 123.9, 125.6, 126.7, 127.1, 127.2, 130.4,
132.7, 141.4, 143.9, 164.0, 164.6 ppm; HRMS (FAB) (M++H,
C38H29N4O2Si): calcd: 601.2060, found: 601.2056; elemental analysis (%)
calcd for C38H29N4O2Si: C 75.97, H 4.70; found: C 75.62, H 5.07.


Bis[2-(4’-bromobiphenyl-4-yl)vinyl]dimethylsilane (23): A mixture of 22
(3.59 g, 10 mmol), 18 (0.67 g, 6 mmol), Pd(OAc)2 (0.11 g, 0.5 mmol),
Bu4NOAc (6.03 g, 20 mmol), and molecular sieves (4 L) in dry DMF
(100 mL) was stirred under argon at 80 8C for 16 h. After filtration over
celite, the filtrate was extracted with CHCl3 and washed with water and
brine, and then dried (MgSO4). After removal of the solvent in vacuo,
the residue was purified by flash chromatography (hexane) to afford 23
(1.95 g, 68%); m.p. 233–234 8C; IR (KBr): ñ 3030, 2985, 2957, 1909, 1605,
1481, 1385 cm�1; 1H NMR (400 MHz, CDCl3): d=0.35 (s, 6H), 6.58 (d,
J=19.1 Hz, 2H), 7.00 (d, J=19.1 Hz, 2H), 7.47 (d, J=8.4 Hz, 4H), 7.5–
7.6 ppm (m, 12H); 13C NMR (100 MHz, CDCl3): d=�2.4, 121.7, 127.1,
128.0, 128.6, 132.0, 137.8, 139.7, 144.4 ppm; HRMS (EI) (C30H26Br2Si):
calcd: 572.0171, found: 572.0161; elemental analysis (%) calcd for
C30H26Br2Si: C 62.73, H 4.56; found: C 62.91, H 4.37.


Bis{2-[4’-trimethylsilylethynyl-biphenyl-4-yl]vinyl}dimethylsilane (24): A
freshly prepared 2m solution of methylmagnesium iodine (0.7 mL) was
added to a solution of trimethylacetylene (0.2 mL, 1.4 mmol) in diethyl
ether (2 mL) at room temperature, and the mixture stirred under argon
for 30 min. THF (30 mL) was introduced, followed by the successive ad-
dition of [Pd2(dba)3] (0.025 g), PPh3 (0.025 g), and 23 (0.2 g, 0.35 mmol).
The mixture was refluxed for 24 h, quenched with NH4Cl, extracted with
CHCl3, and dried (MgSO4). After removal of the solvent in vacuo, the
residue was purified by flash chromatography (hexane) to afford 24
(0.13 g, 61%): m.p. 249–250 8C; IR (KBr): ñ 3036, 2946, 2918, 2839, 2152,
1605, 1487, 1245, 997, 833 cm�1; 1H NMR (400 MHz, CDCl3): d=0.24 (s,
18H), 0.3 (s, 6H), 6.56 (d, J=19.1 Hz, 2H), 7.00 (d, J=19.1 Hz, 2H),
7.4–7.6 ppm (m, 16H); 13C NMR (100 MHz, CDCl3): d=�2.4, 0.1, 95.1,
105.1, 122.2, 126.8, 127.1, 127.2, 128.0, 132.5, 137.7, 140.0, 140.7,
144.4 ppm; HRMS (FAB) (M++H, C40H45Si3): calcd: 609.2829; found:
609.2823; elemental analysis (%) calcd for C40H44Si3: C 78.88, H 7.28;
found: C 79.14, H 7.45.


Bis{2-[4’-ethynylbiphenyl-4-yl]vinyl}dimethylsilane (12b): A mixture of
22 (0.12 g, 0.2 mmol) in MeOH (10 mL) and THF (40 mL) and 0.1m
aqueous NaOH solution (4 mL) was stirred at room temperature for 1 h.
After removal of the solvent in vacuo, water was added and the mixture
was extracted with CHCl3 and dried (MgSO4). Removal of the solvent in
vacuo afforded the residue which was purified on a flash silica gel
(CHCl3) to yield 12b (0.075 g, 81%): m.p. 241 8C (decomp); IR (KBr): ñ
3267, 2969, 2912, 2107, 1909, 1600, 1492, 1397, 1256, 997, 833, 805 cm�1;
1H NMR (400 MHz, CDCl3): d=0.34 (s, 6H), 3.12 (s, 2H), 6.57 (d, J=
19.1 Hz, 2H), 6.98 (d, J=19.1 Hz, 2H), 7.5–7.6 ppm (m, 16H); 13C NMR
(100 MHz, CDCl3): d �2.5, 77.9, 83.6, 121.0, 126.8, 127.0, 127.1, 128.0,
132.6, 137.7, 139.8, 141.0, 144.3 ppm; HRMS (EI) (C34H28Si): calcd:
464.1960; found: 464.1963; elemental analysis (%) calcd for C34H28Si: C
87.88, H 6.07; found: C 87.91, H 6.31.
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4’-Bromo-4-[(triisopropylsilyl)ethynyl]biphenyl (25): A mixture of 22
(3.59 g, 10.0 mmol), (triisopropylsilyl)acetylene (2.5 mL, 11.0 mmol),
[Pd(PPh3)2Cl2] (0.35 g, 0.5 mmol) and CuI (95 mg, 0.5 mmol) in NEt3
(40 mL) was refluxed under argon for 8 h and then cooled to room tem-
perature. The mixture was filtered and NEt3 was evaporated. The crude
product was purified by silica gel column chromatography (hexane) to
give 25 as a white solid (4 g, 97%): m.p. 37–38 8C; IR (KBr): ñ 2942,
2850, 2154, 2064, 1893, 1588, 1481, 1462, 1380, 1221, 1075, 1002, 882, 836,
813, 742, 663 cm�1; 1H NMR (400 MHz, CDCl3,): d=1.15 (s, 21H), 7.44
(d, J=8.3 Hz, 2H), 7.49 (d, J=7.7 Hz, 2H), 7.54 (d, J=7.7 Hz, 2H),
7.56 ppm (d, J=8.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d 11.3, 18.6,
91.7, 106.7, 121.9, 122.9, 126.6, 128.5, 131.9, 132.5, 139.3, 139.7 ppm;
HRMS (FAB) (M++H, C23H29BrSi): calcd: 413.1300; found: 413.1306; el-
emental analysis (%) calcd for C23H29BrSi: C 66.81, H 7.07; found: C
66.89; H 6.99.


(4’-Triisopropylsilylethynyl-4-trimethylsilylethnyl)biphenyl (26): To a mix-
ture of trimethylsilylacetylene (1.5 mL, 7.2 mmol) and 25 (2.0 g,
4.8 mmol) in piperidine (40 mL) was added [Pd(PPh3)2Cl2] (0.1 g,
0.14 mmol) and CuI (30 mg, 0.15 mmol). The mixture was refluxed for
12 h under argon and then cooled to room temperature. After filtration,
the solvent was evaporated in vacuo and the residue was purified on
silica gel (hexane) to afford 26 as an oil (1.8 g, 87%). IR (KBr): ñ 3033,
2957, 2943, 2865, 2156, 1910, 1489, 1462, 1383, 1249, 1221, 995, 840,
668 cm�1; 1H NMR (400 MHz, CDCl3): d=0.27 (s, 9H), 1.14 (s, 21H),
7.52 ppm (s, 8H); 13C NMR (100 MHz, CDCl3): d �0.03, 11.3, 18.7, 91.7,
95.2, 104.8, 106.8, 122.4, 122.9, 126.7, 132.4, 132.5, 140.1, 140.3 ppm;
HRMS (FAB) (M++H, C28H39Si2): calcd: 430.2512; found: 430.2505; ele-
mental analysis (%) calcd for C28H38Si2: C 78.07, H 8.89; found: C 78.56;
H 8.55.


(4’-Triisopropylsilylethynyl-4-ethnyl)biphenyl (27): A mixture of 26
(1.5 g, 3.5 mmol) and NaOH (0.14 g, 3.5 mmol) in MeOH (10 mL) and
THF (10 mL) was stirred at room temperature for 1 h. After filtration,
the solvent was evaporated in vacuo. The residue was purified by silica
gel (hexane) to give 27 as a yellowish solid (1.07 g, 85%): m.p. 41–42 8C;
IR (KBr): ñ 3301, 2942, 2864, 2153, 2101, 1910, 1488, 1463, 1230, 996,
822, 668 cm�1; 1H NMR (400 MHz, CDCl3): d 1.16 (s, 21H), 3.15 (s, 1H),
7.5–7.6 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): d=11.3, 18.6, 78.0,
83.4, 91.7, 106.7, 121.3, 122.9, 126.7, 126.8, 132.5, 132.6, 139.9, 140.7 ppm;
HRMS (FAB) (M++H, C25H31Si): calcd: 359.2195; found: 359.2200; ele-
mental analysis (%) calcd for C25H30Si: C 83.74, H 8.43; found: C 83.43;
H 8.31.


4,4’-Bis(2-{[2-(4’-trimethylpropylethynyl-biphenyl-4-yl)vinyl]dimethylsi-
lyl}vinly)biphenyl (29): A mixture of 27 (0.66 g, 1.86 mmol), 28 (0.3 g,
0.93 mmol), and [Rh(PPh3)3Cl] (8 mg) in THF (5 mL) was refluxed for
2 h under argon. After the mixture was cooled to room temperature, it
was poured into MeOH. The precipitate was collected and recrystallized
from CHCl3 to give 29 (0.79 g, 82%): m.p. 91–92 8C; IR (KBr): ñ 3027,
2942, 2864, 2153, 1910, 1603, 1492, 1462, 1247, 987, 830, 795, 706,
676 cm�1; 1H NMR (400 MHz, CDCl3): d=0.37 (s, 12H), 1.17 (s, 42H),
6.59 (d, J=19.1 Hz, 2H), 6.60 (d, J=19.1 Hz, 2H), 7.02 (d, J=19.1 Hz,
4H), 7.5–7.63 ppm (m, 24H); 13C NMR (100 MHz, CDCl3): d=�2.6,
11.3, 18.7, 91.4, 106.9, 122.5, 126.6, 126.7, 126.8, 126.91, 126.94, 126.98,
127.1, 127.5, 127.9, 132.4, 137.6, 139.9, 140.4, 144.3, 144.4 ppm; HRMS
(FAB) (M++H, C70H87Si4): calcd: 1039.5885; found: 1039.5861; elemental
analysis (%) calcd for C70H86Si4: C 80.86, H 8.34; found: C 80.39; H 8.24.


Bis-4–4’-(2-{[2-(4’-ethynyl-biphenyl-4-yl)vinyl]dimethylsilyl}vinyl)biphen-
yl (13): A 1m solution of TBAF (0.5 mL, 0.5 mmol) was added dropwise
to a solution of 29 (0.208 g, 0.2 mmol) in THF (5 mL). The mixture was
stirred at room temperature for 2.5 h, diluted with water, and extracted
with CHCl3. The organic layer was washed with brine and dried
(MgSO4). Solvent was removed in vacuo to give a brown solid which was
recrystallized from CHCl3 to yield 13 (0.78 g, 82%): m.p. 321 8C
(decomp); IR (KBr): ñ 3295, 2982, 2944, 2097, 1918, 1603, 1491, 1246,
987, 830, 796, 642 cm�1; 1H NMR (400 MHz, CDCl3): d=0.35 (s, 12H),
3.12 (s, 2H), 6.57 (d, J=19.1 Hz, 2H), 6.59 (d, J=19.1 Hz, 2H), 6.99 (d,
J=19.1 Hz, 4H), 7.5–7.7 ppm (m, 24H); 13C NMR (100 MHz, CDCl3):
d=�2.62, 77.7, 83.5, 121.0, 126.7, 126.86, 126.93, 127.0, 127.5, 128.0,
132.5, 137.4, 137.8, 139.8, 140.3, 141.0, 144.2, 144.4 ppm; HRMS (FAB)
(M++H, C52H47Si2): calcd: 727.3216. found: 727.3226; elemental analysis
(%) calcd for C52H46Si2: C 85.90, H 6.38; found: C 85.52; H 6.11.


Polymer 4a : A mixture of 11a (54 mg, 0.2 mmol), 8 (102 mg, 0.2 mmol)
and [Rh(PPh3)3Cl] (4.6 mg) in THF (5 mL) was refluxed for 4 h under
argon. After the mixture was cooled to room temperature, it was poured
into MeOH. The precipitate was collected and re-dissolved in THF, then
reprecipitated with MeOH. The product 4a was collected by filtration
and washed with MeOH (0.12 g, 77%): Mn=7800, PDI=2.8; IR (KBr):
ñ 2942, 2864, 1598, 1481, 1462,1410, 1209, 1045, 814, 668; 1H NMR
(400 MHz, CDCl3): d=0.28 (s, 12H), 3.93 (s, 6H), 6.4–6.6 (m, 2H), 6.4–
6.8 (m, 2H), 6.9–7.2 (m, 8H), 7.3–7.7 (m, 14H), 7.8–8.2 ppm (m, 4H); el-
emental analysis (%) calcd for C50H48N2O3Si2: C 76.88, H 6. 19; found: C
75.59; H 5.79.


Polymer 4b : A mixture of 11b (0.061 g, 0.3 mmol), 10 (0.105 g,
0.3 mmol) and [Rh(PPh3)3Cl] (6.9 mg) in THF (5 mL) was refluxed for
4 h under argon. After the mixture was cooled to room temperature, it
was poured into MeOH. The precipitate was collected and re-dissolved
in THF, then reprecipitated with MeOH. The product 4b was collected
by filtration and washed with MeOH (0.13 g, 78%): Mn=8600, PDI=3.1;
IR (KBr): ñ 3023, 2982, 2952, 1914, 1693, 1600, 1492, 1413, 1040, 1247,
986, 839, 803; 1H NMR (400 MHz, CDCl3): d=0.29 (s, 12H), 6.45–6.6 (m,
4H), 6.85–7.03 (m, 4H), 7.11 (s, 2H), 7.35–7.65 ppm (m, 16H); elemental
analysis (%) calcd for C38H38Si2: C 82.85, H 6.95; found: C 81.76; H 6.69.


Polymer 5a : A mixture of 12a (42 mg, 0.07 mmol), 8 (35 mg, 0.07 mmol)
and [Rh(PPh3)3Cl] (2 mg) in THF (3 mL) was refluxed for 4 h under
argon. After the mixture was cooled to room temperature, it was poured
into MeOH. The precipitate was collected and re-dissolved in THF, then
reprecipitated with MeOH. The product 5a was collected by filtration
and washed with MeOH (53 mg, 69%): Mn = 6700, PDI = 2.9; IR
(KBr): ñ 2942, 2863, 1598, 1481, 1461, 1384, 1248, 1210, 1074, 1045, 838,
814; 1H NMR (400 MHz, CDCl3): d=0.33 (s, 18H), 3.91 (s, 6H), 6.4–6.6
(m, 2H), 6.6–6.8 (m, 4H), 6.9–7.05 (m, 6H), 7.05–7.15 (m, 4H), 7.35–7.55
(m, 10H), 7.55–7.7 (m, 8H), 8.00–8.15 ppm (m, 8H); elemental analysis
(%) calcd for C70H66N4Si3: C 75.64, H 5.98; found: C 74.51; H 5.57.


Polymer 5b : A mixture of 12b (23.1 mg, 0.05 mmol), 10 (17.4 mg,
0.05 mmol) and [Rh(PPh3)3Cl] (2 mg) in THF (3 mL) was refluxed for
4 h under argon. After the mixture was cooled to room temperature, it
was poured into MeOH. The precipitate was collected and re-dissolved
in THF, then reprecipitated with MeOH. The product was collected by
filtration and washed with MeOH (33 mg, 81%): Mn=9800, PDI=3.3;
IR (KBr): ñ 3023, 2954, 2919, 1905, 1684, 1600, 1492, 1396, 1248, 1045,
987, 838, 798; 1H NMR (400 MHz, CDCl3): d 0.32 (s, 18H), 6.45–6.65 (m,
6H), 6.85–7.05 (m, 6H), 7.11 (s, 2H), 7.35–7.6 ppm (m, 24H); elemental
analysis (%) calcd for C56H56Si3: C 82.70, H 6.94; found: C 81.44; H 6.72.


Polymer 6b : A mixture of 13 (0.121 g, 0.166 mmol), 10 (0.058 g,
0.166 mmol) and [Rh(PPh3)3Cl] (3.8 mg) in THF (5 mL) was refluxed for
4 h under argon. After the mixture was cooled to room temperature, it
was poured into MeOH. The precipitate was collected and re-dissolved
in THF, then reprecipitated with MeOH. The product 6b was collected
by filtration and washed with MeOH (0.15 g, 84%): Mn=12100, PDI=
3.0; IR (KBr): ñ 3023, 2986, 2954, 2890, 2954, 1905, 1601, 1492, 1400,
1330, 1247,1196, 1059, 986, 837, 793 cm�1, 1H NMR (400 MHz, CDCl3):
d=0.35 (s, 24H), 6.45–6.65 (m, 8H), 6.9–7.05 (m, 8H), 7.1 (s, 2H), 7.4–
7.65 ppm (m, 32H); elemental analysis (%) calcd for C74H74Si4: C 82.62,
H 6.93; found: C 81.67; H 7.06.
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Insights into the Reaction of Transplatin with DNA and Proteins:
Methionine-Mediated Formation of Histidine–Guanine trans-Pt(NH3)2
Cross-Links


Vicente March)n, Enrique Pedroso, and Anna Grandas*[a]


Introduction


Cisplatin, cis-diamminedichloroplatinum(ii), is an effective
antineoplastic drug widely used for the treatment of several
cancers.[1] In contrast, the trans isomer, transplatin, is with-
out effect. Although it was previously believed that the cis
configuration was required to generate active complexes,
some mononuclear platinum(ii) complexes with a trans con-
figuration have exhibited cytotoxic activity in tumor cell
lines.[2]


The observed inactivity of transplatin remains to be ade-
quately explained. The half-life of monofunctional transpla-
tin–DNA adducts is higher than that of those formed by cis-
platin.[3] This may allow monofunctional platinum complexes
to be removed from DNA by reaction with glutathione or
other sulfur-containing platinum scavengers, or nucleic acid–
protein cross-links to be formed.[4] In addition, the distor-
tions induced in DNA by cis- or transplatin complexes are
known to be different,[5] both when intra- and interstrand
cross-links are formed.[6] Finally, the insolubility of transpla-
tin in aqueous media may reduce its bioavailability.[2c]


In addition to analyses of the structure and properties of
DNA–transplatin complexes, studies of the reaction of trans-
platin with proteins have also been performed. Recent ex-


periments have shown that ubiquitin binds transplatin to
form a stable monofunctional complex.[7] The nature of the
amino acid involved in the formation of this complex re-
mains to be elucidated, but, in contrast to the reaction with
cisplatin, it appears not to be the methionine residue.[7]


Both cis- and transplatin can form DNA–protein cross-
links,[8] but their contribution to the toxicity or side effects
of the clinically active complex is still under discussion. It
has been shown that such cross-links are formed more rapid-
ly by the cis than by the trans isomer,[8d] and this effect has
been related to the contrasting activity of the two com-
plexes. To our knowledge, the nature of the platinum–amino
acid linkage formed has yet to be established. More recently,
Brabec and co-workers[8e] have described how the DNA–
protein cross-links formed by a trans-[PtCl2{(E)-iminoeth-
er}2] complex may potentiate cell toxicity by interfering with
DNA polymerization and repair processes.
Here, we have extended our previous work on the study


of the reaction of cisplatin with peptide–oligonucleotide
conjugates[9] to transplatin. We studied the interactions es-
tablished at the molecular level, and compared the behavior
of cis- and transplatin from a different perspective.


Results and Discussion


The conjugate used in this study, PhacHisGlyMet-linker–
5’dCATGGCT (1) (Phac=phenylacetyl, Figure 1), was syn-
thesized using solid-phase procedures.[10] Its structure allows
the coordinating metal to link different positions of the oli-
gonucleotide moiety to either of the two residues most
prone to forming complexes with platinum(ii), methionine
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Departament de QuAmica OrgCnica
Facultat de QuAmica, Universitat de Barcelona
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Abstract: Simultaneous exposure of transplatin to polypeptides and DNA was
mimicked by using a model peptide–oligonucleotide conjugate. Initially formed
methionine–guanine chelates evolved into adducts with histidine–guanine trans-
Pt(NH3)2 cross-links that differed in constitution and stability from those formed
by reaction of the same conjugate with the anticancer drug cisplatin. This finding
may be due to different capacities of the two diamminedichloroplatinum(ii) com-
plexes to interfere with biological processes and may explain their differing cyto-
toxicities.
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and histidine. We also studied whether these intramolecular
chelates can evolve into intermolecular adducts upon hy-
bridization with the complementary oligonucleotide chain.
A mixture of two products, 1a and 1b (ratio ~7:3), was


formed relatively rapidly when conjugate 1 reacted with
transplatin. These products are constitutionally identical
chelates with trans-Pt(NH3)2 linkages between the methio-
nine side chain and the 5’ guanine of the oligonucleotide
moiety (Scheme 1A), as inferred from enzymatic digestion
with snake venom phosphodiesterase, nucleaseS1, papain,
and pronase. Coordination of the metal to the thioether,
which affords two diastereomers, was also confirmed by the
finding that the chelates were not oxidized by H2O2. Com-
pounds 1a and 1b were quite unstable, as seen by the loss
of the Pt(NH3)2 group and the transformation of both che-
lates into different products. (Some starting product 1 was
always found to accompany the complex isolated after ana-
lytical or semipreparative HPLC.)
When stirred for seven days at room temperature in


buffer conditions suitable for duplex formation (see below),
1a afforded two main products, 1c and 1d, whereas 1b gave


mainly 1e. As shown in Scheme 1B, 1c and 1e were chelates
in which trans-Pt(NH3)2 groups linked the 5’ guanine and
the histidine side chain, while in 1d the metal was coordi-
nated to the 3’ guanine. Chelates 1c and 1e most probably
differ in the coordination of the metal to either the p or the
t nitrogen atoms of the imidazole ring. As in many experi-
ments with other platinum(ii) complexes,[9b,11] the kinetic S–
Pt–N adducts have evolved into thermodynamically more
stable N–Pt–N adducts.
Adduct 1a, which was isolated in higher yields than 1b,


was dissolved in the same annealing buffer as above and in-
cubated with the complementary oligonucleotide chain
5’dAGCCATG at 15 8C. This temperature ensured duplex
formation, since the melting temperature of the PhacHis-
GlyMet-linker–5’dCATGGCT/3’dGTACCGA duplex had
been identified as 34.1 8C (2mm duplex concentration).[12]


The HPLC trace of the corresponding crude mixture after
seven days showed the presence of the thermodynamically
stable adducts 1c and 1d, the complementary oligonucleo-
tide 5’dAGCCATG, some conjugate 1 (formed by deplatina-
tion of 1a), and two new products 1 f and 1g, with platinum


Figure 1. Structures of transplatin and the peptide–oligonucleotide conjugate used in this study.


Scheme 1. Evolution of the reactions involving conjugate 1 and its platinated derivatives.
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cross-links between the conjugate and the complementary
oligonucleotide (Scheme 1C). PAGE analysis showed that
the migration of 1 f and 1g was as expected for molecules
containing both oligonucleotide chains (see Figure 2).


In both 1 f and 1g, the trans-Pt(NH3)2 group linked the N-
terminal histidine to the 3’ guanine of the complementary
oligonucleotide, indicating that the two original Pt–S and
Pt–N(G) linkages of 1a had been broken to give two new
Pt–N linkages. Since we had previously observed migration
of platinum from methionine to histidine (Scheme 1B), and
detected peaks with retention times corresponding to such
adducts (1c, 1d) by HPLC, we surmise that platinum migra-
tion from methionine to histidine was the first process to
take place. The driving force for the second migration was
most probably the formation of a hairpin duplex, which is
more stable than those formed by two separate chains.
For comparison purposes, three additional experiments


were carried out. On the one hand, the reaction between
transplatin and both the oligonucleotide moiety of the con-
jugate, 5’dCATGGCT (2), and the sulfoxide derivative of
conjugate 1 were analyzed. On the other, we studied the re-
action between the oligonucleotide (2), the peptide (3), and
transplatin.
In the first of these experiments, 2 was transformed into a


monofunctional adduct, 2a, which slowly evolved into a
mixture of four products, 2b–2e (Scheme 2). Three of these


products were chelates in which trans-Pt(NH3)2 units linked
one of the guanines and either one cytosine (2b) or one ad-
enine (2c, 2d). The structure of the fourth chelate (2e)
could not be unambiguously inferred from the data. The re-
action of the sulfoxide derivative of conjugate 1 with trans-
platin gave adducts with the same structure as those derived
from 2 (data not shown). No histidine–Pt–guanine linkages
were formed.
The evolution of these reactions differs markedly from


that of conjugate 1, since neither monofunctional adducts
nor trans-Pt(NH3)2-linked nucleobases were found in the
case of the conjugate. We conclude that transplatin first
reacts with the thioether group of methionine, which renders
the trans ligand so labile and reactive that we can only
detect the resulting chelates, and that these evolve into histi-
dine–guanine adducts rather than adducts with two metal-
linked nucleobases.
This suggests that the progress of the reaction of DNA


with transplatin may depend on whether sulfur-containing
functional groups are close to the DNA reaction site. If the
metal complex reaches and reacts with guanines (or, eventu-
ally, other nucleobases), the resulting monofunctional ad-
ducts can either evolve into intra- or interstrand cross-links
or be cleaved by reaction with sulfur-containing amino acids
(or other sulfur-containing metal scavengers). Alternatively,
bifunctional adducts formed by reaction of the metal with a
methionine side chain and guanine may be subsequently
transformed into new complexes with more stable bonds,
cross-linking either the two DNA chains or one DNA strand
and a protein.
The reaction between the three separate components to


which we have referred above (see Scheme 3) afforded a
mixture of different products. Besides the adducts 2b–2e, it
was shown to contain products with trans-Pt(NH3)2 units
linking methionine and one of the two guanines, 3a and 3b,
which evolved into histidine–guanine cross-linked adducts
(3c–3 f). The evolution of this reaction was the same as that
observed for conjugate 1, showing that the methionine-
mediated formation of histidine–guanine cross-links can also
take place in an intermolecular process.
Finally, it is interesting to note that cis- and transplatin


generate different adducts when exposed simultaneously to
peptide and oligonucleotide chains, as can be seen by com-
paring the structures of adducts 1c–1e (Scheme 1) with
those formed when 1 was treated with cisplatin (Figure 3).[9b]


The two types of adduct differ not only in structure but also
in stability, since the trifunctional adducts formed by cispla-
tin are more stable than complexes 1c–1e. No interchain
linkage was formed when one of the tricoordinated adducts
(4b) and the complementary oligonucleotide chain were
mixed under annealing conditions (data not shown).


Conclusion


In summary, transplatin may react with DNA to yield mono-
functional adducts that may either be repaired or form
intra- or interchain adducts; however, as shown here, it may
also cross-link DNA to proteins, preferably through guanine


Figure 2. Polyacrylamide gel electrophoresis of trans-Pt(NH3)2 interchain
adducts 1 f and 1g (lanes B and C, respectively). Controls: complemen-
tary oligonucleotide 3’dGTACCGA (lane A) and chelate 1c (lane D).


Scheme 2. Evolution of the reaction of transplatin with oligonucleotide 2.
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and histidine moieties. Besides other known factors stated
earlier, the different structure and stability of the DNA–pro-
tein adducts formed may also account for the different bio-
logical activities of cis- and transplatin. The fact that cispla-
tin generates more stable DNA–protein cross-links may con-
tribute to the hijacking of proteins away from their target
site, as well as to the interference with cell repair mecha-
nisms. In this respect, we would like to refer to the recent
suggestion[8e] that variable efficiency in forming DNA–pro-
tein cross-links may explain the variable activity of different
platinum(ii) complexes.


Experimental Section


General procedures : Transplatin was solubilized by heating to 80–90 8C
in a water bath with continuous vortexing until complete dissolution was
achieved. The required amount of the resulting solution was immediately
added to the solution of the hybrid to avoid precipitation of the platinum
compound. All reactions were carried out in 0.5–1.5 mL Eppendorf tubes
as described below.


The evolution of reactions was monitored by reversed-phase HPLC with
on-line UV detection. Peaks with the same retention time between the
different runs were collected, frozen immediately, and lyophilized. HPLC
was carried out on Kromasil C18 columns (250O4 mm, 10mm,
1 mLmin�1), eluting with aqueous ammonium acetate (0.01m) as sol-
vent A and a 1:1 mixture of acetonitrile and water as solvent B (linear
gradient from 10 to 40% of B in 30 min, and from 40 to 100% of B in
5 min). Samples from reactions in duplex-forming conditions were desalt-
ed by elution through Sep–Pak cartridges (Phase Separations Ltd.) prior
to HPLC analysis.


PAGE electrophoresis was performed under denaturing conditions (7m
urea) on a 20% polyacrylamide gel, at 500–750 V for 3–4 h. Detection
was carried out by reaction with Stains-All dye (Sigma).


Structural information was obtained from treatment with different en-
zymes (phosphodiesterases or proteases), or by reaction with H2O2, fol-


lowed by mass spectrometric analysis (negative mode). Matrix-assisted
laser desorption ionization-time-of-flight (MALDI-TOF) mass spectro-
metric analysis was carried out using a Voyager-DE RP instrument (Per-
ceptive Biosystems). Ionization of platinum adducts was carried out in
the negative mode using 2’,4’,6’-trihydroxyacetophenone (10 mg in 1 mL
ACN/H2O, 1:1 v/v) as a matrix in the presence of ammonium citrate
(50 mg in 1 mL H2O). In general, 0.02–0.1 OD units of the platinum
adduct were solubilized in 20 mL water for characterization assays. Subse-
quently, 1 mL ammonium citrate solution was added to 1 mL sample so-
lution, and then 1 mL matrix solution. After mixing by withdrawing and
expelling the solution with a pipette several times, 1 mL of the resulting
solution was spotted onto the sample plate and dried. Typical isotopic
distribution for platinum-containing compounds was clearly observed
with the use of a reflector (analysis in the linear mode had poorer resolu-
tion and gave a broad peak). In all experiments, the highest isotopic peak
was taken as [M�H]� . When electrospray mass spectrometry was used
(VG Quattro, Micromass), samples were dissolved in a 1:1 v/v acetoni-
trile/water mixture containing 1% triethylamine. Calculated mass values
for neutral compounds (M) are indicated in all cases.


Digestion with snake venom phosphodiesterase (SVPD) (Boehringer-
Mannheim, 1.5 U/500 mL; EC 3.1.4.1): A solution of the platinum adduct
(3 mL) was incubated with Tris-HCl buffer pH 8.0 (0.5 mL, 0.1m), MgCl2
(0.2 mL, 0.1m), and SVPD (0.5 mL) for 30 min at 37 8C.


Digestion with calf spleen phosphodiesterase (Sigma, 10.3 Umg�1; EC
3.1.16.1): A solution of the platinum adduct (3 mL) was incubated with
0.5 mL of a solution of the enzyme (0.34 mg in 50 mL 0.2m ammonium
acetate buffer, pH 5.4), for 3 h at 37 8C.


Digestion with nucleaseS1 (from Aspergillus oryzae, Pharmacia Biotech,
343 UmL�1): A solution of the platinum adduct (3 mL) was incubated
with 0.5 mL of nucleaseS1 buffer (50mm NaCl, 50 mm ammonium acetate,
5mm ZnCl2, pH 4.6) and nucleaseS1 solution (0.5 mL: 0.5 mL in 373 mL
H2O), for 15 min at 37 8C.


Digestion with papain (from papaya latex, 14 Umg�1, EC 3.4.22.2): A so-
lution of the platinum adduct (3 mL) was incubated with 0.5 mL of a so-
lution of papain (2 mg in 10 mL water) and ammonium acetate buffer
(0.5 mL, 0.1m pH 5.4) for 3 h at 37 8C.


In some cases, nucleoside composition was determined by digestion with
nucleaseS1 and alkaline phosphatase (Sigma, 0.23 UmL�1; EC 3.1.3.1).
0.02 OD units were dissolved in water (2 mL), followed by the addition of
nucleaseS1 buffer (2 mL), a solution of nucleaseS1 (2 mL), and alkaline
phosphatase (2 mL). The sample was incubated at 37 8C for 20 h. The
identity and ratio of nucleosides were determined by HPLC analysis
using the following linear gradient: isocratic 10% of B for 5 min and
from 10 to 25% of B for 15 min. Retention times (tR) of the nucleosides:
dC 2.9, dG 4.9, T 7.0, and dA 10.3 min.


Reaction between conjugate 1 and transplatin : Peptide–oligonucleotide
conjugate PhacHisGlyMet-linker–5’dCATGGCT (1) (5 OD units) was
dissolved in water (488 mL) at 37 8C. A 10mm solution of transplatin
(11.7 mL, 1.5 equiv) was added and the reaction mixture was maintained
at 37 8C. The concentration of 1 in the resulting solution was 0.15mm.
Different aliquots were separated from the reaction mixture at different
times and, after addition of saturated aqueous KCl, kept frozen prior to
analysis and purification.


Scheme 3. Products formed upon reaction of the peptide and the oligonucleotide with transplatin.


Figure 3. Adducts formed by reaction of conjugate 1 with cisplatin.
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The evolution of the hybrid-transplatin reaction was monitored by re-
versed-phase HPLC with on-line UV detection. Two major new products,
1a and 1b (approximate ratio 7:3), were identified, isolated, and charac-
terized. These eluted at 20.9 and 17.1 min, respectively (retention time of
1: 18.2 min).


Characterization of adducts 1a and 1b : MALDI-TOF mass spectrometric
analysis indicated, in both cases, coordination of trans-Pt(NH3)2 groups to
the hybrid molecule: 1a m/z : 2943.43 [M�H]� and 1b m/z : 2943.54
[M�H]� (monoisotopic calculated mass for [hybrid+Pt(NH3)2�2H]:
2944.6).


The absorption maximum of both 1a and 1b was shifted from 260 nm (in
1) to 262 nm.


Treatment with snake venom phosphodiesterase: In both adducts 1a and
1b, removal of the fragment pGpCpT indicated coordination to the 5’G
nucleobase of the oligonucleotide chain (m/z : 2021.33 [M�H]� in the
product formed from 1a, and m/z : 2022.21 [M�H]� in that obtained
from 1b ; monoisotopic calculated mass for [hybrid�pGpCpT+
Pt(NH3)2�2H]: 2022.5).


NucleaseS1 digestion of chelates with a peptide–Pt–oligonucleotide link-
age afforded, amongst others, a product with an m/z ratio 18 units higher
than that of the parent compound. This corresponds to cleavage of a
single phosphodiester bond with the subsequent addition of one water
molecule. In both hybrid–transplatin adducts, nucleaseS1 treatment af-
forded products with an [M+18] mass: m/z : 2965.53 [M�H]� after diges-
tion of 1a, and m/z : 2965.17 [M�H]� after digestion of 1b.


No reaction with aqueous H2O2 (5% v/v solution, 2 h at room tempera-
ture) confirmed coordination of platinum to sulfur in both adducts. After
H2O2 treatment, 1a m/z : 2944.88 [M�H]� , and 1b m/z : 2944.63 [M�H]� .


Removal of the fragment Phac-His-Gly upon reaction with papain indi-
cated no coordination of platinum to the imidazole ring in either chelate.
MS data of the adducts resulting from digestion with papain: m/z :
2638.49 [M�H]� (from 1a), and m/z : 2629.83 [M�H]� (from 1b); monoi-
sotopic calculated mass for [hybrid�Phac-His-Gly+Pt(NH3)2�3H]:
2632.4.


Evolution of chelates 1a and 1b : Chelates of 1a or 1b (0.1 OD units)
were dissolved in an aqueous neutral buffer (800 mL) suitable for hybridi-
zation: NaCl (200mm), MgCl2 (5mm), and NaH2PO4/Na2HPO4 (10mm),


pH 7.0. Samples were kept at 20 8C for seven days, desalted with a Sep–
Pak column, and analyzed by HPLC.


Chelate 1a (tR 20.9 min) generated two major products: 1c (tR 20.9 min)
and 1d (tR 25.6 min), in an approximate ratio of 7:3. Compound 1c was
confirmed to be different from 1a, in spite of the fact that both had the
same retention time under the HPLC analysis conditions used. Com-
pound 1c was slowly transformed into 1d.


Chelate 1b (tR 17.1 min) was transformed into new products with higher
retention times. The major new adduct 1e (tR 22.6 min) could be fully
characterized.


Some free hybrid was also detected in both cases due to deplatination.


Characterization of adducts 1c, 1d, and 1e : Adducts 1c, 1d, and 1e were
identified as trans-Pt(NH3)2-containing adducts by MALDI-TOF mass
spectrometry: m/z : 2943.91 [M�H]� for 1c, m/z : 2942.24 [M�H]� for 1d,
and m/z : 2945.21 [M�H]� for 1e (monoisotopic calculated mass for [hy-
brid+Pt(NH3)2�2H]: 2944.6).


The absorption maximum of 1c, 1d, and 1e was shifted from 260 nm (in
1) to 262 nm.


Fragment pGpCpT was eliminated upon treatment of 1c and 1e with
snake venom phosphodiesterase, which indicated coordination to the 5’G
nucleobase. MS data of the digestion products: m/z : 2023.19 [M�H]�


(from 1c), m/z : 2024.75 [M�H]� (from 1e) (monoisotopic calculated
mass for [hybrid�pGpCpT+Pt(NH3)2�2H]: 2022.5). In the case of
adduct 1d, elimination of fragment pCpT indicated coordination to the
3’G nucleobase, m/z : 2353.72 [M�H]� (monoisotopic calculated mass for
[hybrid�pCpT+Pt(NH3)2�2H]: 2351.5).


Stability to papain treatment indicated coordination of platinum to the
imidazole ring in all compounds (Pt–Nim bonds render compounds
stable to this enzyme). After papain treatment, 1c m/z : 2945.23 [M�H]� ,
1d m/z : 2943.75 [M�H]� , 1e m/z : 2941.84 [M�H]� .


H2O2 treatment of 1c, 1d, and 1e gave m/z ratios 16 units higher than
the parent species, corresponding to oxidation of the “unprotected” thio-
ether to sulfoxide and indicating no coordination to the thioether group.
MS data of the oxidized products: m/z : 2959.03 [M�H]� (oxidized 1c),
m/z : 2961.72 [M�H]� (oxidized 1d), and m/z : 2959.32 [M�H]� (oxidized
1e) (monoisotopic calculated mass for [hybrid+Pt(NH3)2�2H+16]:
2960.6).


Hybridization of adduct 1a with the complementary oligonucleotide
chain : Chelate 1a (3 OD units, 0.047 mmol) and the complementary oli-
gonucleotide chain, 3’dGTACCGA (3.28 OD units, 1 equiv) were dis-
solved in the same buffer (11.75 mL) as above. Duplex concentration was
4 mm. The solution was heated at 37 8C for 1 h, cooled slowly to 20 8C,
and kept in a water bath at 10–15 8C for nine days with continuous stir-
ring. The mixture was desalted through a Sep–Pak column and analyzed
by HPLC. Six main peaks were identified, collected, and characterized
by MALDI-TOF mass spectrometry: tR 9.7 min, complementary oligonu-
cleotide 3’dGTACCGA; tR 13.5 min, adduct with an interchain cross-link
1 f ; tR 14.2 min, adduct with an interchain cross-link 1g ; tR 19.2 min, con-
jugate 1; tR 21.2 min, chelate 1c ; and tR 26.2 min, chelate 1d. The ratio of
adducts 1 f to 1g in the reaction mixture was 3:7. Both 1 f and 1g were
adducts with trans-Pt(NH3)2 interchain linkages between the histidine res-
idue of 1 and the 3’-terminal guanine of the complementary chain, as
shown by mass spectrometric analysis after digestion with snake venom
or calf spleen phosphodiesterases, oxidation with H2O2, and nucleoside
composition (see below).


Characterization of adducts 1 f and 1g : Data for 1 f : MALDI-TOF MS
m/z : 5052.67 [M�H]� and 2526.67 [M�2H]2� ; electrospray MS m/z :
1261.3 [M�4H]4�, 1009.4 [M�5H]5�, 720.2 [M�7H]7�, calculated mass
M: 5050.27�1.67. Data for 1g : MALDI-TOF MS m/z : 5054.77 [M�H]� ,
2530.87 [M�2H]2� ; electrospray MS m/z : 1260.3 [M�4H]4�, 1009.2
[M�5H]5�, 840.3 [M�6H]6�, 720.2 [M�7H]7�, 630.4 [M�8H]8�, calculat-
ed mass M: 5049.56�1.55. Calculated mass for [hybrid+3’dGTACC-
GA+Pt(NH3)2�2H]: 5051.5 (average).


MALDI-TOF mass spectrometric analysis after H2O2 treatment of both
adducts gave an m/z ratio 16 units higher than that of the parent com-
pounds, indicating no coordination to the thioether group. MS data: m/z :
5070.03 [M�H]� and 2535.06 [M�2H]2� (oxidized 1 f); m/z : 5072.00
[M�H]� and 2538.85 [M�2H]2� (oxidized 1g).


Stability to papain indicated coordination of platinum to the imidazole
ring in both adducts. After papain treatment, 1 f m/z : 5063.8 [M�H]� ,
and 1g m/z : 5054.76 [M�H]� .


Fragment pCpApTpGpGpCpT was eliminated upon treatment of both
adducts with snake venom phosphodiesterase, which indicated no coordi-
nation to the oligonucleotide chain of conjugate 1. New products formed:
m/z : 2887.80 [M�H]� (from 1 f), and m/z : 2887.85 [M�H]� (from 1g);
monoisotopic calculated mass for [hybrid+3’dGTACC-
GA+Pt(NH3)2�5’pCpApTpGpGpCpT�2H]: 2891.7. Elimination of frag-
ment 5’ApGpCpCpApTp upon calf spleen phosphodiesterase treatment
indicated coordination to the 3’G nucleobase of the complementary oli-
gonucleotide chain. New products formed: m/z : 3211.42 [M�H]� (from
1 f), and m/z : 3209.07 [M�H]� (from 1g); monoisotopic calculated mass
for [hybrid+3’dGTACCGA+Pt(NH3)2�5’ApGpCpCpApTp�2H]: 3211.7.


Nucleoside composition: 1 f : dC/dG/T/dA 4.25:4.08:3.24:3.16, and 1g :
dC/dG/T/dA 4.37:3.82:3.07:2.73 (expected ratio for the duplex: 4:4:3:3).


Reaction of oligonucleotide 5’dCATGGCT (2) with transplatin : The oli-
gonucleotide 5’dCATGGCT (2) (3 OD units) was dissolved in water
(580 mL) at 37 8C. A 10mm aqueous solution of transplatin (5.2 mL,
1.1 equiv) was added, and the reaction was maintained at 37 8C. Different
aliquots were separated from the reaction mixture at different times and,
after addition of saturated aqueous KCl solution, kept frozen prior to
analysis and purification by reversed-phase HPLC.


HPLC traces after 2 h reaction time showed two main products; the start-
ing oligonucleotide 2 (tR 16.1 min, 53%) and a new product 2a (tR
17.7 min, 25%). Four new compounds were subsequently formed from 2
and 2a, eluting at 13.1 min, 2b ; 14.0 min, 2c ; 14.4 min, 2d ; and 15.0 min,
2e. Compound 2a was no longer detected after five days, and the ratios
of 2b–2e were shown to be constant (36%, 15%, 19%, and 30%, respec-
tively).


MALDI-TOF mass spectrometric analysis of the five new compounds in-
dicated transplatin coordination to the oligonucleotide moiety. Com-
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pound 2a was shown to be a monofunctional adduct incorporating a
Pt(NH3)2Cl group, while all the other compounds contained Pt(NH3)2
moieties.


Characterization of adducts 2a, 2b, 2c, 2d, and 2e : MALDI-TOF MS:
2a : m/z : 2359.20 [M�H]� (monoisotopic calculated mass for [oligonu-
cleotide+Pt(NH3)2Cl�1H]: 2358.4); 2b m/z : 2322.13 [M�H]� ; 2c m/z :
2322.18 [M�H]� ; 2d m/z : 2321.87 [M�H]� ; 2e m/z : 2322.13 [M�H]�


(monoisotopic calculated mass for [oligonucleotide+Pt(NH3)2�2H]:
2322.4).


In chelates 2b and 2c, treatment with snake venom phosphodiesterase
removed the fragment pGpCpT, which indicated coordination to the 5’G
nucleobase (m/z : 1402.04 [M�H]� in the digestion product from 2b, and
m/z : 1402.71 [M�H]� in that obtained from 2c ; monoisotopic calculated
mass for [oligonucleotide�pGpCpT+Pt(NH3)2�2H]: 1400.3). In the case
of adducts 2d and 2e, elimination of fragment pCpT indicated co-
ordination to the 3’G nucleobase (m/z : 1732.61 [M�H]� in the
product obtained from 2d, and m/z : 1731.23 [M�H]� in that ob-
tained from 2e ; monoisotopic calculated mass for [oligonucleo-
tide�pCpT+Pt(NH3)2�2H]: 1729.3).


Stability of adduct 2b to digestion with calf spleen phosphodiesterase
indicated coordination of platinum to the 5’C nucleobase: m/z :
2321.00 [M�H]� (monoisotopic calculated mass for [oligonucleo-
tide+Pt(NH3)2�2H]: 2322.4). In chelates 2c and 2d, removal of Cp indi-
cated coordination to the 5’A nucleobase (m/z : 2032.52 [M�H]� in the
product obtained from 2c, and m/z : 2032.79 [M�H]� in that resulting
from digestion of 2d ; monoisotopic calculated mass for [oligonucleo-
tide�Cp+Pt(NH3)2�2H]: 2033.4). In the case of adduct 2e, the m/z
ratios detected (m/z 1419.77, 1748.77, and 2035.60) did not allow the co-
ordination pattern to be unambiguously established. The m/z value of
1419.77, which corresponds to removal of the fragment CpApTp and in-
dicates coordination to the 5’G, and the m/z value of 2035.60, which cor-
responds to removal of Cp and indicates coordination to adenine, suggest
that a chelate with a trans-Pt(NH3)2 between adenine and the 5’G, as in
the case of 2c, might have been formed. We have no explanation for the
1748.77 m/z value, which does not fit with the previous data.


Reaction of oligonucleotide 5’dCATGGCT (2) and tripeptide Ac-His-
Gly-Met-NH2 (3) with transplatin : The oligonucleotide 5’dCATGGCT (2)
(3 OD units) and tripeptide Ac-His-Gly-Met-NH2 (3) (1 equiv) were dis-
solved in water (535 mL) at 37 8C. A 10mm aqueous solution of transpla-
tin (4.5 mL, 0.95 equiv) was added, and the reaction was maintained at
37 8C. Different aliquots were separated from the reaction mixture at dif-
ferent times and, after addition of saturated aqueous KCl solution, kept
frozen prior to analysis and purification by reversed-phase HPLC.


HPLC traces after 24 h reaction time showed two sets of products besides
the starting oligonucleotide 2 (tR 15.6 min) and tripeptide 3 (tR 17.2 min):
the same oligonucleotide–transplatin adducts 2b–2e arising from reaction
between 2 and transplatin, and six new compounds eluting at 16.9 min,
3a ; 17.7 min, 3b ; 18.8 min, 3c ; 19.6 min, 3d ; 21.0 min, 3e ; and 21.3 min,
3 f. With longer reaction times, compounds 3a and 3b were completely
transformed into 3c–3 f, whose relative ratio was kept constant (31%,
13%, 19%, and 37%, respectively). Subsequent experiments demonstrat-
ed that 3b was transformed into 3c and 3d, and that 3a evolved into 3e
and 3 f.


MALDI-TOF mass spectrometric analysis of the six new compounds in-
dicated transplatin coordination to both the oligonucleotide and the pep-
tide moieties.


Characterization of adducts 3a, 3b, 3c, 3d, 3e, and 3 f : MALDI-TOF
MS: 3a m/z : 2705.68 [M�H]� ; 3b m/z : 2705.49 [M�H]� ; 3c m/z : 2706.20
[M�H]� ; 3d m/z : 2706.06 [M�H]� ; 3e m/z : 2705.82 [M�H]� ; 3 f m/z :
2705.73 [M�H]� ; (monoisotopic calculated mass for [peptide+oligonu-
cleotide+Pt(NH3)2�2H]: 2706.6).


The absorption maximum of 3a–3 f was shifted from 260 nm (in 2) to
261 nm.


No reaction with aqueous H2O2 (5% v/v solution, 2 h at room tempera-
ture) confirmed coordination of platinum to sulfur in 3a and 3b. H2O2


treatment of 3c, 3d, 3e, and 3 f gave m/z ratios 16 units higher than that
of the parent species, indicating no coordination to the thioether group.
MS data of the new products: m/z : 2720.22 [M�H]� (oxidized 3c), m/z :
2720.82 [M�H]� (oxidized 3d), m/z : 2720.78 [M�H]� (oxidized 3e), and


m/z : 2720.49 [M�H]� (oxidized 3 f) (monoisotopic calculated mass for
[peptide+oligonucleotide+Pt(NH3)2�2H+16]: 2722.6).


In chelates 3c and 3d, treatment with snake venom phosphodiesterase
removed the fragment pGpCpT, which indicated coordination to the 5’G
nucleobase (m/z : 1783.66 [M�H]� in the digestion product from 3c, and
m/z : 1783.74 [M�H]� in that obtained from 3d ; monoisotopic calculated
mass for [peptide+oligonucleotide�pGpCpT+Pt(NH3)2�2H]: 1784.4). In
the case of adducts 3e and 3 f, fragment pCpT was eliminated, indicating
coordination to the 3’G nucleobase (m/z : 2112.40 [M�H]� in the product
obtained from 3e, and m/z : 2113.57 [M�H]� in that obtained from 3 f ;
monoisotopic calculated mass for [peptide+oligonucleo-
tide�pCpT+Pt(NH3)2�2H]: 2113.5).


In chelates 3c and 3d, removal of CpApTp by calf spleen phosphodies-
terase confirmed coordination to the 5’G nucleobase (m/z : 1802.68
[M�H]� in the case of digestion of 3c, and m/z : 1801.21 [M�H]� when
the treatment was carried out on 3d ; monoisotopic calculated mass for
[peptide+oligonucleotide�CpApTp+Pt(NH3)2�2H]: 1800.4). In the case
of adducts 3e and 3 f, coordination to the 3’G nucleobase was confirmed
by removal of the fragment CpApTpGp by the same 5’-exonuclease
(m/z : 1471.12 [M�H]� in the reaction with 3e, and m/z : 1476.07 [M�H]�


in the reaction with 3 f ; monoisotopic calculated mass for [peptide+oligo-
nucleotide�CpApTpGp+Pt(NH3)2�2H]: 1471.4).


Stability to papain indicated coordination of platinum to the imidazole
ring in 3c–3 f. After papain treatment, 3c m/z : 2705.72 [M�H]� , 3d m/z :
2705.82 [M�H]� , 3e m/z : 2705.60 [M�H]� , and 3 f m/z : 2705.78
[M�H]� .
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Synthesis and Coordinating Ability of an Anionic Cobaltabisdicarbollide
Ligand Geometrically Analogous to BINAP


Isabel Rojo,[a] Francesc Teixidor,[a] Clara Vi%as,*[a] Raikko Kivek*s,[b] and
Reijo Sillanp**[c]


Introduction


Today, synthesizing enantiomerically pure compounds is a
very significant endeavor in the development of pharma-
ceuticals, agrochemicals, essences, and flavors.[1] Enantiose-
lectivity can be achieved with both C1- and C2-symmetric li-
gands, utilizing chirality at carbon, chirality on a donor atom
(e.g., phosphorus), axial chirality, or planar chirality. In
1968, the groups of Knowles[2] and Horner[3] independently
reported the first homogeneously catalyzed hydrogenation
of alkenes with chiral monodentate tertiary phosphine–Rh
complexes (C1-symmetric ligands). Later, Kagan and Dang[4]


devised DIOP, a C2-symmetric ligand that represented a


major breakthrough in the area. In 1980, Noyori and co-
workers published the synthesis of BINAP[5] (2,2’-bis(diphe-
nylphosphanyl)-1,1’-binaphthyl), which is an axially dissym-
metric C2 ligand capable of exerting strong steric and elec-
tronic influences on transition-metal complexes. It has found
extensive application in asymmetric catalysis.[6] Since then,
thousands of chiral ligands and their transition-metal com-
plexes have been reported,[7] and many of them are known
to be highly effective in the asymmetric formation of C�H,
C�C, C�O, and C�N bonds. A large proportion of them
closely resemble BINAP and are obtained in racemic form
for subsequent resolution to produce the enantiomeric atro-
pisomers. An example of such a ligand is MeO-BIPHEP,
which is depicted along with BINAP and [1,1’-(PPh2)2-3,3’-
Co(1,2-C2B9H10)2]


� , 2� , in Figure 1. While chiral atropiso-
meric biaryl diphosphines such as BINAP, BIPHEP, and
MeO-BIPHEP are very effective ligands for many asymmet-
ric reactions,[8,9] sometimes they are not efficient for certain
substrates due to insufficient rigidity. Introducing a bridge
of variable length to link the diaryl groups has been pro-
posed[10] as a means of making rigid ligands with tunable
bite angles.[11] Ferrocenyl phosphine ligands (Figure 1) have
also been devised.[12] Chiral ligands are produced from the
latter by introducing a single substituent.


We had a number of reasons for wishing to prepare metal-
lacarboranyl diphosphines: 1) the rapidly developing field of
the chemistry of cobaltabisdicarbollide derivatives provides
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Abstract: The anionic chelating ligand
[1,1’-(PPh2)2-3,3’-Co(1,2-C2B9H10)2]


�


has been synthesized from [3,3’-Co(1,2-
C2B9H11)2]


� in very good yield in a
one-pot process with an easy work-up
procedure. The coordinating ability of
this ligand has been studied with
Group 11 metal ions (Ag, Au) and with
transition-metal ions (Pd, Rh). The two
dicarbollide halves of the [1,1’-(PPh2)2-
3,3’-Co(1,2-C2B9H10)2]


� ligand can
swing about one axis in a manner anal-
ogous to the constituent parts of


BINAP and ferrocenyl phosphine de-
rivatives. All these ligands function as
hinges, with the most important proper-
ty in relation to the coordination re-
quirements of the metal being the P···P
distance. [1,1’-(PPh2)2-3,3’-Co(1,2-
C2B9H10)2]


� , BINAP, ferrocenyl phos-


phine derivatives, and other hinge li-
gands present a range of different P···P
separations, and consequently different
coordination spheres and dispositions
around metal cations. To account for
these differences, the equation Df


2 =


D0
2 + 4R2cos2(90�f


2) has been devel-
oped. It relates the P···P distance (Df)
in a complex with the minimum P···P
distance (D0) that is characteristic of
the hinge-type ligand.


Keywords: atropisomerism ·
boranes · homogeneous catalysis ·
metallacarborane anions ·
phosphane ligands
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a pool of unprecedented backbones that may be used to sta-
bilize and/or elaborate any chosen metal centre;[13] 2) to
prove that although metallaboranes may look esoteric their
stability, color, and reactivity merit their further considera-
tion; 3) to provide novel intrinsically anionic diphosphines
as an alternative to sulfonated BINAP,[14] for instance; and
finally 4) to show how the metal orientation with respect to
the axis of swing can be modulated.


Our aim in presenting this work is to highlight the possi-
bilities of these ligands, derivatives of [3,3’-Co(1,2-
C2B9H11)2]


� , 1� , their versatility, and their coordinating abili-
ties. We have not attempted to separate the racemic mix-
ture.


Results


Synthesis of [1,1’-(PPh2)2-3,3’-Co(1,2-C2B9H10)2]
� , 2�


The desired anionic diphosphine may be conveniently pre-
pared by metalation of [3,3’-Co(1,2-C2B9H11)2]


� with nBuLi,
followed by simple reaction with chlorodiphenylphosphine
in 1,2-dimethoxyethane (DME). A red solid corresponding
to Li-2 spontaneously separates from the solution, which
can then be filtered in air. The NMe4 or Cs salts of 2� can
be produced by dissolving Li-2 in ethanol and adding an
aqueous solution of [NMe4]Cl or CsCl. Solids corresponding
to the M-2 (M = NMe4 or Cs) stoichiometry separate well
and can be collected by filtration. The formula of 2� was es-
tablished from the mass spectrum obtained by the matrix-as-
sisted laser desorption ionization (MALDI-TOF) technique
in the negative-ion mode without the use of a matrix. The
absence of a matrix aids the interpretation of the primary
and secondary mechanisms. The “primary” mechanism can
be regarded as the separation of the anionic cobaltabisdicar-
bollide derivative from the bonded lithium cation. The “sec-
ondary” mechanism can provide some clues about the sub-
stituents directly bonded to the cluster carbon atoms.
Figure 2 shows the MALDI-TOF mass spectrum of the
anion 2� . Peaks corresponding to masses lower than the mo-
lecular ion peak at m/z 691.43 are observed at m/z 507.33
(M�PPh2) and 323.32 (M�2PPh2). Full agreement between
the experimental and calculated patterns was obtained for
the molecular ion peak. The 11B, 1H, and 31P NMR spectra
of [NMe4]-2 and Cs-2 were found to be in accord with the
proposed structure shown in Figure 1. The 11B{1H} NMR
spectrum of Li-2 displays a 1:1:2:2:1:1:1 pattern in the range
d = ++9.1 to �20.0 ppm, indicative of a closo species with
all boron atoms in nonequivalent vertices. The resonances
of relative intensity 2 may be attributed to the coincidental
overlap of two absorptions of relative intensity 1. This pat-
tern is consistent with single substitution at a cluster carbon


Figure 1. Representations of BINAP, MeO-BIPHEP, a diphenylphosphi-
no ferrocene (dppf), and [1,1’-(PPh2)2-3,3’-Co(1,2-C2B9H10)2]


� (2�).


Figure 2. MALDI-TOF mass spectrum obtained for the anionic compound 2� (T = calculated, E = experimental).
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in each dicarbollide moiety. In agreement with this, the
31P{1H} NMR spectrum shows only one resonance at d =


23.48 ppm. Finally, the 1H NMR spectrum displays a group
of resonances between d = 7.76 and 7.31 ppm correspond-
ing to the aromatic protons and one resonance at d =


4.37 ppm corresponding to the Cc�H proton (Cc = cluster
carbon atom) in a ratio of 20:2. The absence of other peaks
in the very informative region of d = 4.0–4.8 ppm indicates
that only one of the three possible geometrical isomers had
been generated. These three geometrical isomers (Figure 3)
might conceivably have been produced in the reaction, and
would have given rise to distinct resonances in the 31P{1H}
NMR spectrum and similar 11B NMR patterns according to
the expected C2 or Cs symmetries, respectively. Therefore, a
crystal structure determination would have been necessary
to elucidate which one of the three possible isomers had
been generated. However, the
13C{1H} NMR spectrum of Li-2
in the Cc�R (R = H, P) region
already provided a good indica-
tion of which isomer had been
produced. An expanded portion
of the 13C{1H} NMR spectrum
is shown in Figure 4. The spec-
trum shows one resonance at d
= 61.41 ppm with 1J(C,P) =


81 Hz and a doublet of doublets
centered at d = 60.22 ppm with
2J(C,P) = 47 Hz and 3J(C,P) =


14 Hz. Interestingly, the two ob-
served resonances, Cc�P and
Cc�H, do not show the same
splitting pattern with phospho-
rus. The diagrams in Figure 5
offer an explanation for the dif-
ferent splittings of the two Cc


atoms. J(C,P) denotes the C
coupling with the P in the same
dicarbollide moiety, while
J’(C,P) denotes the C coupling with P in the other dicarbol-
lide moiety. Figure 5a and Figure 5b correspond to the race-
mic mixture, while Figure 5c and Figure 5d correspond to
the pseudo-meso isomer. Figure 5b and Figure 5c refer to
the 13C resonance for Cc�P, while Figure 5a and Figure 5d
refer to the 13C resonance of Cc�H. The ratio of J(C,P) to
J’(C,P), represented by the lengths of the arrows in the
figure, is similar in c) and d), and therefore similar splitting
patterns would be expected for Cc�P and Cc�H in the
pseudo-meso form. The J(C,P) versus J’(C,P) discrepancy is
very accentuated in the racemic mixture (Figure 5a and Fig-
ure 5b), with Cc�H having more similar J and J’ values and
thus being subjected to greater splitting. This would ration-
alize the observed pattern in the 13C{1H} NMR spectrum of
2� and led us to postulate that the racemic isomer had been
generated. An X-ray diffraction study of [NMe4]-2 con-
firmed the stereochemistry deduced from the spectroscopic
data and revealed that the synthesized geometrical isomer
was indeed the racemic form.


Figure 3. Geometrical isomers of the anionic compound 2� (view from
the top of the pentagonal faces): a) pseudo-meso isomer, b) mixed com-
plex, c) racemic mixture.


Figure 4. 13C{1H} NMR spectrum of 2� with a more detailed view of the Cc�R (R = H or P) region.


Figure 5. Projection of the pentagonal faces in 2� (with cobalt at the
center of symmetry): a) and b) correspond to the racemic mixture, while
c) and d) correspond to the meso isomer.
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Crystal structure of [NMe4]-2 : Crystals of [NMe4]-2 suitable
for an X-ray diffraction study were obtained by slow evapo-
ration of the solvent from a solution of the compound in
acetone. The structure consists of well-separated [NMe4]


+


ions and bisdiphenylphosphine cobaltabisdicarbollide 2�


ions. Figure 6 shows a drawing of the anion; Table 1 lists


crystallographic data and Table 2 selected interatomic dis-
tances and angles. As expected, the metal in 2� is sand-
wiched by the pentagonal faces of the two dicarbollide units.
The pentagonal faces have a mutually staggered conforma-
tion, with the torsion angle C1-c-c’-C1’ being �102.38 (c =


centroid of C1,C2,B7,B8,B4 face; c’ = centroid of
C1’,C2’,B7’,B8’,B4’ face), and the P1···P2 distance is
5.1834(19) R. Thus, the C�PPh2 moieties have a cisoid dis-
position, showing that the anion corresponds to one of the
enantiomers of the racemic form. The symmetry of 2� is C1


in the solid state as the mutual orientations of the PPh2


groups are different.


Coordinating ability


Two types of metal ions were studied to assess the coordi-
nating ability of 2� . First, Group 11 elements (Ag, Au) were
studied in view of their tendency to offer lower coordination
numbers than other transition-metal ions, which would pro-
vide information on the real chelating predisposition of 2� ;
second, transition-metal ions of well-recognized catalytic im-
portance (Pd, Rh) were studied.


With Group 11 elements (Ag, Au): Treatment of [NMe4]-2
with one equivalent of [MCl(PPh3)] (M = Ag, Au) for 0.5 h
in refluxing ethanol afforded complexes [M(2)(PPh3)] (M =


Ag, 3 ; Au, 4) in 71 and 98% yield, respectively. Similarly,
treatment of [NMe4]-2 with one
equivalent of AgClO4 at room
temperature overnight in etha-
nol/acetone (10:3) afforded
[Ag(2)(OCMe2)] (5) in 88%
yield (Figure 7).


The molecular structure of 4
in solution was deduced from
its 31P{1H} and 11B{1H} NMR
spectra in [D6]acetone. Interest-
ingly, the spectra were more
readily acquired at �60 8C than
at room temperature. The
11B{1H} NMR spectrum dis-
played a 1:1:2:2:1:1:1 pattern,
in agreement with C2 symmetry,
in the range d = ++10.0 to
�19.4 ppm. The 31P{1H} NMR
spectrum was found to be
simple, showing two sets of res-
onances: a doublet at d =


73.61 ppm with 2J(P,P) = 146 Hz and a triplet at d =


45.06 ppm with the same J value. This is in full agreement
with the Au being trigonally coordinated, as shown in
Figure 7.


The structural elucidation and behaviour of 3 in solution
proved to be more complex. In principle, a molecular struc-
ture such as that found for 4 would be expected, in accord
with the molecular structure of [Ag{7,8-(PPh2)2-7,8-
C2B9H10}(PPh3)],


[15] in which the chelating anionic nido car-
boranyl diphosphine ligand has the two phosphorus atoms
in adjacent positions in the same dicarbollide moiety. The
31P{1H} NMR spectrum of 3 was also more readily acquired


Figure 6. Drawing of the anion of [NMe4]-2 with 20% thermal displace-
ment ellipsoids.


Table 1. Crystallographic data and structural refinement details for compounds [NMe4]-2, 3·OCMe2, 4, and 5.


[NMe4]-2 [3·OCMe2]·OCMe2 4 5


empirical formula C32H52B18CoNP2 C52H67AgB18CoO2P3 C46H55AuB18CoP3 C31H46AgB18CoOP2


formula weight 766.20 1178.35 1151.29 858.00
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n (no. 14) C2/c P21/n (no. 14) P21/n (no. 14)
a [R] 12.705(2) 39.7263(5) 11.15040(10) 12.8241(2)
b [R] 12.1215(18) 12.5412(2) 18.2288(2) 19.1948(5)
c [R] 27.988(7) 23.5531(3) 24.9604(2) 16.9761(4)
b [8] 101.416(16) 95.3792(10) 97.0350(10) 108.1789(14)
V [R3] 4225.0(14) 11682.8(3) 5035.22(8) 3970.19(15)
Z 4 8 4 4
T [8C] 21 �100 �100 �100
l [R] 0.71069 0.71073 0.71073 0.71073
1 [g cm�3] 1.205 1.340 1.519 1.435
m [cm�1] 5.08 7.41 33.70 10.20
goodness-of-fit 0.996 1.010 1.015 1.034
R1[a] [I>2s(I)] 0.0603 0.0434 0.0253 0.0313
wR2[b] [I>2s(I)] 0.1379 0.0867 0.0488 0.0672


[a] R1 = � j jFo j� jFc j j /� jFo j . [b] wR2 = {�[w(F2
o�F2


c)
2 ]/�[w(F2


o)
2]}1/2.


Table 2. Selected interatomic distances [R] and angles [8] for [NMe4]-2.


Co3�C1 2.157(5) Co3�C2 2.072(4) Co3�B8 2.116(6)
Co3�C1’ 2.147(4) Co3�C2’ 2.094(4) Co3�B8’ 2.122(6)
P1�C1 1.896(5) P2�C1’ 1.893(4) C1�C2 1.650(6)
C1’�C2’ 1.612(6)
C1’-Co3-
C1


135.07(17) P1-C1-Co3 108.3(2) C2-C1-P1 114.4(3)


B4-C1-P1 128.2(3) P2-C1’-Co3 111.3(2) C2’-C1’-
P2


122.9(3)


B4’-C1’-P2 120.8(3) B10-Co3-
B10’


173.84(14)
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at �60 8C than at room temperature, and was again relative-
ly simple with two absorptions at d = 43.50 and 42.81 ppm,
and a third one at d = 32.89 ppm. Each absorption in fact
comprises two doublets as a result of the 1J(31P,109Ag) and
1J(31P,107Ag) couplings. Therefore, somewhat surprisingly, no
J(P,P) couplings are observed, in contrast to the situation
with [Ag{7,8-(PPh2)2-7,8-C2B9H10}(PPh3)], for which all pos-
sible cross-couplings are observed. It is noteworthy that the
two resonances at d = 43.50 and 42.81 ppm, although very
similar, indicate that the two phosphorus nuclei in 2� are
nonequivalent. The spectrum is shown in Figure 8. This


unique behaviour prompted us to synthesize 5. Once again,
the 31P{1H} NMR spectrum of 5 was more readily acquired
at �608C; it features a unique resonance at d = 46.01 ppm
consisting of two doublets due to the 1J(31P,109Ag) and
1J(31P,107Ag) couplings.


The chemical shifts of the chelating phosphorus atoms
when Ag is coordinated to 2� , both in 3 and in 5, are very
similar, which is indicative of similar environments in both
complexes, although in 3 they are nonequivalent. The only
explanation in the case of 3 is that there is not trigonal coor-
dination about Ag, which implies the existence of an extra
ancillary ligand, presumably the acetone. The presence of
this fourth coordinating ligand would render the molecule
asymmetric, and hence the two phosphorus atoms would no
longer be equivalent. Moreover, this tetrahedral environ-
ment could also account for the fact that no phosphorus
cross-couplings are observed in the 31P NMR spectrum. The
ambiguity of the situation prompted us to grow crystals to
definitively determine the chelating behaviour of 2� .


Crystal structures of 3·OCMe2, 4, and 5 : Single crystals of
3·OCMe2 suitable for X-ray structure analysis were obtained
after several days at 22 8C from a solution of 3 in EtOH/ace-
tone. Single crystals of 4 and 5 were similarly obtained from
solutions in acetone. Drawings of the three complexes are
shown in Figure 9, Figure 10, and Figure 11. Their crystallo-
graphic data and structural refinement details are collected
in Table 1. Table 3, Table 4, and Table 5 contain selected
bond lengths and angles.


The metal in 3·OCMe2 and 5 can be viewed as being tet-
rahedrally coordinated, with one long and three short con-
tacts. The fourth bond in 5 is due to an Ag�H12’ contact of
2.17 R (equivalent position �1/2+x, 3/2�y, �1/2+z), and in
3·OCMe2 it is due to an Ag···O(OCMe2) contact of
2.906(3) R. Two of the short contacts are due to the two P
atoms from 2� , and the third is due to PPh3 in 3·OCMe2 and
to acetone in 5. The Ag�H12’a and H12’�Agb contacts
(equivalent position 1/2+x, 3/2�y, 1/2+z) in 3·OCMe2 as-
semble the molecules so as to form a one-dimensional
chain. In 4, Au is tricoordinated to three P atoms, two being
provided by 2� and the third by PPh3. The trigonal coordina-


Figure 7. Scheme summarizing the reactions of [NMe4]-2 with [MClPPh3] (M = Ag, Au) and with [AgClO4]; non-specified vertices are BH.


Figure 8. 31P{1H} NMR spectrum of 3 recorded in [D6]acetone at �60 8C.


Figure 9. Drawing of [3·OCMe2] with 20% thermal displacement ellip-
soids. Only skeletons of the two orientations of the disordered phenyl
group are shown.
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tion of Au is further proven by the fact that the Au is dis-
placed by only 0.0648(5) R from the plane defined by the
three P atoms. Likewise, the tetrahedral nature of Ag, both


in 3·OCMe2 and 5, is proven by the displacement of the Ag
atom from the plane defined by the three closest atoms; in
3·OCMe2 these are three P atoms (displacement of Ag from
the plane = 0.3147(7) R), while in 5 these are the two P
atoms and the O atom of the coordinated acetone (displace-
ment of Ag from the plane = 0.4960(8) R).


The three crystal structures clearly demonstrate the che-
lating ability of the two phosphorus atoms in 2� . The phos-
phorus atoms are well separated in [NMe4]-2, as shown by
the torsion angle C1-c-c’-C1’ (f = �102.38), where c and c’
are the centroids of the pentagonal C2B3 faces, but the angle
f is smaller in the complexes, being �77.68, �54.48, and
�76.48 for 3·OCMe2, 4, and 5, respectively. Figure 12 shows
top views of 2� , 3·OCMe2, 4, and 5, focusing on the influ-
ence of the metal in dictating the cobaltabisdicarbollide ro-
tamer produced. Interestingly, 4 and 5, although both having
trigonal metal coordination, display a large difference in f.
On the contrary, 3·OCMe2 and 5, both of which are Ag com-
plexes, display almost identical f values despite having the
metals in distinctly different immediate environments. This
implies that the covalent radius of the metal is the prevailing
factor in determining the degree of rotation of the ligand.
The longer the M�P bond the larger f becomes. In this
regard, M�P1 and M�P2 distances diminish in the sequence
3·OCMe2>5>4, which mirrors the trend observed for f.
The P1···P2 distances in the coordinated compounds of 2�


are 4.2063(13) R in 3·OCMe2, 4.1964(8) R in 5, and
3.8374(12) R in 4.


Figure 10. Drawing of 4 with 20% thermal displacement ellipsoids.


Figure 11. Drawing of 5 (20% thermal displacement ellipsoids) showing
how the molecules are connected to neighbouring molecules to form a
one-dimensional chain. Intermolecular interactions are drawn with
dashes. Hydrogen atoms, with the exception of H12’, have been omitted
for clarity. Equivalent positions: [a] �1/2+x, 3/2�y, �1/2+z ; [b] 1/2+x,
3/2�y, 1/2+z.


Table 3. Selected interatomic distances [R] and angles [8] for 3·OCMe2.


Ag�P1 2.5507(9) Ag�P2 2.5470(10) Ag�P3 2.4713(10)
Ag�O1 2.906(3) Co3�C1 2.156(4) Co3�C2 2.113(4)
Co3�B8 2.153(5) Co3�C1’ 2.158(3) Co3�C2’ 2.096(4)
Co3�B8’ 2.158(5) P1�C1 1.878(4) P2�C1’ 1.878(4)
C1�C2 1.634(5) C1’–C2’ 1.626(5) P2-Ag-P1 111.21(3)
P3-Ag-P1 129.99(3) P3-Ag-P2 114.09(3) C1’-Co3-C1 123.05(14)
C1-P1-Ag 103.79(11) C1’-P2-


Ag
108.87(11) P1-C1-Co3 112.97(17)


C2-C1-P1 115.1(2) B4-C1-P1 131.3(3) P2-C1’-Co3 111.77(17)
C2’-C1’-
P2


114.9(2) B4’-C1’-
P2


129.9(3) B10-Co3-
B10’


173.71(11)


Table 4. Selected interatomic distances [R] and angles [8] for 4.


Au�P1 2.3662(8) Au�P2 2.4076(8) Au�P3 2.3467(8)
Co3�C1 2.187(3) Co3�C2 2.073(3) Co3�B8 2.138(4)
Co3�C1’ 2.163(3) Co3�C2’ 2.060(3) Co3�B8’ 2.154(4)
P1�C1 1.874(3) P2�C1’ 1.878(3) C1�C2 1.662(4)
C1’�C2’ 1.653(4) P2-Au-P1 107.00(3) P3-Au-P1 133.08(3)
P3-Au-P2 119.69(3) C1’-Co3-C1 115.85(11)
P1-C1-
Co3


117.10(15) C2-C1-P1 118.6(2)


B4-C1-P1 128.8(2) P2-C1’-Co3 114.63(15) C2’-C1’-
P2


122.0(2)


B4’-C1’-
P2


124.5(2) B10-Co3-
B10’


171.13(8)


Table 5. Selected interatomic distances [R] and angles [8] for 5.


Ag�O 2.3895(17) Ag�P1 2.4894(6) Ag�P2 2.4933(6)
Ag�
H12’[a]


2.17 Co3�C1 2.153(2) Co3�C2 2.095(2)


Co3�B8 2.153(3) Co3�C1’ 2.172(2) Co3�C2’ 2.103(2)
Co3�B8’ 2.150(3) P1�C1 1.882(2) P2�C1’ 1.880(2)
C1�C2 1.631(3) C1’�C2’ 1.622(3) O-Ag-P1 114.68(5)
O-Ag-P2 118.65(5) P1-Ag-P2 114.746(19) C1’-Co3-


C1
122.51(8)


C1-P1-
Ag


104.47(7) C1’-P2-Ag 107.19(7) P1-C1-
Co3


113.96(11)


C2-C1-P1 114.01(14) B5-C1-P1 118.40(14) B4-C1-P1 132.75(17)
B6-C1-P1 105.05(14) C37-O-Ag 134.76(18)
P2-C1’-
Co3


112.52(11) B10-Co3-
B10’


174.16(5)


[a] Refers to equivalent position �1/2+x, 3/2�y, �1/2+z.
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With catalytically important elements (Rh and Pd): We also
investigated the reaction of [NMe4]-2 with [{Rh(m-Cl)-
(cod)}2]. Complex [NMe4][Rh(2)2] (6) was obtained after
stirring a mixture of the starting materials in a 4:1 ratio in
dichloromethane at room temperature overnight. Complex 6
was isolated in 85% yield as a brown powdery solid, which
was found to be partially soluble in acetone. The various
resonances in the 11B{1H} NMR spectrum overlap greatly,
precluding the discernment of a definitive pattern. The reso-
nances are observed in the range d = ++7.5 to �19.5 ppm.
The 31P{1H} NMR spectrum shows a doublet at d =


85.16 ppm with 1J(P,103Rh) = 205 Hz, in agreement with a


structure in which the ligand symmetry has been preserved
in the complex, suggesting that the Rh is in a square-planar
environment. The strong chelating affinity of P towards Rh
was checked by allowing [NMe4]-2 to react with
[RhCl(PPh3)3] in refluxing ethanol for 1 h. The resulting
complex was again 6, and was obtained in 87% yield. The
stability of 6 in acetone solution was proven by 11B{1H} and
31P{1H} NMR spectroscopy. No noticeable changes were ob-
served in the spectra, even after several months.


Reaction of [NMe4]-2 with [PdCl2(PPh3)2] in refluxing eth-
anol for 1 h yielded a brown complex with the stoichiometry
[PdCl(2)(PPh3)] (7). Complex 7 proved to be sparingly solu-
ble in acetone. Its 31P{1H} NMR spectrum shows three sets
of double doublet resonances at d = 60.39, 54.02, and
30.37 ppm at �60 8C, indicating non-equivalence of the two
binding phosphorus atoms in 2� . The resonance at d =


60.39 ppm corresponds to the PPh2 unit trans to PPh3 and
appears as a doublet of doublets with the coupling constants
2J(PPPh2(trans)


,PPPh3
) = 238 Hz and 2J(PPPh2


,PPPh2
) = 70 Hz. The


resonance at d = 54.02 with the coupling constant
2J(PPPh2


,PPPh2
) = 70 Hz and that at d = 30.37 ppm with the


coupling constant 2J(PPPh2(trans)
,PPPh3


) = 238 Hz correspond to
the PPh2 group located cis to PPh3 and the ancillary PPh3


ligand, respectively.
Monitoring the evolution of 7 in acetone by 11B{1H} and


31P{1H} NMR spectroscopy showed [PdCl(2)(OCMe2)] (8) to
be the major product after four days. Besides 8, only traces
the unconverted 7 together with some minor unidentified
phosphorus-containing products were detected. The 31P{1H}
NMR spectrum of 8 features two doublets at d = 64.48 and
54.04 ppm with 2J(P,P) = 72 Hz.


Discussion


Ligand 2� displays similarities with both 1,1’-bis(diphenyl-
phosphino)ferrocene (dppf) and 2,2’-bis(diphenylphosphan-
yl)-1,1’-binaphthyl (BINAP) (see Figure 1). All of them
have the potential to adopt various coordination modes, re-
flecting their ability to match the steric demands of the coor-
dinated metal, through axial rotation about a C�C bond in
BINAP or the centroid···metal···centroid axis in dppf or 2�


(Figure 13). There are, however, important differences be-
tween these otherwise similar ligands. The most relevant
are: i) whereas 2� is anionic, BINAP and dppf are neutral;
ii) whereas 2� and BINAP are produced in racemic form,
and may therefore be separated into their enantiomers, dppf
requires the introduction of a stereogenic center to produce
a chiral ligand; and iii) dppf and 2� have an intense orange
color, which is very useful in monitoring purification proc-
esses. Overall, 2� is more similar to BINAP. Additionally,
the PPh2 units in BINAP radiate out from the centroids of
the aromatic rings and are tilted towards the C–C axis. This
is the origin of the atropisomerism. The possible optical iso-
merism also originates in this way in 2� , although in this
case the chirality has its origin in the C2B3 coordinating face
with its prochiral carbon atoms. These axial ligands can be
regarded as hinges (Figure 14), in which the leaves are each
movable fragment, for example, the naphthyl moieties in


Figure 12. Simplified top views of 2� , 3·OCMe2, 4, and 5, focusing on the
influence of the metal in dictating the cobaltabisdicarbollide rotamer pro-
duced.
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BINAP and the dicarbollide moieties in 2� . This representa-
tion helps to visualize the great differences between these
systems. If the P···Ag···P coordination motif is taken as a ref-
erence, it is found that the P···P distance in most diphos-
phine Ag complexes is practically constant, ranging only
from 3.8 to 4.0 R.[16] Therefore, Ag demands that the two P
atoms are geometrically separated by this value. Refering to
the hinge shown in Figure 14, one may note that the dis-
tance between the holes (PR2) is maintained constant in a)–
c). This has been achieved by varying the distance between
the holes in the initial (D0) position shown in Figure 14a
and swinging one of the leaves through the appropriate f


value. Therefore, with the hinge ligands BINAP, dppf, and
2� , practically any required P···P distance can be attained.
In Figure 14, hinge situation a) would be representative of
dppf, situation b) of 2� , and situation c) of BINAP. There-
fore, the plane defined by the “P2M” moiety will be more
aligned with the hinge axis in dppf complexes than in those
of BINAP, in the case of which the “P2M” plane will be
practically orthogonal to the axis. An intermediate situation,
although closer to that with BINAP, would be that with 2� .
All this can be intuitively visualized just by looking at the
representations of BINAP, dppf, and 2� in Figure 1, and esti-


mating the D0 values, D0 being the minimum P···P distance
that would be achieved when the two phosphorus atoms
are in an eclipsed disposition. One would expect that
D0(dppf) > D0(2


�) > D0(BINAP).
It is possible and interesting to assign a quantitative value


by which a hinge ligand may be defined. A good indication
is provided by the minimum possible P···P distance (D0). As
this hypothetical situation of the two phosphorus atoms
being eclipsed is virtually impossible to obtain, and to ac-
count for the metal influence, we have developed Equa-
tion (1) to determine the D0 value. Figure 13 displays a
graphical representation of the ligand disposition. The D0


value should be taken with caution as it depends on the
metal, the coordination, and other factors, but it gives an in-
dication of the ligand characteristics.


D2
f ¼ D2


0 þ 4R2cos2ð90�f


2
Þ ð1Þ


In Equation (1), Df = P···P distance at the torsional
angle f ; D0 = P···P distance at the eclipsed position (f =


0); R = distance of P from the hinge axis; and f = torsion-
al angle from the eclipsed position. Calculations based on
Equation (1) have been performed on data available from
crystal structures[17] and those reported in this paper. The
computed values average 3.8 R, 1.1 R, and 0 R for dppf, 2� ,
and BINAP, respectively, which are in perfect agreement
with those intuitively deduced above. These three values in-
dicate that dppf will have to swing only very little, through a
small f value, to fit a 4 R (P···P) demand, for instance. To
fit this value, ligand 2� will have to turn through a larger
angle f, while with BINAP the P···M···P plane will be or-
thogonal to the hinge axis. The result, therefore, is very dif-
ferent geometrical forms with very similar ligands.


Conclusions


We have described the synthesis of the ligand [1,1’-(PPh2)2-
3,3’-Co(1,2-C2B9H10)2]


� , 2� , from [3,3’-Co(1,2-C2B9H11)2]
� in


a one-pot reaction in very good yield and with an easy isola-
tion process. Its two dicarbollide halves swing about an axis
in much the same way as the coordinating subunits in
BINAP (2,2’-bis(diphenylphosphanyl)-1,1’-binaphthyl) or
ferrocenyl phosphine derivatives. We consider these ligands
to function as hinges, with the important property of being
adjustable to any metal distance demand. Although the
[3,3’-Co(1,2-C2B9H11)2]


� , 1,1’-binaphthyl, and ferrocene
backbones show similar torsional behavior, their diphosphi-
no derivatives meet the requirements of metal ions very dif-
ferently. This is due to the spatial origin and disposition of
the PR2 units. The two PR2 units in the eclipsed disposition
are more separated in the case of the ferrocene backbone
than in the cobaltabisdicarbollide system, and, in the latter,
more than in the binaphthyl derivatives. Therefore, the
“P2M” plane generated will have a very different relative
orientation with respect to the hinge axis. Furthermore, the
diphosphine cobaltabisdicarbollide derivative brings the
novelty of being an intrinsically coloured, negatively charg-


Figure 13. Graphical representation of the terms indicated in Equa-
tion (1). Symbols P1 and P2 refer to the metal-coordinating sites of the
ligand; in the particular case studied here, they refer to the phosphorus
atoms; c and c’ represent the points on the hinge axis having R as the
minimum distance to P1 and P2; they could represent the centroids in
ferrocene derivatives, but not exactly the centroids of the C2B3 coordinat-
ing faces as in the latter case the C�P bond is tilted towards the metal. M
represents the center of the system when f = 1808.


Figure 14. Hole–hole distance preservation by altering D0 and f.
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ed ligand, which apports interesting new possibilities for en-
hanced coordination and for optional metal site vacancies
that otherwise would be fulfilled by a possible anionic mon-
odentate ligand. Ligand 2� should be separable into its
enantiomers and therefore offers the possibility to study the
use of intrinsically anionic, enantiomerically pure diphos-
phine ligands in catalysis. Finally, the ease of synthesis of 2�


opens the possibility of using carborane derivatives as real
alternatives to conventional organic ligands.


Experimental Section


General considerations : Elemental analyses were performed using a
Carlo Erba EA 1108 microanalyzer. IR spectra were recorded from sam-
ples in KBr pellets on a Shimadzu FTIR-8300 spectrophotometer. Mass
spectra were recorded in the negative ion mode using a Bruker Biflex
MALDI-TOF mass spectrometer [N2 laser; lexc = 337 nm (0.5 ns pulses);
voltage ion source 20.00 kV (Uis1) and 17.50 kV (Uis2)]. 1H and 1H{11B}
NMR (300.13 MHz), 13C{1H} NMR (75.47 MHz), 31P{1H} NMR
(121.5 MHz) and 11B and 11B{1H} NMR (96.29 MHz) spectra were record-
ed on a Bruker ARX 300 instrument equipped with the appropriate de-
coupling accessories. All NMR spectra were recorded from samples in
[D6]acetone solution. Chemical shift values for the 11B and 11B{1H} NMR
spectra were referenced to external BF3·OEt2,


31P{1H} NMR spectra were
referenced to external 85% H3PO4 (minus values upfield), and those for
the 1H, 1H{11B}, and 13C{1H} NMR spectra were referenced to SiMe4.
Chemical shifts are reported in units of parts per million downfield from
the reference, and all coupling constants are reported in hertz.


All manipulations were carried out under a dry dinitrogen atmosphere
by standard Schlenk techniques. 1,2-Dimethoxyethane (DME) was distil-
led from sodium benzophenone prior to use. Ethanol and dichlorome-
thane were dried over molecular sieves and deoxygenated prior to use.
The Cs-1 was supplied by Katchem Ltd. (Prague) and was used as re-
ceived. Reagents were obtained commercially and used as purchased.
[AgClPPh3],


[18] [AuClPPh3],
[19] [{Rh(m-Cl)(cod)}2],


[20] [RhCl(PPh3)3],
[21]


and [PdCl2(PPh3)2]
[22] were synthesized according to literature proce-


dures.


Synthesis of [Li(dme)2][1,1’-(PPh2)2-3,3’-Co(1,2-C2B9H10)2] ([Li(dme)2]-
2): Under an inert atmosphere, n-butyllithium (1.6m in hexanes, 3.4 mL,
5.48 mmol) was added dropwise to a stirred solution of Cs[3,3’-Co(1,2-
C2B9H11)2] (1.25 g, 2.74 mmol) in anhydrous 1,2-dimethoxyethane
(120 mL) at �40 8C. The resulting purple solution was stirred for 30 min
at low temperature. Then, chlorodiphenylphosphine (1.0 mL, 5.48 mmol)
was added, causing a rapid color change to red and the precipitation of a
red solid. After the mixture had been stirred for 1 h at room tempera-
ture, the solid was collected by filtration, washed with water and petrole-
um ether, and finally dried in vacuo. Yield: 2.3 g (96%); IR: ñ = 3049
(Cc�H), 2927, 2898 (Caryl�H), 2548 (B�H), 1433, 1084, 746, 698, 499 cm�1;
1H NMR: d = 7.76, 7.54, 7.46, 7.31 (m, 20H; Ph), 4.37 (br s, 2H; Cc�H),
3.46 (s, 8H; CH2 of DME), 3.28 (s, 12H; CH3 of DME), 4.14–1.25 ppm
(brm, 18H; B�H); 1H{11B} NMR : d = 7.76, 7.54, 7.46, 7.31 (m, 20H;
Ph), 4.37 (br s, 2H; Cc�H), 3.46 (s, 8H; CH2 of DME), 4.14 (br s, 2H; B�
H), 3.28 (s, 12H; CH3 of DME), 3.21 (br s, 2H; B�H), 2.89 (br s, 4H; B�
H), 2.21 (br s, 2H; B�H), 1.92 (br s, 4H; B�H), 1.47 (br s, 2H; B�H),
1.25 ppm (br s, 2H; B�H); 13C{1H} NMR: d = 139.05 (d, 1J(P,C) =


22 Hz; P�Cipso), 137.05 (d, 1J(P,C) = 17 Hz; P�Cipso), 135.23 (d, 2J(P,C) =


29 Hz; o-C(Ph)), 134.27 (d, 2J(P,C) = 26 Hz; o-C(Ph)), 129.54 (s; p-
C(Ph)), 128.51 (s; p-C(Ph)), 128.18 (d, 3J(P,C) = 8 Hz; m-C(Ph)), 127.31
(d, 3J(P,C) = 8 Hz; m-C(Ph)), 71.64 (s; CH2 of DME), 61.41 (d, 1J(P,C)
= 81 Hz; P�Cc), 60.22 (dd, 2J(P,C) = 47 Hz, 3J(P,C) = 14 Hz; Cc�H),
57.50 ppm (s; CH3 of DME); 11B NMR: d = 9.1 (d, 1J(B,H) = 127 Hz,
2B), 2.3 (d, 1J(B,H) = 137 Hz, 2B), �3.3 (d, 1J(B,H) = 106 Hz, 4B),
�4.2 (d, 1J(B,H) = 98 Hz, 4B), �13.7 (d, 1J(B,H) = 183 Hz, 2B), �15.9
(d, 1J(B,H) = 163 Hz, 2B), �20.0 ppm (d, 1J(B,H) = 137 Hz, 2B);
31P{1H} NMR: d = 23.48 ppm (s; Cc�PPh2); MALDI-TOF MS: m/z (%):
691.43 (M, 9), 507.33 (M�PPh2, 73), 323.32 (M�2PPh2, 100); elemental


analysis calcd (%) for C36H60B18CoLiO4P2: C 49.18, H 6.88; found: C
48.95, H 7.00.


Synthesis of [Ag{1,1’-(PPh2)2-3,3’-Co(1,2-C2B9H10)2}(PPh3)]·OCMe2 (3):
[AgClPPh3] (0.034 g, 0.08 mmol) was added to a suspension of [NMe4]
[1,1’-(PPh2)2-3,3’-Co(1,2-C2B9H10)2] (0.06 g, 0.08 mmol) in EtOH (10 mL)
and the resulting mixture was refluxed for 30 min. The maroon solid
formed was then collected by filtration and washed with ethanol and
water. Yield: 59 mg (71%); IR: ñ = 3058 (Cc�H), 2557 (B�H), 1359 (C�
O), 1436, 1096, 743, 691, 502 cm�1; 1H NMR: d = 8.30, 7.35, 6.37 (m,
35H; Ph), 4.41–0.88 (brm, 18H; B�H), 4.83 (br s, 2H; Cc�H), 2.09 ppm
(s, 6H; CH3);


13C{1H} NMR: d = 205.12 (s; CO), 137.55 (s; Ph), 135.82
(s; Ph), 133.69 (d, J(P,C) = 17 Hz; Ph), 130.01 (s; Ph), 128.94 (d, J(P,C)
= 8 Hz; Ph), 127.95 (s; Ph), 126.35 (s; Ph), 61.14 (s; Cc), 28.99 ppm (s,
CH3);


11B NMR: d = 9.9 (d, 1J(B,H) = 105 Hz, 2B), 3.2 (d, 1J(B,H) =


107 Hz, 2B), �3.1 (d, 1J(B,H) = 110 Hz, 8B), �13.1 (d, 1J(B,H) =


175 Hz, 2B), �15.0 (d, 1J(B,H) = 145 Hz, 2B), �19.1 ppm (d, 2B);
31P{1H} NMR (�60 8C): d = 43.50 (2d, 1J(109Ag,P) = 330 Hz, 1J(107Ag,P)
= 286 Hz, 1P; PPh2), 42.81 (2d, 1J(109Ag,P) = 330 Hz, 1J(107Ag,P) =


286 Hz, 1P; PPh2), 32.89 ppm (2d, 1J(109Ag,P) = 392 Hz, 1J(107Ag,P) =


366 Hz, 1P; PPh3); elemental analysis calcd (%) for C49H61AgB18CoOP3:
C 52.53, H 5.49; found: C 52.79, H 5.34.


Synthesis of [Au{1,1’-(PPh2)2-3,3’-Co(1,2-C2B9H10)2}(PPh3)] (4):
[AuClPPh3] (0.034 g, 0.07 mmol) was added to a solution of Cs[1,1’-
(PPh2)2-3,3’-Co(1,2-C2B9H10)2] (0.06 g, 0.07 mmol) in EtOH (10 mL). The
complex, a red solid, was collected by filtration after refluxing for 30 min.
Yield: 89 mg (98%); IR: ñ = 3069 (Cc�H), 2573, 2550 (B�H), 1435,
1094, 746, 692 cm�1; 1H NMR: d = 7.83, 7.61, 7.44, 7.36 (m, 35H; Ph),
4.42 (br s, 2H; Cc�H), 4.17–0.89 ppm (brm, 18H; B�H); 1H{11B} NMR: d
= 7.83, 7.61, 7.44, 7.36 (m, 35H; Ph), 4.42 (br s, 2H; Cc�H), 4.17 (br s,
2H; B�H), 3.30 (br s, 2H; B�H), 2.81 (br s, 4H; B�H), 2.19 (br s, 2H; B�
H), 1.93 (br s, 4H; B�H), 1.31 (br s, 2H; B�H), 0.89 ppm (br s, 2H; B�
H); 13C{1H} NMR: d = 135.90 (d, J(P,C) = 26 Hz, Ph), 134.79 (d, J(P,C)
= 25 Hz, Ph), 134.02 (d, J(P,C) = 14 Hz, Ph), 132.07 (s, Ph), 130.16 (s,
Ph), 129.48 (d, J(P,C) = 11 Hz, Ph), 128.20 (d, J(P,C) = 34 Hz, Ph),
60.77 ppm (s, Cc�H); 11B NMR: d = 10.0 (d, 1J(B,H) = 116 Hz, 2B), 3.0
(d, 1J(B,H) = 152 Hz, 2B), �3.0 (d, 1J(B,H) = 135 Hz, 4B), �5.1 (d,
1J(B,H) = 174 Hz, 4B), �13.1 (d, 1J(B,H) = 147 Hz, 2B), �15.4 (d,
1J(B,H) = 144 Hz, 2B), �19.4 ppm (d, 1J(B,H) = 152 Hz, 2B); 31P{1H}
NMR (�60 8C): d = 73.61 (d, 2J(PPPh2


,PPPh3
) = 146 Hz, 2P; PPh2), 45.06


(t, 2J(PPPh2
,PPPh3


) = 146 Hz, 1P; PPh3); elemental analysis calcd (%) for
C46H55AuB18CoP3: C 47.99, H 4.81; found: C 47.95, H 4.63.


Synthesis of [Ag{1,1’-(PPh2)2-3,3’-Co(1,2-C2B9H10)2}(OCMe2)] (5): A so-
lution of [AgClO4] (0.016 g, 0.08 mmol) in acetone (1 mL) was added to
a solution of [NMe4][3,3’-Co(1-PPh2-1,2-C2B9H10)2] (0.06 g, 0.08 mmol) in
a mixture of EtOH (10 mL) and acetone (3 mL). The mixture was stirred
at room temperature overnight. Concentration of the mixture led to the
precipitation of a pink solid. This was collected by filtration, washed with
water and petroleum ether, and dried in vacuo. Yield: 59.2 mg (88%);
IR: ñ = 3058 (Cc�H), 2563, 2509 (B�H), 1310 (C�O), 1436, 1088, 741,
687 cm�1; 1H NMR: d = 8.21 (br s, 5H; Ph), 8.09 (br s, 5H; Ph), 7.53,
7.45 (m, 10H; Ph), 4.73 (br s, 2H; Cc�H), 4.47–0.88 (brm, 18H; B�H),
2.09 ppm (s, 6H; CH3);


13C{1H} NMR: d = 205.17 (s; CO), 137.23 (s;
Ph), 135.38 (s; Ph), 132.46 (s; Ph), 131.81 (s; Ph), 131.24 (s; Ph), 128.83
(s; Ph), 128.06 (s; Ph), 62.26 (s; Cc�H), 28.90 ppm (s; CH3);


11B NMR: d
= 12.7 (br s, 2B), 3.8 (d, 1J(B,H) = 132 Hz, 2B), �0.2 (d, 1J(B,H) =


134 Hz, 2B), �4.0 (d, 1J(B,H) = 118 Hz, 4B), �7.0 (br s, 2B), �12.7 (br s,
2B), �15.2 (br s, 2B), �20.4 ppm (d, 1J(B,H) = 141 Hz, 2B); 31P{1H}
NMR: d = 46.01 (2d, 1J(109Ag,P) = 463 Hz, 1J(107Ag,P) = 403 Hz, 2P;
PPh2); elemental analysis calcd (%) for C31H46AgB18CoOP2: C 43.39, H
5.40; found: C 43.20, H 5.31.


Synthesis of [NMe4][Rh{1,1’-(PPh2)2–3,3’-Co(1,2-C2B9H10)2}2] (6):
a) Starting from [{Rh(m-Cl)(cod)}2]: [{Rh(m-Cl)(cod)}2] (0.032 g,
0.065 mmol) was added to a solution of [NMe4]-2 (0.2 g, 0.26 mmol) in
deoxygenated dichloromethane (10 mL) and the solution was stirred at
room temperature overnight. A brown solid that separated was collected
by filtration and washed with ethanol (10 mL) and water to give 6. Yield:
174 mg (85%).


b) Starting from [RhCl(PPh3)3]: [RhCl(PPh3)3] (0.120 g, 0.13 mmol) was
added to a solution of [NMe4]-2 (0.2 g, 0.26 mmol) in deoxygenated etha-
nol (10 mL) and the mixture was refluxed for 1 h. A brown solid that sep-
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arated was collected by filtration and washed with ethanol (10 mL) and
water to give 6. Yield: 172 mg (87%); IR: ñ = 3059 (Cc�H), 2558 (B�
H), 1481, 1435, 1080, 943, 745, 694 cm�1; 1H NMR: d = 8.53, 8.05–7.01
(m, 40H; Ph), 4.28 (br s, 4H; Cc�H), 3.40 ppm (s, 12H; NMe4);


11B
NMR: d = 7.5, 3.6, �2.8, �6.5, �13.6, �19.5 ppm (36B); 31P{1H} NMR:
d = 85.16 (d, 1J(31P,103Rh) = 205 Hz; PPh2); elemental analysis calcd
(%) for C60H92B36Co2NP4Rh: C 46.16, H 5.94, N 0.90; found: C 45.97, H
5.72, N 1.10.


Synthesis of [PdCl{3,3’-Co(1-PPh2-1,2-C2B9H10)2}(PPh3)] (7):
[PdCl2(PPh3)2] (0.183 g, 0.26 mmol) was added to a solution of [NMe4]-2
(0.2 g, 0.26 mmol) in deoxygenated ethanol (10 mL) and the mixture was
refluxed for 1 h. A brown solid that separated was collected by filtration
and washed with ethanol (10 mL) and water to give 7. Yield: 270 mg
(94%); IR: ñ = 3060 (Cc�H), 2563 (B�H), 1435, 1099, 745, 692 cm�1; 1H
NMR: d = 8.25–7.39 (m, 35H; Ph), 4.51 (br s, 1H; Cc�H), 4.31 ppm (br s,
1H; Cc�H); 11B NMR: d = 9.7, 5.7, �0.05, �2.1, �3.8, �13.1, �20.9 ppm
(18B); 31P{1H} NMR: d = 60.39 (dd, 2J(PPPh2(trans)


,PPh3
) = 238 Hz,


2J(PPPh2
,PPPh2


) = 70 Hz, 1P; PPh2 trans to PPh3), 54.02 (d, 2J(PPPh2
),PPPh2


))
= 70 Hz, 1P; PPh2 cis to PPh3), 30.37 ppm (d, 2J(PPPh3(trans)


,PPPh3
)) =


238 Hz, 1P; PPh3); elemental analysis calcd (%) for C46H55B36ClCoP3Pd:
C 50.40, H 5.06; found: C 50.76, H 4.93.


X-ray crystallography : Single-crystal X-ray data for [NMe4]-2 were col-
lected at ambient temperature on a Rigaku AFC5S diffractometer, while
the collections for 3·OCMe2, 4, and 5 were performed at �100 8C on an
Enraf-Nonius KappaCCD diffractometer using graphite-monochromated
MoKa radiation. A total of 7438, 9571, 8850, and 8990 unique reflections
were collected for [NMe4]-2, 3·OCMe2, 4, and 5, respectively. The struc-
tures were solved by direct methods and refined against F2 using the
SHELXL-97 program.[23] For all structures, the hydrogen atoms were
treated as riding atoms using the SHELXL-97 default parameters. For
[NMe4]-2, all non-hydrogen atoms were refined with anisotropic displace-
ment parameters. For 3·OCMe2, one of the phenyl groups connected to
P3 and the non-coordinated acetone solvent molecule were found to be
disordered, both assuming two orientations. The disordered groups were
refined as rigid groups and non-hydrogen atoms of these groups were re-
fined with isotropic thermal displacement parameters. The rest of the
non-hydrogen atoms were refined with anisotropic displacement parame-
ters. For 4 and 5, all non-hydrogen atoms were refined with anisotropic
displacement parameters.


CCDC-216061–216064 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-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.;
fax: (+44)1223-336033; or e-mail : deposit@ccdc.cam.ac.uk).
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Asymmetric Desymmetrization Based on an Intramolecular
Haloetherification: A Highly Effective and Recyclable Chiral Nonracemic
Auxiliary, 2-exo-Methyl-3-endo-phenyl-5-norbornene-2-carboxaldehyde, for
meso-1,3- and meso-1,4-Diols


Hiromichi Fujioka,* Tetsuya Fujita, Naoyuki Kotoku, Yusuke Ohba, Yasushi Nagatomi,
Atsushi Hiramatsu, and Yasuyuki Kita*[a]


Introduction


Desymmetrization of meso-diols is a very useful way to get
optically active compounds and has been investigated in
many ways by using chemical or enzymatic methods.[1] For
the chemical methods, many good desymmetrization meth-
ods for meso-1,2-diols have been reported.[2] However, the
desymmetrization methods for meso-1,3-diols are few[3] and
only a few chemical desymmetrization methods for meso-
1,4-diols, to our best knowledge, have been reported.[4]


Quite recently, a new asymmetric catalyst was developed for
the desymmetrization of the meso-1,3- and meso-1,4-diols by
Trost and Mino.[4c]


Recently, we developed a new desymmetrization method
for meso-1,2-diols by using the chiral nonracemic methylnor-
bornene aldehyde 1 a as an auxiliary.[5] We then succeeded
in the optical resolution of other norbornene aldehyde de-
rivatives and found that 3-exo-phenylnorbornene aldehyde
1 b is a better choice as an auxiliary for the desymmetriza-
tion of meso-1,2-diols because it overcomes the disadvant-
age of 1 a, that is, volatility.[6] In our method, the desymmet-
rization step of the meso-1,2-diols depends on the difference
between the activation energies of the two transition states
(i and ii) formed by the intramolecular bromoetherification
of acetals derived from 1 a or 1 b and the meso-1,2-diols. A
large difference in the activation energies between transition
state i and transition state ii causes the discrimination of the
two oxygen atoms of the acetals in a highly diastereoselec-
tive manner (Scheme 1).
We then applied this method to the desymmetrization of


the meso-1,3- and meso-1,4-diols by using 1 b. However, the
results were fruitless. The acetalization of 1 b with the meso-
1,3-diol, meso-2,4-pentanediol (2), gave the single acetal 3,
but its intramolecular bromoetherification afforded a dia-
stereomeric mixture of the nine-membered acetals 4 in a
ratio of 6.5:1. The insufficient discrimination of the two
oxygen atoms was ascertained by acid hydrolysis of 4 to give
the aldehyde, which was still a 6.5:1 mixture. In the case of
the meso-1,4-diol 5 a, acetalization did even not produce the


[a] Prof. Dr. H. Fujioka, T. Fujita, N. Kotoku, Y. Ohba, Y. Nagatomi,
A. Hiramatsu, Prof. Dr. Y. Kita
Graduate School of Pharmaceutical Sciences
Osaka University
1–6, Yamada�oka, Suita, Osaka, 565-0871 (Japan)
Fax: (+81)6-6879-8229
E-mail : fujioka@phs.osaka-u.ac.jp
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. It contains the
13C NMR spectra of the compounds that were also analyzed by high-
resolution mass spectra.


Abstract: A new chiral auxiliary, a 3-
endo-phenyl norbornene aldehyde de-
rivative, which is a crystalline, very
stable, and easily handled, was devel-
oped for the desymmetrization of
meso-1,3- and meso-1,4-diols. The key
step of the method, an intramolecular
bromoetherification, proceeded in a
highly diastereoselective manner. A
four-step sequence, 1) acetalization,


2) intramolecular bromoetherification
followed by acid hydrolysis, 3) protec-
tion of the alcohol, and 4) retrobro-
moetherification, transformed the
meso-diols into optically active deriva-


tives. The 3-endo-phenyl norbornene
aldehyde derivative was simultaneously
reformed and could be used repeatedly.
This is the first chemical example of a
single auxiliary that is applicable for
highly enantioselective desymmetriza-
tion of meso-1,3- and meso-1,4-diols; to
the best of our knowledge, this is the
best chemical method available for the
desymmetrization of meso-1,4-diols.


Keywords: asymmetric synthesis ·
chiral auxiliaries · desymmetriza-
tion · diols · norbornene
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single acetal; instead acetals 6 were formed as a mixture in
a ratio of 13:1. We therefore required a new auxiliary for
the desymmetrization of meso-1,3- and meso-1,4-diols
(Scheme 2).
Crucial steps in our method are the acetalization and dis-


crimination of the two oxygen atoms, an intramolecular bro-
moetherification. Based on this requirement, especially the
discrimination step, a large difference in the activation ener-
gies between the two transition states is needed to realize
sufficient desymmetrization.[7] We therefore planned the
synthesis of 3-endo-substituted norbornene aldehyde deriva-
tives, which would produce a large difference between tran-
sition states iii and iv because the 3-endo substituent R1


might inhibit the rotation of the acetal moiety that would
lead to the formation of the endo isomer iv during the intra-
molecular bromoetherification (Scheme 3).


Based on the above concept,
we first examined the desym-
metrization of meso-1,4-diols
because the chemical methods
for their desymmetrization are
rare, as mentioned before.[4] We
found that the 2-endo-aldehyde
norbornene aldehyde derivative
7 a was a good auxiliary. A 2-
exo-methyl group was intro-
duced to prevent the epimeriza-
tion of the 3-endo-phenyl
group. The aldehyde 7 a also
proved to be effective for the
desymmetrization of the meso-
1,3-diols. Scheme 4 shows a
summary of our transforma-
tions: 1) acetalization of 7 a
with meso-diols, 2) intramolecu-
lar bromoetherification in the
presence of MeOH followed by
acid hydrolysis, 3) protection of
the alcohol, then 4) retrobro-
moetherification. In this trans-
formation, 7 a was regenerated
along with the optically active
diol derivatives and could be
used again. This is completely
different from our previous
method (see Scheme 1) where
the ene acetals are regenerated
and it makes our new method
more effective. Although exo-


substituted norbornene aldehydes 1 a and 1 b need mixed-
acetal structures for good retrobromoetherification, 7 a does
not need mixed-acetal structures for retrobromoetherifica-
tion and aldehydes are good precursors for retrobromo-
etherification. This is an advantage because the retrobro-
moetherification of the mixed acetals requires careful reac-
tion-temperature control (about 70 8C) to prevent reacetali-
zation of the resulting hydroxy acetals (see Scheme 1). On
the other hand, the retrobromoetherification depicted in


Scheme 1. Desymmetrization of meso-1,2-diols by using 3-exo-substituted norbornene aldehydes (1 a or 1b).
PG=protecting group, Bn=benzyl, Deriv.=derivative.


Scheme 2. Desymmetrization of meso-1,3-diol (2) and meso-1,4-diol (5a) by using 1b. NBS=N-bromosuccini-
mide, p-TsOH= toluene-4-sulfonic acid.


Scheme 3. Perspective view of the effect of the 3-endo substituent in the
intramolecular bromoetherification.


Scheme 4. Desymmetrization of meso-diols by using 3-endo-phenyl nor-
bornene aldehyde 7a. Tf= triflate= trifluoromethanesulfonyl.
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Scheme 4 does not require careful reaction-temperature
control, because the acetalization no longer occurs between
the resulting 7 a and the optically active diol derivatives
when one of the two hydroxy groups is protected.


Results and Discussion


Design of new auxiliary : As mentioned before (see
Scheme 3), we speculated that the 3-endo substituent would
enhance the diastereoselectivity during the key step of de-
symmetrization, that is, the intramolecular bromoetherifica-
tion. We synthesized two 3-endo-substituted norbornene al-
dehyde derivatives, the phenyl-substituted and methyl-sub-
stituted compounds 7 a and 7 b. Aldehydes (� )-7 a,b were
prepared by the usual way (Scheme 5): 1) Diels–Alder reac-


tion of methyl Z-cinnamate[8] or methyl isocrotonate with
cyclopentadiene to give 8, 2) methylation of 8 by treatment
with LDA followed by methyl iodide to give 9, 3) LiAlH4
reduction of 9 to give 10, and 4) Swern oxidation[9] of 10 to
give (� )-7 a,b. Without the 2-exo-methyl group, the 2-endo-
aldehyde groups would easily epimerize to the exo confor-
mation because of the steric repulsion of 3-endo substitu-
ents. Although acetalization of 7 b with 5 a gave the trans-
acetal 11 b and a small amount of the cis isomer, the phenyl-
substituted norbornene aldehyde 7 a afforded the single
isomer 11 a (Scheme 5). Compound 7 a was therefore deter-
mined to be the auxiliary of choice.


Preparation of optically pure 2-exo-methyl-3-endo-phenyl-5-
norbornene-2-carboxaldehydes (�)-7 a and (+)-7 a : Optical-
ly pure 7 a was obtained from (� )-7 a by using our recently
developed method.[6] Two diastereomeric acetals 12 and 13,
obtained by the reaction of (� )-7 a and (R,R)-hydroben-
zoin[10] were treated with NBS (0.5 equiv) in the presence of
H2O (5 equiv) to give the hydroxy aldehyde 14 from 12 and
intact 13. Retrobromoetherification of 14 gave the optically
pure (�)-7 a and (R,R)-hydrobenzoin. Intact 13 was hydro-
lyzed with 80% aqueous CF3COOH to give (+)-7 a
(Scheme 6).


Desymmetrization of meso-1,4-diols : All of the transforma-
tions for desymmetrization of the meso-1,4-diols by using 5-
norbornene-2-endo-3-endo-dimethanol 5 a are depicted in
Schemes 7 and 9. Acetalization of (�)-7 a with 5 a afforded
the sole product 11 a, whose stereochemistry was deter-
mined to be trans by X-ray crystal analysis and mechanistic
considerations (see below). Intramolecular bromoetherifica-
tion of 11 a in the presence of MeOH gave the ten-mem-
bered mixed acetal 15 a in a highly diastereoselective
manner (Scheme 7). Its stereochemistry was determined by


X-ray crystal analysis of 15 b’, which was obtained by the in-
tramolecular bromoetherification of the ene acetal from 5 b
and (+)-7 a (Scheme 8, see Table 1). Since haloetherification
of the ene acetal with MeOH proceeds in an SN2 manner,


[5]


Scheme 5. Preparation of racemic 3-endo-substituted norbornene alde-
hydes 7a and 7b and their acetalization with 5a. LDA= lithium diisopro-
pylamide.


Scheme 6. Optical resolution of racemic 7a. DMA=N,N-dimethylacet-
amide.


Scheme 7. Acetalization of (�)-7a and its intramolecular bromoetherifi-
cation.


Scheme 8. X-ray crystal structure of 15 b’.
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the stereochemistry of the acetal ring of 11 a was determined
to be trans based on the X-ray crystal structure of 15 b’.[11]


Next, we tried the retrobromoetherification reaction of
15 a by using the conditions indicated in Scheme 1 (Zn
powder and MgBr2 or Zn(OTf)2), but the desired product
was not obtained. Therefore, we developed another method
of transformation as shown in Scheme 9. The hydrolysis of


15 a afforded the hydroxy aldehyde 16 a in high yield. Al-
though the use of H2O in place of MeOH for the intramo-
lecular bromoetherification directly afforded 16 a, the dia-
stereoselectivity decreased (66% de), maybe as a result of
the difference in nucleophilicity between MeOH and H2O.
Protection of the alcohol group of 16 a gave the silyl ether
17 a. Retrobromoetherification of 17 a by use of Zn powder
in the presence of Zn(OTf)2 afforded the optically active
diol derivative 18 a and the starting aldehyde 7 a, which was
reused. The absolute configuration of 18 a was determined
by conversion into the known lactone 19, as shown in
Scheme 10. Thus, Swern oxidation of 18 a followed by desi-
lylation gave the lactol, which was oxidized by PCC to give
the known lactone 19. The optical rotation value of our syn-
thetic 19 ([a]22D=�142.2 (CHCl3)) showed the opposite sign
to that of (2S,3R)-19 ([a]20D=
+143.2 (CHCl3)).


[12]


Table 1 shows the results of
the desymmetrization of vari-
ous bicyclo-meso-1,4-diols (see
Schemes 4, 7, and 9). In each of
these cases, acetalization of
(�)-7 a with the meso-diols pro-
ceeded stereoselectively to give
sole products, whose stereo-
chemistries were determined as
trans by considering the result
of 5 a and the absolute config-
uration of the diol derivative
18 a. The subsequent intramo-
lecular bromoetherification,
protection of the alcohol, and
debromoetherificatin proceeded
smoothly without problems. It


is noteworthy that bromoetherification occurred only in an
intramolecular fashion, not only for acetals from saturated
diols but also for acetals from unsaturated diols.
Previous chemical desymmetrizations of meso-1,2-bis(hy-


droxymethyl)cyclopropane 5 e or meso-4,5-bis(hydroxyme-
thyl)cyclohexene 5 f resulted in poor enantioselectivity.[4a]


However, when these compounds were used in our method,
good results were obtained (Schemes 11 and 12). The acetal-
ization of 5 e and 5 f with (�)-7 a gave two isomers; the iso-
mers of 11 e were difficult to separate and of 11 f were in-
separable by the usual SiO2 column. However, their intra-
molecular bromoetherification in the presence of MeOH af-
forded two ten-membered acetals whose Rf values are differ-
ent (15 e : major 0.21, minor 0.14; 15 f : major 0.42, minor
0.35; TLC with hexane/AcOEt (10:1)). Easy separation of
these isomers by using the usual SiO2 column gave the pure
acetals (15 e and 15 f). In our desymmetrization cycle, three
new chiral centers are formed when MeOH is used as the
nucleophile in the intramolecular bromoetherification and
this usually allows easy separation of the isomers. After ob-
taining the pure compounds, it is not difficult to get the opti-
cally pure diol derivatives (18 e and 18 f). The optical rota-
tion value of 18 e was in good agreement with the reported
value,[13] so the absolute configuration of 18 e was deter-
mined and the relative stereochemistries of the other com-
pounds in Scheme 11 were deduced from mechanistic con-
siderations. The absolute and relative configurations of the
compounds in Scheme 12 were tentatively determined by
considering the results shown in Scheme 11.


Scheme 9. Conversion of 15a into 18a. 1) p-TsOH, acetone, H2O;
2) TBDPSCl, imidazole; 3) Zn, Zn(OTf)2, DMA. TBDPS= tert-butyldi-
phenylsilyl.


Scheme 10. Conversion of 18 a into lactone 19. 1) Swern oxdidation;
2) TBAF; 3) PCC. TBAF= tetrabutylammonium fluoride, PCC=pyri-
dinium chlorochromate.


Table 1. Desymmetrization of meso-1,4-diols 5 to form the optically active derivatives 18.


5 Yield [%] 18 Yield [%] ee [%][a]


11 16 17 (�)-7a


97 98 90 100 99 ^98


98 92 94 94 93 ^98


88 95 98 88 89 ^98


96 95 94 98 86 ^99


[a] Determined by HPLC analysis (Chiralpak AD-H or Chiralcel OD-H).
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Desymmetrization of meso-1,3-diols and meso-1,2-diols :
Since (�)-7 a showed a high ability in the desymmetrization
of meso-1,4-diols, we next applied it to the desymmetriza-
tion of meso-1,3-diols. We chose three 1,3-diols as the sub-
strates, meso-2,4-pentanediol (20 a), meso-1,8-nonadiene-4,6-
diol (20 b), and meso-2,6-dimethyl-3,5-heptanediol (20 c).
Acetalization of these diols with (�)-7 a afforded the cis-
acetals 21 a–c, respectively, in good yields (Scheme 13).


Their stereochemistries were determined to be cis by NOE
experiments. Intramolecular bromoetherification of 21 a–c in
the presence of MeOH followed by acid hydrolysis gave the
hydroxy aldehydes 22 a–c in a highly diastereoselective
manner. The stereochemistries of compounds 22 a–c were
deduced from the results of the desymmetrization of the
meso-1,4-diols in the preceding section and from our previ-
ous results.[5] Protection of the hydroxy function of 22 a–c af-
forded the silyl ethers 23 a–c. Retrobromoetherification of
23 a–c with zinc in the presence of Zn(OTf)2 in DMA gave
the optically active diol derivatives 24 a–c with the regener-
ated norbornene aldehyde (�)-7 a. The optical purities of
24 a–c were determined to be very high (>99% ee) by
chiral HPLC analysis (Scheme 13).
As the good desymmetrization of the meso-1,4- and meso-


1,3-diols has been achieved by using the 3-endo-phenyl nor-
bornene aldehyde derivative (�)-7 a, desymmetrization of
the meso-1,2-diols was then studied. It was postulated that
the possibility of (�)-7 a working as a chiral auxiliary was
low. Although exo isomers 1 a and 1 b needed a mixed-acetal
structure for good retrobromoetherification, such structures
from (�)-7 a did not give a good retrobromoetherification
for the meso-1,4- and meso-1,3-diols. To our disappointment,
(�)-7 a was only applicable for the acyclic diols, that is,
meso-2,3-butanediol 25 (see Scheme 14). For the cyclic
meso-1,2-diols, such as meso-1,2-cyclohexanediol, acetaliza-
tion with (�)-7 a under the usual conditions gave the desired
products in low yields (<20%) together with unreacted
(�)-7 a. Acetalization at a higher temperature (�50 8C) af-
forded a mixture of stereoisomers and the aldehyde (�)-7 a
decomposed. The low reactivity of (�)-7 a towards cyclic
meso-1,2-diols might be due to the steric hindrance of the 3-
endo-phenyl substituent.
The results with 25 are summarized in Scheme 14. Acetal-


ization proceeded stereoselectively to give the cis-acetal 26
in high yield. The stereochemistry was determined by an
NOE experiment. Intramolecular bromoetherification of 26
followed by acid hydrolysis afforded the hydroxy aldehyde


Scheme 11. Desymmetrization of meso-1,2-bis(hydroxymethyl)-cyclopro-
pane (5 e). 1) p-TsOH; 2) NBS, MeOH, CH2Cl2; 3) separation by SiO2
column, then p-TsOH; 4) TBDPSCl, imidazole; 5) Zn, Zn(OTf)2, DMA.


Scheme 12. Desymmetrization of meso-4,5-bis(hydroxymethyl)-cyclohex-
ane (5 f). 1) p-TsOH; 2) NBS, MeOH, CH2Cl2; 3) separation by SiO2
column, then p-TsOH; 4) TBDPSCl, imidazole; 5) Zn, Zn(OTf)2, DMA.


Scheme 13. Desymmetrization of meso-1,3-diols 20a–c. 1) p-TsOH, tolu-
ene; 2) NBS, MeOH, then p-TsOH, acetone/H2O; 3) TBDPSCl, imida-
zole; 4) Zn, Zn(OTf)2, DMA.
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27 in a highly diastereoselective manner. The stereochemis-
try of compound 27 was deduced from the results of the de-
symmetrization of the meso-1,4-diols described in the pre-
ceding section and from our previous results.[5] Protection of
the alcohol moiety as a silyl ether gave 28. To our surprise,
the retrobromoetherification reaction for 28 proceeded
smoothly to give the optically active diol derivative 29 and
(�)-7 a. This result is in contrast to those obtained with 1 a
and 1 b.


Consideration of retrobromoetherification : For the meso-
1,4-diols and meso-1,3-diols, chelation structures such as v
and vi (Scheme 15) do not cause any steric repulsion be-
tween the two side chains (see the reaction of 17 a to form
18 a in Scheme 9 and Table 1 for v and the reaction of 23 a
to form 24 a in Scheme 13 for vi). On the other hand, the
chelation structure of the acyclic meso-1,2-diol vii may cause
steric repulsion between the two side chains and seems to
be unfavorable. In fact, the acyclic meso-1,2-diol did not
give the debromoetherificated product through acetal com-
pounds like viii, possibly due to no formation of the chela-
tion structure viiib, in our previous report,[5c] whereas mixed
acetals gave the debromoetherificated products in good
yields by the formation of the chelation structure ix, irre-
spective of the system being cyclic or acyclic (see
Scheme 1).[5]


The results obtained here, with good retrobromoetherifi-
cation even in 28 from the acyclic meso-1,2-diol 25 in
Scheme 14, is completely different from our previous obser-
vations in ref. [5c]. A significant difference between vii and
viii is that viii has an acetal in place of the aldehyde in vii.
Also, viii might be present as viiia rather than viiib because


of the steric repulsion of the acetal unit. Compound vii has
a 3-endo substituent while viii has a 3-exo substituent. To
recognize the actual factor required for the good retrobro-
moetherification of vii, we examined the reaction of alde-
hyde 30, which is obtained from the 3-exo-phenyl norbor-
nene aldehyde 1 b (see Scheme 1) and acyclic meso-1,2-diol
25. The retrobromoetherification proceeded without a prob-
lem and afforded diol derivative 29 and aldehyde 1 b in high
yield. When the results shown in Schemes 14 and 16 and our
previous work[5c] are taken into account, steric hindrance of
the acetal function in compounds like viii may inhibit the
formation of the chelation structure viiib and make the ret-
robromoetherification difficult.


Conclusion


A new auxiliary, the 3-endo-phenyl norbornene aldehyde
derivative 7 a, was developed. It was found that this auxili-
ary is applicable for the desymmetrization of meso-1,3- and
meso-1,4-diols. The methodology here is, to the best of our
knowledge, the best chemical desymmetrization method
available, especially for meso-1,4-diols. The significant ad-
vantage of our method is exemplified by our ability to
obtain enantiopure diol derivatives of 5 e and 5 f, which
were not obtained by other chemical methods.[4a] The auxili-
ary, 7 a, is a very stable (storage for one month at room tem-
perature produces no decomposition) and easily handled
crystal.[14] Furthermore, it is known that we can now choose
the proper chiral auxiliary among the 3-exo- and 3-endo-nor-
bornene aldehyde derivatives 1 a, 1 b, and 7 a for the highly
enantioselective desymmetrization of meso-1,2-, meso-1,3-,
and meso-1,4-diols.


Experimental Section


All melting points are uncorrected. NMR spectra were measured on a
300 MHz spectrometer with CDCl3 as the solvent and with SiMe4 as an
internal standard. Chemical shifts are denoted in d (ppm). Infrared (IR)
absorption spectra were recorded from KBr pellets. Optical rotations


Scheme 14. Desymmetrization of meso-2,3-butanediol 25. 1) p-TsOH, tol-
uene, RT; 2) NBS, MeOH, then p-TsOH, acetone/H2O; 3) TBDPSCl,
imidazole; 4) Zn, Zn(OTf)2, DMA.


Scheme 15. Consideration of chelation structures v–ix. M=Zn or Mg.


Scheme 16. Debromoetherification of 3-exo-phenyl compound 30.
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were measured in 0.5 dm cells with a JASCO P-1020 polarimeter. All sol-
vents were dried and distilled according to standard procedures. 13C
NMR spectra of the compounds that were also analyzed by high-resolu-
tion mass spectra can be found in the Supporting Information.


Methyl 3-endo-phenylnorbornene-2-carboxylate ((� )-8, R=Ph): Cyclo-
pentadiene (3.0 mL) and EtAlCl2 (44 mL, 0.98 mol in hexane) were
added slowly to a stirred solution of cis-methyl cinnamate (7.05 g), pre-
pared according to the literature procedure,[7] in CH2Cl2 (44 mL) at
�78 8C under N2. The mixture was allowed to warm to RT and stirred for
an additional 12 h. Ice-water and saturated aqueous NaHCO3 were
added to the mixture and the resulting solution was extracted with
CH2Cl2. The organic layer was washed with brine, dried over Na2SO4,
and evaporated in vacuo. The residue was purified by SiO2 flash column
chromatography with hexane/AcOEt (20:1) as the eluent to give (� )-8
(R=Ph; 9.68 g, 40.0 mmol, 92%, endo :exo=17:1). 1H NMR (300 MHz,
CDCl3): d=7.32–7.04 (m, 5H), 6.66–6.63 (m, 1H), 6.15–6.11 (m, 1H),
3.79–3.74 (dd, J=10.8, 3.2 Hz, 1H), 3.67 (m, 1H), 3.50–3.45 (dd, J=10.8,
3.2 Hz, 1H), 3.21 (s, 3H), 3.02 (m, 1H), 1.54–1.49 ppm (m, 2H).


Methyl 2-exo-methyl-3-endo-phenylnorbornene-2-carboxylate ((� )-9,
R=Ph): nBuLi (0.68 mL) was added slowly to a stirred solution of diiso-
propylamine (146 mL) in THF (4.4 mL) at �78 8C under N2. After
30 min, a solution of (� )-8 (R=Ph; 198 mg) in THF (1 mL) was added
dropwise to the resulting mixture at �78 8C. After 1 h, methyl iodide
(0.27 mL) was added to the resulting mixture. The solution was allowed
to warm to RT and stirred for 12 h. The completion of the reaction was
confirmed by TLC. Ice-water was added to the mixture and the resulting
solution was extracted with Et2O. The organic layer was washed succes-
sively with ice-water, 10% aqueous Na2S2O3, and brine, dried over
Na2SO4, and evaporated in vacuo. The residue was purified by SiO2 flash
column chromatography with hexane/AcOEt (20:1) as the eluent to give
(� )-9 (R=Ph; 160 mg, 0.66 mmol, 76%). Colorless oil; 1H NMR
(300 MHz, CDCl3): d=7.25–7.02 (m, 5H), 6.72–6.69 (m, 1H), 6.19–6.16
(m, 1H), 3.19–3.18 (d, J=3.0 Hz, 1H), 3.15 (s, 3H), 2.92–2.88 (m, 2H),
1.82–1.79 (m, 1H), 1.60 (s, 3H), 1.58–1.52 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3): d=176.1, 142.6, 140.0, 133.4, 128.4, 127.6, 126.1, 60.1,
58.4, 52.2, 50.8, 50.0, 47.9, 28.6 ppm; IR (KBr): ñ=1728 cm�1; MS (EI):
m/z : 242 [M+]; HRMS (EI): m/z calcd for C16H18O2: 242.1307; found:
242.1309.


2-exo-Methyl-3-endo-phenylnorbornene-2-methanol ((� )-10, R=Ph): A
solution of (� )-9 (R=Ph; 87 mg) in THF (1.0 mL) was added dropwise
to a stirred suspension of LiAlH4 (20.4 mg) in THF (2.6 mL) at 0 8C
under N2. The mixture was allowed to warm to RT and stirred for 1 h.
Excess reagent was quenched by careful addition of water and 1n aque-
ous NaOH at 0 8C. The precipitate was filtered off and the filtrate was
evaporated in vacuo. The residue was purified by SiO2 flash column chro-
matography with hexane/AcOEt (5:1) as the eluent to give (� )-10 (R=


Ph; 74.3 mg, 0.35 mmol, 97%). Colorless oil; 1H NMR (300 MHz,
CDCl3): d=7.26–7.16 (m, 5H), 6.51–6.48 (m, 1H), 6.35–6.32 (m, 1H),
3.11–2.98 (m, 4H), 2.59 (s, 1H), 1.83–1.80 (m, 1H), 1.61–1.57 (m, 1H),
1.45 (s, 3H), 0.70 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): d=141.4,
137.1, 134.9, 128.3, 128.1, 126.2, 68.9, 56.3, 51.8, 49.3, 49.0, 48.9, 26.5 ppm;
IR (KBr): ñ=3362 cm�1; MS (FAB): m/z : 237 [M++Na]; HRMS (FAB):
m/z calcd for C15H18NaO: 237.1255 [M


++Na]; found: 237.1261.


2-exo-Methyl-3-endo-phenylnorbornene-2-carbaldehyde ((� )-7 a):
DMSO (115 mL) was added carefully to a stirred solution of oxalyl chlo-
ride (70 mL) in CH2Cl2 (2.0 mL) at �78 8C under N2. After 30 min, a so-
lution of (� )-10 (R=Ph; 43.0 mg) in CH2Cl2 (1.0 mL) was added drop-
wise to the resulting mixture at �78 8C. After 1 h, Et3N (335 mL) was
added to the resulting solution. The solution was allowed to warm to
0 8C. Saturated aqueous NH4Cl was added to the mixture and the result-
ing solution was extracted with EtOAc. The organic layer was washed
with brine, dried over Na2SO4, and evaporated in vacuo. The residue was
purified by SiO2 flash column chromatography with hexane/AcOEt
(20:1) as the eluent to give (� )-7 a (40.3 mg, 0.19 mmol, 95%). Colorless
oil; 1H NMR (300 MHz, CDCl3): d=8.99 (s, 1H,), 7.24–7.11 (m, 5H),
3.42–3.41 (m, 1H), 3.29–3.28 (m, 1H), 2.73 (br s, 1H), 1.90–1.87 (m, 1H),
1.70–1.66 (m, 1H), 1.51 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=
208.0, 139.8, 137.0, 135.4, 128.5, 127.8, 126.5, 58.5, 57.6, 52.9, 49.0, 48.1,
23.8 ppm; IR (KBr): ñ=1715 cm�1; MS (EI): m/z : 212 [M+]; HRMS
(EI): m/z calcd for C15H16O: 212.1201; found: 212.1218; elemental analy-
sis calcd (%) for C15H16O: C 84.87, H 7.60; found: C 84.72, H 7.65.


Norbornene diphenyldioxolanes 12 and 13 : A catalytic amount of p-
TsOH (0.1 equiv) was added to a solution of (� )-7 a (54 mg) and (R,R)-
hydrobenzoin (65.4 mg) in toluene (2.6 mL) under N2 and the resulting
mixture was stirred for 3 h at RT. After completion of the reaction (TLC
check), the solution was quenched by the addition of saturated aqueous
NaHCO3 and extracted with AcOEt. The organic layer was washed with
brine, dried over Na2SO4, and evaporated in vacuo. The residue was puri-
fied by SiO2 flash column chromatography with hexane/AcOEt (20:1) as
the eluent to give a 1:1 diastereomeric mixture of 12 and 13 (89.7 mg,
86%). White powder; 1H NMR (300 MHz, CDCl3): d=7.36–7.05 (m,
14H), 6.62–6.35 (m, 3H), 4.88 and 4.79 (both s, total 1H), 4.64–4.61/4.50–
4.47 (d, J=7.8 Hz, total 1H), 4.36–4.33/4.26–4.24 (d, J=7.8 Hz, total
1H), 3.26–3.24 (m, 1H), 3.13 (m, 1H), 2.84 (m, 1H), 1.90–1.86 (m, 1H),
1.64–1.59 (m, 1H), 1.63/1.60 ppm (both s, total 3H); 13C NMR (75 MHz,
CDCl3): d=141.6, 141.3, 139.9, 139.6, 138.0, 137.6, 137.1, 137.0, 135.3,
135.2, 129.5, 129.1, 128.6, 128.4, 128.2, 128.0, 127.9, 127.8, 127.4, 127.2,
127.1, 126.30, 126.27, 125.9, 125.8, 124.9, 107.9, 107.4, 86.6, 85.8, 85.1,
84.6, 56.9, 56.5, 53.5, 53.3, 50.7, 50.6, 49.6, 49.1, 49.0, 48.8, 22.6, 22.2 ppm;
MS (EI): m/z : 408 [M+]; HRMS (EI): m/z calcd for C29H28O2: 408.2089;
found: 408.2111; elemental analysis calcd (%) for C29H28O2: C 85.26, H
6.91; found: C 85.22, H 6.98.


(1R,2S,3S,4S)-2-exo-Methyl-3-endo-phenylnorbornene-2-carbaldehyde
((�)-7 a): NBS (2.09 g, 0.5 equiv) was added to a stirred solution of 12
and 13 (9.50 g) in CH3CN containing 1% H2O (23.5 mL) at RT and the
reaction mixture was stirred for 20 h at the same temperature. After com-
pletion of the reaction (checked by TLC), saturated aqueous Na2S2O3
was added to the mixture and the resulting solution was extracted with
EtOAc. The organic layer was washed with brine, dried over Na2SO4,
and evaporated in vacuo. The residue was purified by SiO2 flash column
chromatography with hexane/AcOEt (50:1!4:1) as an eluent to give 14
(4.28 g, 8.46 mmol, 36%) and 13 (4.75 g, 11.8 mmol, 50%). 13 : [a]24D=
�102.9 (c=1.04, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.39–7.25 (m,
10H), 7.15–7.04 (m, 3H), 6.58–6.56 (m, 1H), 6.38–6.35 (m, 2H), 4.79 (s,
1H), 4.64–4.61 (d, J=7.5 Hz, 1H), 4.36–4.33 (d, J=7.5 Hz, 1H), 3.26–
3.25 (d, J=3.0 Hz, 1H), 3.12 (br s, 1H), 2.83 (br s, 1H), 1.90–1.87 (d, J=
8.7 Hz, 1H), 1.62 (s, 3H), 1.61–1.58 ppm (d, J=8.7 Hz, 1H); 13C NMR
(75 MHz, CDCl3): d=141.6, 139.9, 138.0, 137.1, 135.2, 129.5, 128.6, 128.4,
128.0, 127.8, 127.2, 127.1, 125.9, 124.9, 107.4, 85.8, 85.1, 56.9, 53.3, 50.6,
49.6, 49.1, 22.2 ppm; elemental analysis calcd (%) for C29H28O2: C 85.26,
H 6.91; found: C 85.22, H 6.98.


After a solution of 14 (4.28 g, 8.46 mmol) and Zn(OTf)2 (18.5 g,
50.8 mmol) in DMA (85 mL) had been stirred for 30 min at 40 8C under
N2, Zn powder (11.1 g) was added to the mixture and the resulting so-
lution was stirred for 5 h at 70 8C. After completion of the reaction
(checked by TLC), Et2O was added to the reaction mixture and the pre-
cipitated salt and zinc were filtered out. The filtrate was evaporated in
vacuo. The residue was purified by SiO2 flash column chromatography
with hexane/AcOEt (10:1) as the eluent to give (�)-7a (1.5 g, 7.19 mmol,
85%). White crystals; m.p. 45–46 8C; [a]24D=�102.9 (c=1.04, CHCl3);
1H NMR (300 MHz, CDCl3): d=8.99 (s, 1H), 7.24–7.11 (m, 5H), 3.42–
3.41 (m, 1H), 3.29–3.28 (m, 1H), 2.73 (br s, 1H), 1.90–1.87 (m, 1H), 1.70–
1.66 (m, 1H), 1.51 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=208.0,
139.8, 137.0, 135.4, 128.5, 127.8, 126.5, 58.5, 57.6, 52.9, 49.0, 48.1,
23.8 ppm; IR (KBr): ñ=1715 cm�1.


Norbornene aldehyde norbornene acetal 11 a : A catalytic amount of p-
TsOH (0.1 equiv) was added to a solution of (�)-7a (320 mg) and 5a
(256 mg, 1.1 equiv) in toluene (15 mL) under N2 and the resulting mix-
ture was stirred for 24 h at RT. After completion of the reaction (checked
by TLC), the solution was quenched by the addition of saturated aqueous
NaHCO3 and extracted with AcOEt. The organic layer was washed with
brine, dried over Na2SO4, and evaporated in vacuo. The residue was puri-
fied by SiO2 flash column chromatography with hexane/AcOEt (50:1) as
the eluent to give 11 a (510 mg, 1.46 mmol, 97%). Colorless oil; 1H NMR
(300 MHz, CDCl3): d=7.26–7.11 (m, 5H), 6.51–6.48 (m, 1H), 6.24–6.21
(m, 1H), 6.02–5.99 (m, 1H), 5.89–5.86 (m, 1H), 3.99–3.93 (dd, J=12.3,
4.2 Hz, 1H), 3.58 (s, 1H), 2.98 (s, 1H), 2.95–2.90 (m, 2H), 2.88–2.84 (d,
J=12.5 Hz, 1H), 2.61 (br s, 2H), 2.56–2.51 (m, 1H), 2.45 (br s, 1H), 2.42–
2.37 (m, 1H), 2.10–2.06 (d, J=12.5 Hz, 1H), 1.74–1.72 (m, 1H), 1.50–1.35
(m, 3H), 1.35 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=142.5, 137.3,
135.2, 134.93, 134.91, 128.8, 127.2, 125.5, 112.4, 73.0, 71.9, 57.7, 53.0, 52.4,
51.3, 49.2, 48.9, 45.4, 45.3, 45.2, 44.9, 22.5 ppm; IR (KBr): ñ=2963, 1105,
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742 cm�1; MS (EI): m/z : 348 [M+]; HRMS (EI): m/z calcd for C24H28O2:
348.2089; found: 348.2119.


10-Membered mixed acetal 15a : NBS (48.0 mg, 0.55 equiv) was added to
a stirred solution of 11a (85.6 mg) in MeOH (2.4 mL) at �40 8C under N2
and the reaction mixture was allowed to warm slowly to RT. After com-
pletion of the reaction (checked by TLC), saturated aqueous Na2S2O3
was added to the mixture and the resulting solution was extracted with
EtOAc. The organic layer was washed with brine, dried over Na2SO4,
and evaporated in vacuo. The residue was purified by SiO2 flash column
chromatography with hexane/AcOEt (10:1) as the eluent to give 15 a
(115.2 mg, 0.243 mmol, 99%). Colorless oil; 1H NMR (300 MHz, CDCl3):
d=7.27–7.17 (m, 5H), 6.09–6.04 (m, 2H), 5.11 (s, 1H), 4.62 (m, 1H),
4.35–4.32 (m, 1H), 4.08–4.05 (d, J=10.5 Hz, 1H), 3.85–3.80 (dd, J=12.6,
4.5 Hz, 1H), 3.57–3.40 (m, 2H), 2.94–2.92 (d, J=4.2 Hz, 1H), 2.84 (m,
1H), 2.78 (s, 3H), 2.70 (m, 2H), 2.57–2.56 (m, 1H), 2.41–2.38 (m, 2H),
1.99 (m, 2H), 1.43–1.41 (m, 2H), 1.24 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3): d=139.7, 136.2, 134.0, 130.4, 127.9, 126.1, 109.7, 93.0, 74.3, 73.9,
58.3, 55.8, 55.1, 54.5, 54.4, 50.3, 48.4, 47.9, 46.0, 45.9, 42.5, 33.8, 23.8 ppm;
IR (KBr): ñ=2963, 1117, 729 cm�1; elemental analysis calcd (%) for
C25H31O3Br: C 65.36, H 6.80; found: C 65.47, H 6.69.


Norbornene aldehyde norbornene alcohol 16 a : A catalytic amount of p-
TsOH (0.1 equiv) was added to a solution of 15 a (55.8 mg) in acetone/
H2O (4:1; 1 mL) and the resulting mixture was stirred at RT. After com-
pletion of the reaction (checked by TLC), the solution was quenched by
the addition of saturated aqueous NaHCO3 and extracted with AcOEt.
The organic layer was washed with brine, dried over Na2SO4, and evapo-
rated in vacuo. The residue was purified by SiO2 flash column chroma-
tography with hexane/AcOEt (5:2) as the eluent to give 16 a (53.6 mg,
0.120 mmol, 99%). Colorless oil; IR (KBr): ñ=3398, 1710 cm�1;
1H NMR (300 MHz, CDCl3): d=9.46 (s, 1H), 7.37–7.09 (m, 5H), 6.07–
5.99 (m, 2H), 4.18–4.10 (m, 2H), 3.41–3.34 (m, 3H), 3.18–3.13 (m, 2H),
3.07–3.02 (t, J=9 Hz, 1H), 2.82–2.76 (m, 2H), 2.48 (m, 1H), 2.41–2.29
(m, 2H), 2.14–2.10 (d, J=11.1 Hz, 1H), 1.93–1.90 (d, J=11.1 Hz, 1H),
1.51 (s, 3H), 1.40–1.24 ppm (m, 3H); 13C NMR (75 MHz, CDCl3): d=
204.8, 136.3, 135.1, 134.9, 129.1, 127.3, 126.7, 91.9, 70.6, 63.1, 56.1, 55.8,
51.1, 50.8, 50.4, 49.5, 46.2, 46.1, 44.9, 41.3, 34.0, 25.6 ppm; MS (EI): m/z :
444 [M+]; HRMS (EI): m/z calcd for C24H29O3Br: 444.1300; found:
444.1297.


Norbornene aldehyde norbornene silylether 17 a : Imidazole (33.0 mg)
and TBDPSCl (64 mL) were added to a stirred solution of 16 a (49.2 mg)
in DMF (0.5 mL) at RT under N2 and the resulting mixture was stirred
for an additional 1 h at the same temperature. After completion of the
reaction (checked by TLC), the solution was quenched by the addition of
saturated aqueous NH4Cl and extracted with AcOEt. The organic layer
was washed with brine, dried over Na2SO4, and evaporated in vacuo. The
residue was purified by SiO2 flash column chromatography with hexane/
AcOEt (10:1) as the eluent to give 17 a (68.0 mg, 0.10 mmol, 99%). Col-
orless oil; 1H NMR (300 MHz, CDCl3): d=9.40 (s, 1H), 7.64–7.08 (m,
15H), 5.97–5.96 (m, 1H), 5.87–86 (m, 1H), 4.13–4.12 (m, 1H), 3.99–3.96
(m, 1H), 3.52–3.46 (dd, J=9.9, 6.3 Hz, 1H), 3.35 (m, 1H), 3.20–3.14 (t,
J=9.6 Hz, 1H), 3.08–3.05 (m, 2H), 2.91 (m, 1H), 2.88–2.81 (t, J=9.6 Hz,
1H), 2.72 (m, 1H), 2.38–2.21 (m, 3H), 2.08–2.04 (m, 1H), 1.86–1.83 (m,
1H), 1.47 (s, 3H), 1.39–1.19 (m, 2H), 1.04 ppm (s, 9H); 13C NMR
(75 MHz, CDCl3): d=204.6, 136.6, 135.60, 135.56, 135.3, 134.0, 129.49,
129.46, 129.0, 127.6, 127.4, 126.6, 91.9, 70.5, 63.8, 56.3, 56.1, 51.2, 51.0,
50.9, 48.9, 45.4, 45.3, 44.2, 41.3, 34.0, 26.9, 25.5, 19.2 ppm; IR (KBr): ñ=
1712 cm�1; MS (FAB): m/z : 705 [M++Na]; HRMS (FAB): m/z calcd for
C40H47BrNaO3Si: 705.2576 [M


++Na]; found: 705.2371.


Norbornene silylether 18 a : A solution of 17a (82 mg) and Zn(OTf)2
(262 mg) in DMA (0.37 mL) was stirred at 40 8C under N2. After 30 min,
Zn powder (156 mg) was added to the mixture and stirring was continued
at 70 8C for 5 h. After completion of the reaction (checked by TLC),
Et2O was added to the reaction mixture and the precipitated salt and
zinc were filtered out. The filtrate was evaporated in vacuo. The residue
was purified by SiO2 flash column chromatography with hexane/AcOEt
(4:1) as the eluent to give 18a (46.6 mg, 0.118 mmol, 99%) and (�)-7 a
(25.4 mg, 0.12 mmol, 100%). 18a : Colorless oil; [a]25D=++11.03 (c=0.67,
CHCl3); the optical purity of 18 a (98% ee) was determined by HPLC
analysis (Chiralpak AD-H, hexane/iPrOH (150:1), 0.5 mLmin�1 flow
rate, 264 nm wavelength; retention times: 33.73 min and 37.24 min for
(� )-18a and 37.91 min for (+)-18 a); 7a : [a]26D=�101.9 (c=0.68, CHCl3);


1H NMR (300 MHz, CDCl3): d=7.69–7.64 (m, 4H), 7.48–7.38 (m, 6H),
6.04–6.02 (m, 1H), 5.88–5.85 (m, 1H), 3.65 (br s, 1H), 3.60–3.46 (m, 4H),
2.82 (br s, 1H), 2.64 (br s, 1H), 2.62–2.49 (m, 2H), 1.59 (s, 1H), 1.36–1.35
(m, 1H), 1.04 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=135.6, 135.5,
135.1, 134.5, 129.9, 129.8, 127.80, 127.78, 65.2, 63.5, 49.8, 46.5, 46.3, 45.6,
44.8, 26.8, 19.1 ppm; IR (KBr): ñ=3385 cm�1; MS (FAB): m/z : 393 [M+


+H]; HRMS (FAB): m/z calcd for C25H33O2Si: 393.2250 [M
++H]; found:


393.2244.


(2R,3S)-Lactone 19 : DMSO (0.39 mL) was added carefully to a stirred
solution of oxalyl chloride (0.24 mL) in CH2Cl2 (7.0 mL) at �78 8C under
N2. After 30 min, a solution of 18a (272 mg) in CH2Cl2 (2.0 mL) was
added dropwise to the resulting mixture at �78 8C. After 1 h, Et3N
(1.16 mL) was added to the resulting solution. The solution was allowed
to warm to 0 8C. Saturated aqueous NH4Cl was added to the mixture and
the resulting solution was extracted with EtOAc. The organic layer was
washed with brine, dried over Na2SO4, and evaporated in vacuo. The resi-
due was purified by SiO2 flash column chromatography with hexane/
AcOEt (15:1) as the eluent to give the aldehyde (268 mg, 0.686 mmol,
99%). 1H NMR (300 MHz, CDCl3): d=9.40–9.39 (d, J=4.2 Hz, 1H),
7.64–7.60 (m, 4H), 7.40–7.38 (m, 6H), 6.26–6.25 (m, 1H), 6.04–6.03 (m,
1H), 3.61–3.43 (m, 2H), 3.08–2.80 (m, 4H), 1.53–1.51 (d, J=8.1 Hz, 1H),
1.39–1.36 (d, J=8.1 Hz, 1H), 1.03 ppm (s, 9H); 13C NMR (75 MHz,
CDCl3): d=205.7, 135.53, 135.47, 135.1, 133.55, 133.47, 129.7, 127.7, 64.3,
54.9, 49.6, 48.0, 46.2, 45.0, 26.8, 19.2; IR (KBr): ñ=1715 cm�1.


TBAF (0.36 mL, 0.1m in THF) was added to a solution of the aldehyde
(141 mg) in THF (3.6 mL) at RT under N2, and the mixture was stirred
for 30 min at the same temperature. After completion of the reaction
(checked by TLC), water was added to the mixture and the resulting so-
lution was extracted with Et2O. The organic layer was washed with brine,
dried over Na2SO4, and evaporated in vacuo. The residue was used in the
next reaction without purification. A mixture of the crude product and
PCC (85.4 mg) in CH2Cl2 (3.6 mL) was stirred for 3 h at RT. After com-
pletion of the reaction (checked by TLC), Et2O was added to the result-
ing mixture. The precipitate was removed through a short pad of Florisil.
The filtrate was evaporated in vacuo. The residue was purified by SiO2
flash column chromatography with hexane/AcOEt (2:3) as the eluent to
give 19 (25.8 mg, 0.172 mmol, 48% over two steps). Colorless crystals;
m.p. 104–105 8C; [a]22D=�142.2 (c=0.99, CHCl3); literature value for
(2S,3R)-lactone:[12] [a]25D=++143.2 (c=5.2, CHCl3);


1H NMR (300 MHz,
CDCl3): d=6.30 (br s, 2H), 4.29 (dd, J=9.5, 8.2 Hz, 1H), 3.78 (dd, J=
9.5, 3.1 Hz, 1H), 3.37–3.00 (m, 4H), 1.64 (brd, J=8.4 Hz, 1H), 1.45 ppm
(brd, J=8.4 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=136.9, 134.4, 70.3,
51.8, 47.6, 46.1, 45.7, 40.3 ppm; IR (KBr): ñ=1759 cm�1; MS (EI): m/z :
150 [M+]; HRMS (EI): m/z calcd for C9H10O2: 150.0681; found: 150.067.


Norbornene aldehyde norbornane acetal 11b : By use of the same proce-
dure as for 11 a, 11b (134.0 mg, 98%) was obtained from 5 b (67.2 mg)
and (�)-7 a (83 mg). Eluent for chromatography: AcOEt/hexane (1:50).
White solid; m.p. 97 8C; 1H NMR (300 MHz, CDCl3): d=7.21–7.10 (m,
5H), 6.55–6.53 (m, 1H), 6.31–6.28 (m, 1H), 5.30 (s, 1H), 3.88–3.82 (dd,
J=12.3, 4.5 Hz, 1H), 3.71 (s, 1H), 3.48–3.40 (t, J=12 Hz, 1H), 3.01 (m,
2H), 2.85–2.79 (dd, J=12.3, 4.5 Hz, 1H), 2.69–2.60 (m, 2H), 2.23–2.04
(m, 2H), 2.08 (m, 1H), 1.92 (m, 1H), 1.76–1.73 (d, J=8.6 Hz, 1H), 1.51–
1.49 (d, J=8.6 Hz, 1H), 1.44–1.15 (m, 5H), 1.35 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=142.5, 137.4, 135.3, 128.9, 127.3, 125.5, 112.1, 71.0,
69.7, 57.8, 53.0, 52.4, 49.2, 49.0, 43.7, 43.4, 41.6, 39.6, 39.3, 23.0, 22.6,
22.5 ppm; IR (KBr): ñ=2957, 1107, 739 cm�1; MS (EI): m/z : 350 [M+];
HRMS (EI): m/z calcd for C24H30O2: 350.2246; found: 350.2267.


Norbornene aldehyde bicyclooctene acetal 11c : By use of the same pro-
cedure as for 11a, 11c (77.1 mg, 88%) was obtained from 5c (44.6 mg)
and (�)-7a (51.2 mg). Eluent for chromatography: AcOEt/hexane (1:50).
White crystals; m.p. 104–105 8C; 1H NMR (300 MHz, CDCl3): d=7.21–
7.09 (m, 5H), 6.50–6.48 (m, 1H), 6.25–6.22 (m, 1H), 6.07–5.94 (m, 2H),
3.81–3.75 (dd, J=12.6, 3.9 Hz, 1H), 3.55 (s, 1H), 3.51–3.07 (t, J=12 Hz,
1H), 2.99–2.98 (m, 2H), 2.81–2.75 (dd, J=12.6, 3.9 Hz, 1H), 2.60 (m,
1H), 2.32–2.04 (m, 5H), 1.74–1.72 (m, 1H), 1.33 (s, 3H), 1.49–1.09 ppm
(m, 5H); 13C NMR (75 MHz, CDCl3): d=142.4, 137.3, 135.2, 133.0, 132.8,
128.8, 127.3, 125.5, 111.2, 74.2, 73.3, 57.8, 53.1, 52.1, 49.2, 48.9, 45.3, 44.9,
33.1, 32.5, 25.2, 24.9, 22.5 ppm; IR (KBr): ñ=2936, 1111, 746 cm�1; MS
(EI): m/z : 362 [M+]; HRMS (EI): m/z calcd for C25H30O2: 362.2246;
found: 362.2259.
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Norbornene aldehyde oxohexene acetal 11d : By use of the same proce-
dure as for 11 a, 11d (106.0 mg, 96%) was obtained from 5 d (54.2 mg)
and (�)-7 a (67.2 mg). Eluent for chromatography: AcOEt/hexane (1:8).
Colorless oil; 1H NMR (300 MHz, CDCl3): d=7.23–7.12 (m, 5H), 6.53–
6.52 (m, 1H), 6.31–6.26 (m, 3H), 4.41 (s, 1H), 4.24 (s, 1H), 4.19–4.08 (m,
1H), 3.80 (s, 1H), 3.43–3.34 (t, J=12.6 Hz, 1H), 3.14–3.08 (dd, J=12.9,
5.4 Hz, 1H), 3.00 (m, 2H), 2.65–2.57 (m, 2H), 2.02–1.96 (m, 1H), 1.92–
1.83 (m, 1H), 1.75–1.73 (d, J=8.4 Hz, 1H), 1.52–1.49 (d, J=8.4 Hz, 1H),
1.33 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=142.4, 137.1, 135.7,
135.4, 128.8, 127.4, 125.6, 112.4, 80.6, 80.2, 72.5, 71.3, 60.4, 57.8, 53.0, 52.3,
49.2, 49.0, 43.2, 43.1, 22.3 ppm; IR (KBr): ñ=2970, 1047, 739 cm�1; MS
(FAB): m/z : 373 [M++Na]; HRMS (FAB): m/z calcd for C23H26NaO3:
373.1780 [M++Na]; found: 373.1776.


Norbornene aldehyde cyclopropane acetal 11 e : By use of the same pro-
cedure as for 11a, 11e (107.9 mg, 74%) and 11e’ (33.1 mg, 23%) were
obtained from 5e (100 mg) and (�)-7a (104 mg). Eluent for chromatog-
raphy: AcOEt/hexane (1:30). 11e : 1H NMR (300 MHz, CDCl3): d=7.26–
7.10 (m, 5H), 6.53 (dd, J=5.6, 2.9 Hz, 1H), 6.23 (dd, J=5.6, 2.7 Hz, 1H),
4.15 (dd, J=12.6, 3.0 Hz, 1H), 3.60 (d, J=11.9 Hz, 1H), 3.20 (dd, J=
12.9, 2.4 Hz, 1H), 3.16 (s, 1H), 3.00 (s, 1H), 3.00 (d, J=7.2 Hz, 1H), 2.61
(br s, 1H), 2.31 (d, J=13.2 Hz, 1H), 1.73 (d, J=8.4 Hz, 1H), 1.50 (dt, J=
10.2, 1.8 Hz, 1H), 1.37 (s, 3H), 0.85–0.78 (m, 1H), 0.70–0.60 (m, 2H),
0.30–0.20 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d=142.2, 137.0,
135.5, 129.0, 127.4, 125.6, 111.2, 68.0, 66.5, 57.5, 53.3, 52.8, 49.1, 49.0, 22.1,
16.7, 16.4, �0.2 ppm; IR (KBr): ñ=2968, 1083, 733 cm�1; MS (EI): m/z :
296 [M+]; HRMS (EI): m/z calcd for C20H24O2: 296.1776 [M


+]; found:
296.1769; 11 e’: 1H NMR (300 MHz, CDCl3): d=7.26–7.05 (m, 5H), 6.50
(dd, J=5.6, 2.9 Hz, 1H), 6.23 (dd, J=5.6, 3.0 Hz, 1H), 4.48 (dd, J=13.2,
6.6 Hz, 1H), 3.57 (s, 1H), 3.42 (dd, J=13.5, 6.6 Hz, 1H), 3.01 (s, 1H),
2.99 (br s, 1H), 2.87 (dd, J=13.2, 10.5 Hz, 1H), 2.63 (br s, 1H), 2.01 (dd,
J=13.5, 10.8 Hz, 1H), 1.75 (d, J=8.7 Hz, 1H), 1.49 (dt, J=10.0, 2.0 Hz,
1H), 1.42 (s, 3H), 1.40–1.15 (m, 2H), 0.82–0.75 (m, 1H), 0.37–0.32 ppm
(m, 1H); 13C NMR (75 MHz, CDCl3): d=142.5, 137.2, 135.3, 128.8, 127.3,
125.5, 114.5, 74.8, 73.4, 57.8, 53.0, 52.6, 49.1, 49.0, 22.7, 18.3, 17.9,
16.5 ppm; IR (KBr): ñ=2966, 1092, 741 cm�1.


Norbornene aldehyde cyclohexene acetal 11 f : By use of the same proce-
dure as for 11a, 11 f and 11 f’ (65.6 mg, 76%, 60% de) were obtained
from 5 f (72.8 mg) and (�)-7 a (54.4 mg) as an inseparable diastereomix-
ture. Eluent for chromatography: AcOEt/hexane (1:15). 1H NMR
(300 MHz, CDCl3): d=7.26–7.12 (m, 5H), 6.57–6.55 (m, 1H), 6.32–6.29
(m, 1H), 6.55–6.51 (m, 2H), 3.99 (s, 1H), 3.80–3.73 (dd, J=11.9, 6.2 Hz,
1H), 3.56–3.50 (dd, J=12.2, 3.8 Hz, 1H), 3.01–2.90 (m, 3H), 2.62 (m,
1H), 2.00–1.49 (m, 9H), 1.38 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d=142.4, 137.2, 135.4, 129.1, 127.5, 125.9, 125.6, 125.5, 104.4, 70.9, 70.1,
57.3, 53.4, 53.1, 49.3, 49.1, 38.3, 37.2, 27.4, 27.0, 22.0 ppm; IR (KBr): ñ=
2964, 1134, 741 cm�1; MS (EI): m/z : 336 [M+]; HRMS (EI): m/z calcd for
C23H28O2: 336.2089 [M


+]; found: 336.2084.


Norbornene aldehyde norbornane alcohol 16 b : NBS (61.0 mg, 1.1 equiv)
was added to a stirred solution of 11b (109.2 mg) in MeOH (3.2 mL) at
�40 8C under N2 and the reaction mixture was allowed to warm slowly to
RT. After completion of the reaction (checked by TLC), saturated aque-
ous Na2S2O3 was added to the mixture and the resulting solution was ex-
tracted with EtOAc. The organic layer was washed with brine, dried over
Na2SO4, and evaporated in vacuo. A catalytic amount of p-TsOH
(0.1 equiv) was added to a solution of the crude 15b in acetone/H2O
(4:1; 1 mL) and the resulting mixture was stirred at RT. After completion
of the reaction (checked by TLC), the solution was quenched by addition
of saturated aqueous NaHCO3 and extracted with AcOEt. The organic
layer was washed with brine, dried over Na2SO4, and evaporated in
vacuo. The residue was purified by SiO2 flash column chromatography
with hexane/AcOEt (3:1) as the eluent to give 16 b (64.1 mg, 0.143 mmol,
92% over 2 steps). Colorless oil; 1H NMR (300 MHz, CDCl3): d=9.43 (s,
1H), 7.37–7.09 (m, 5H), 4.19–4.18 (m, 2H), 3.78–3.76 (m, 1H), 3.49–3.40
(m, 3H), 3.29–3.25 (m, 1H), 3.15 (m, 1H), 2.51 (m, 1H), 2.22–1.91 (m,
7H), 1.51 (s, 3H), 1.35–1.19 ppm (m, 6H); 13C NMR (75 MHz, CDCl3):
d=204.7, 136.3, 129.1, 127.3, 126.7, 91.9, 69.2, 61.3, 56.1, 55.8, 51.1, 50.7,
50.4, 43.1, 40.4, 40.2, 39.7, 39.5, 34.0, 25.6, 22.8, 22.4 ppm; IR (KBr): ñ=
3395, 1711 cm�1; MS (FAB): m/z : 447 [M++H]; HRMS (FAB): m/z calcd
for C24H32BrO3: 447.1535 [M


++H]; found: 447.1544.


Norbornene aldehyde bicyclooctene alcohol 16c : By use of the same pro-
cedure as for 16b, 16c (84.2 mg, 95%) was obtained from 11 c (70.0 mg)


and NBS (37.8 mg). Eluent for chromatography: AcOEt/hexane (1:3).
White crystals; m.p. 107–108 8C; 1H NMR (300 MHz, CDCl3): d=9.45 (s,
1H), 7.37–7.09 (m, 5H), 6.17–6.09 (m, 2H), 4.17–4.10 (m, 2H), 3.52–3.06
(m, 6H), 2.48–2.41 (m, 3H), 2.14–1.89 (m, 4H), 1.59–1.47 (m, 5H),
1.51 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=204.7, 136.4, 133.21,
133.18, 129.1, 127.3, 126.7, 91.9, 71.7, 64.2, 56.1, 55.9, 51.1, 50.8, 50.5, 44.9,
41.7, 34.0, 33.5, 33.4, 25.6, 25.5, 25.0 ppm; IR (KBr): ñ=3371, 1711 cm�1;
MS (FAB): m/z : 481 [M++Na]; HRMS (FAB): m/z calcd for
C25H31BrNaO3: 481.1354 [M


++Na]; found: 481.1358.


Norbornene aldehyde oxohexene alcohol 16 d : By use of the same proce-
dure as for 16b, 16 d (51.7 mg, 95%) was obtained from 11d (41.1 mg)
and NBS (23.0 mg). Eluent for chromatography: AcOEt/hexane (1:1).
White solid; m.p. 119–120 8C; 1H NMR (300 MHz, CDCl3): d=9.44 (s,
1H), 7.38–7.10 (m, 5H), 6.31 (s, 2H), 5.30 (s, 1H), 4.77 (s, 1H), 4.60 (s,
1H), 4.19 (s, 2H), 3.79 (m, 1H), 3.62–3.58 (m, 1H), 3.50–3.41 (m, 3H),
3.15 (s, 1H), 2.49 (s, 1H), 2.16–2.13 (d, J=11.1 Hz, 1H), 1.94–1.91 (d, J=
11.1 Hz, 1H), 1.79–1.78 (m, 2H), 1.52 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3): d=204.7, 136.4, 135.8, 135.4, 129.1, 127.3, 126.7, 92.1, 80.9, 80.7,
70.2, 62.3, 56.10, 56.07, 51.2, 50.8, 50.5, 42.1, 39.9, 34.0, 25.6 ppm; IR
(KBr): ñ=3411, 1711 cm�1; HRMS (FAB): m/z calcd for C23H28BrNaO4:
447.1113 [M+H+]; found: 447.1142.


Norbornene aldehyde cyclopropane alcohol 16 e : By use of the same pro-
cedure as for 16 b, 15e and 15e’ (99%) were obtained from 11 e and 11e’
(132 mg) and NBS (87 mg). 15 e (138 mg, 76%) was obtained by separa-
tion with SiO2 flash column chromatography with hexane/AcOEt (20:1)
as the eluent. 16e (133 mg, 100%) was obtained from 15e. Colorless oil;
1H NMR (300 MHz, CDCl3): d=9.46 (s, 1H), 7.39–7.11 (m, 5H), 5.58–
5.57 (m, 2H), 4.21–4.09 (m, 2H), 3.46–3.41 (m, 3H), 3.32–3.27 (m, 1H),
3.19–3.14 (m, 2H), 2.76 (br s, 1H), 2.62–2.51 (m, 1H), 2.16–2.12 (m, 1H),
2.02–1.66 (m, 7H), 1.52 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=
206.1, 136.4, 129.1, 127.3, 126.8, 125.63, 125.56, 91.8, 69.8, 63.1, 56.6, 56.0,
51.2, 50.9, 50.7, 37.3, 34.0, 33.3, 27.2, 25.9, 25.7 ppm; IR (KBr): ñ=3402,
1709 cm�1; MS (FAB): m/z : 455 [M++Na]; HRMS (FAB): m/z calcd for
C23H29BrNaO3: 455.1197 [M


++Na]; found: 455.1189.


Norbornene aldehyde cyclohexene alcohol 16 f : By use of the same pro-
cedure as for 16b, 15 f and 15 f’ (98%) were obtained from 11 f and 11 f’
(96.4 mg) and NBS (56.0 mg). 15 f (99.6 mg, 78%) was obtained by sepa-
ration with SiO2 flash column chromatography with hexane/AcOEt
(20:1) as the eluent. 16 f (96.4 mg, 0.224 mmol, 100%) was obtained from
15 f. Colorless oil; 1H NMR (300 MHz, CDCl3): d=9.46 (s, 1H), 7.39–
7.11 (m, 5H), 5.58–5.57 (m, 2H), 4.21–4.09 (m, 2H), 3.46–3.41 (m, 3H),
3.32–3.27 (m, 1H), 3.19–3.14 (m, 2H), 2.76 (br s, 1H), 2.62–2.51 (m, 1H),
2.16–2.12 (m, 1H), 2.02–1.66 (m, 7H), 1.52 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=206.1, 136.4, 129.1, 127.3, 126.8, 125.63, 125.56,
91.8, 69.8, 63.1, 56.6, 56.0, 51.2, 50.9, 50.7, 37.3, 34.0, 33.3, 27.2, 25.9, 25.7;
IR (KBr): ñ=3402, 1709 cm�1; MS (FAB): m/z : 455 [M++Na]; HRMS
(FAB): m/z calcd for C23H29BrNaO3: 455.1197 [M++Na]; found:
455.1189.


Norbornene aldehyde norbornane silylether 17b : By use of the same pro-
cedure as for 17 a, 17b (84.6 mg, 94%) was obtained from 16b (58.4 mg),
TBDPSCl (74 mL), imidazole (39.2 mg), and DMF (0.8 mL). Eluent for
chromatography: AcOEt/hexane (1:10). Colorless oil; 1H NMR
(300 MHz, CDCl3): d=9.35 (s, 1H), 7.64–7.07 (m, 15H), 4.13–4.01 (m,
2H), 3.75–3.69 (m, 1H), 3.56–3.50 (m, 1H), 3.34–3.31 (m, 3H), 3.22–3.16
(m, 1H), 3.09 (m, 1H), 2.35–2.28 (m, 2H), 2.17–1.98 (m, 3H), 1.87–1.83
(m, 1H), 1.46 (s, 3H), 1.27–1.19 (m, 7H), 1.02 ppm (s, 9H); 13C NMR
(75 MHz, CDCl3): d=204.6, 136.6, 135.62, 135.58, 134.1, 129.5, 129.0,
127.6, 127.5, 127.4, 126.6, 91.7, 68.5, 61.7, 56.3, 56.1, 51.2, 51.0, 50.8, 42.7,
39.7, 39.6, 39.5, 39.4, 34.0, 26.9, 25.5, 22.3, 22.1, 19.2 ppm; MS (FAB):
m/z : 707 [M++Na]; IR (KBr): ñ=1713 cm�1; HRMS (FAB): m/z calcd
for C40H49BrNaO3Si: 707.2532 [M


++Na]; found: 707.2542.


Norbornene aldehyde bicyclooctene silylether 17 c : By use of the same
procedure as for 17 a, 17 c (108.2 mg, 98%) was obtained from 16 c
(79.2 mg), TBDPSCl (98 mL), imidazole (51.6 mg), and DMF (1.2 mL).
Eluent for chromatography: AcOEt/hexane (1:10). Colorless oil;
1H NMR (300 MHz, CDCl3): d=9.39 (s, 1H), 7.64–7.08 (m, 15H), 6.11–
5.96 (m, 2H), 4.12–4.10 (m, 1H), 3.99–3.96 (m, 1H), 3.54–3.49 (m, 1H),
3.36–3.34 (m, 1H), 3.28–3.16 (m, 2H), 3.10 (m, 1H), 2.92–2.86 (t, J=
9 Hz, 1H), 2.63 (m, 1H), 2.42 (m, 1H), 2.32 (m, 1H), 2.07–1.97 (m, 3H),
1.86–1.82 (m, 1H), 1.46 (s, 3H), 1.43–1.02 (m, 4H), 1.03 ppm (s, 9H);
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13C NMR (75 MHz, CDCl3): d=204.6, 136.6, 135.60, 135.56, 134.01,
133.99, 133.3, 133.2, 129.5, 129.0, 127.6, 127.4, 126.6, 91.9, 77.4, 77.0, 76.6,
70.7, 64.2, 56.3, 56.2, 51.2, 51.0, 50.9, 44.2, 41.5, 34.0, 32.3, 26.9, 25.45,
25.38, 25.0, 19.2; MS (FAB): m/z : 719 [M++Na]; IR (KBr): ñ=


1713 cm�1; HRMS (FAB): m/z calcd for C41H49BrNaO3Si: 719.2732
[M++Na]; found: 719.2496.


Norbornene aldehyde oxohexene silylether 17 d : By use of the same pro-
cedure as for 17a, 17 d (102.2 mg, 94%) was obtained from 16d
(73.4 mg), TBDPSCl (90 mL), imidazole (47.4 mg), and DMF (1.2 mL).
Eluent for chromatography: AcOEt/hexane (1:6). Colorless oil; 1H NMR
(300 MHz, CDCl3): d=9.38 (s, 1H), 7.65–7.08 (m, 15H), 6.28–6.25 (m,
2H), 4.85 (s, 1H,), 4.59 (s, 1H), 4.11–4.03 (m, 2H), 3.75–3.70 (dd, J=9.9,
6.0 Hz, 1H), 3.61–3.55 (t, J=9.6 Hz, 1H), 3.43–3.36 (m, 2H), 3.23–3.17 (t,
J=9.6 Hz, 1H), 3.11–3.10 (m, 1H), 2.37–2.36 (m, 1H), 2.09–2.06 (m,
1H), 1.88–1.84 (m, 1H), 1.80–1.75 (m, 1H), 1.71–1.66 (m, 1H), 1.48 (s,
3H), 1.04 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=204.6, 136.6,
135.55, 135.52, 135.48, 135.4, 133.7, 133.6, 129.6, 129.0, 127.69, 127.67,
127.4, 126.6, 92.0, 80.5, 80.2, 69.9, 63.2, 56.2, 56.1, 51.3, 50.8, 50.7, 42.4,
39.7, 34.0, 26.9, 25.4, 19.2 ppm; IR (KBr): ñ=1713 cm�1; MS (FAB): m/z :
691 [M++Li]; HRMS (FAB): m/z calcd for C39H45BrLiO4Si: 691.2430
[M++Li]; found: 691.2427.


Norbornene aldehyde cyclopropane silylether 17e : By use of the same
procedure as for 17a, 17 e (60.1 mg, 95%) was obtained from 16 e
(39.2 mg), TBDPSCl (57 mL), imidazole (29.9 mg), and DMF (0.5 mL).
Eluent for chromatography: AcOEt/hexane (1:15). Colorless oil;
1H NMR (300 MHz, CDCl3): d=9.43 (s, 1H), 7.67–7.63 (m, 4H), 7.43–
7.24 (m, 9H), 7.12–7.10 (m, 2H), 4.22–4.08 (m, 2H), 3.74–3.68 (m, 1H),
3.54–3.48 (m, 2H), 3.38–3.39 (m, 1H), 3.14–3.08 (m, 2H), 2.38 (br s, 1H),
2.11 (d, J=11.1 Hz, 1H), 1.88 (m, 1H), 1.49 (s, 3H), 1.29–0.97 (m, 2H),
1.03 (s, 9H), 0.67–0.14 (m, 1H), 0.10–0.08 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3): d=204.6, 136.6, 135.6, 134.0, 133.9, 129.5, 129.0, 127.6,
127.5, 127.4, 126.6, 91.1, 70.0, 63.9, 56.4, 56.1, 51.4, 51.2, 50.8, 34.0, 26.9,
25.6, 19.2, 17.6, 15.0, 14.2, 8.7 ppm; IR (KBr): ñ=1713 cm�1; MS (FAB):
m/z : 653 [M++Na]; HRMS (FAB): m/z calcd for C36H43O3BrSiNa:
653.2028 [M++Na]; found: 653.2045.


Norbornene aldehyde cyclohexene silylether 17 f : By use of the same
procedure as for 17a, 17 f (63.2 mg, 98%) was obtained from 16 f
(41.6 mg), TBDPSCl (54 mL), imidazole (28.8 mg), and DMF (1.0 mL).
Eluent for chromatography: AcOEt/hexane (1:15). Colorless oil;
1H NMR (300 MHz, CDCl3): d=9.34 (s, 1H), 7.66–7.62 (m, 4H), 7.41–
7.23 (m, 9H), 7.11–7.09 (m, 2H), 5.51 (m, 2H), 4.16–4.04 (m, 2H), 3.62–
3.48 (m, 2H), 3.36–3.35 (m, 1H), 3.33–3.20 (m, 2H), 3.11 (m, 1H), 2.32
(m, 1H), 2.11–1.72 (m, 8H), 1.57 (s, 3H), 1.03 ppm (s, 9H); 13C NMR
(75 MHz, CDCl3): d=204.3, 136.6, 135.61, 135.59, 133.89, 133.85, 129.52,
129.47, 129.0, 127.60, 127.57, 127.4, 126.6, 125.5, 125.4, 91.8, 71.5, 64.5,
56.6, 56.1, 51.4, 51.0, 50.7, 37.1, 34.9, 33.9, 26.9, 26.70, 26.66, 25.5,
19.2 ppm; IR (KBr): ñ=1713 cm�1; MS (FAB): m/z : 693 [M++Na];
HRMS (FAB): m/z calcd for C39H47BrNaO3Si: 693.2576 [M


++Na];
found: 693.2362.


Norbornane silylether 18b : By use of the same procedure as for 18 a, 18 b
(69.0 mg, 94%) and 7a (36.5 mg, 93%) were obtained from 17b
(127.5 mg), Zn(OTf)2 (405 mg), Zn (245 mg), and DMA (2.0 mL). Eluent
for chromatography: AcOEt/hexane (1:5). 18 b : Colorless oil; [a]25D=
�8.31 (c=1.28, CHCl3); the optical purity of 18 b (98% ee) was deter-
mined by HPLC analysis (Chiralpak OD-H, hexane/iPrOH (99:1),
0.5 mLmin�1 flow rate, 262 nm wavelength; retention times: 19.11 min
and 21.68 min for (� )-18 b and 19.68 min for (+)-18 b); 1H NMR
(300 MHz, CDCl3): d=7.69–7.65 (m, 4H), 7.43–7.39 (m, 6H), 4.02–3.95
(m, 2H), 3.64–3.59 (m, 3H), 2.26 (m, 3H), 2.08 (m, 1H), 1.61 (m, 1H),
1.44–1.17 (m, 5H), 1.04 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=
135.5, 135.4, 132.9, 132.8, 129.8, 129.7, 127.72, 127.67, 63.8, 61.8, 43.7,
42.9, 40.8, 40.7, 40.0, 26.8, 22.8, 22.7, 19.2 ppm; IR (KBr): ñ=3404 cm�1;
MS (FAB): m/z 395 [M++H]; HRMS (FAB): m/z calcd for C25H35O2Si:
395.2406 [M++H]; found: 395.2409.


Bicyclooctene silylether 18 c : By use of the same procedure as for 18 a,
18c (42.4 mg, 89%) and 7a (21.8 mg, 88%) were obtained from 17 c
(81.8 mg), Zn(OTf)2 (256 mg), Zn (154 mg), and DMA (1.0 mL). Eluent
for chromatography: AcOEt/hexane (1:5). 18 c : Colorless oil; [a]24D=
+2.11 (c=1.48, CHCl3); the optical purity of 18c (98% ee) was determined
by HPLC analysis (Chiralpak OD-H, hexane/iPrOH (99:1), 0.5 mLmin�1


flow rate, 262 nm wavelength; retention times: 22.20 min and 24.33 min
for (� )-18c and 22.24 min for (+)-18 c); 1H NMR (300 MHz, CDCl3): d=
7.69–7.64 (m, 4H), 7.47–7.23 (m, 6H), 6.15–5.95 (m, 2H), 3.74–3.64 (m,
3H), 3.48–3.43 (m, 2H), 2.47 (m, 1H), 2.28–2.25 (m, 3H), 1.62–1.45 (m,
2H), 1.26–1.17 (m, 2H), 1.04 ppm (s, 9H); 13C NMR (75 MHz, CDCl3):
d=135.6, 135.5, 134.8, 133.2, 133.0, 132.7, 129.85, 129.80, 127.77, 127.75,
66.4, 64.9, 45.8, 45.2, 34.1, 33.9, 26.8, 25.6, 25.2, 19.1 ppm; IR (KBr): ñ=
3406 cm�1; MS (FAB): m/z : 407 [M++H]; HRMS (FAB): m/z calcd for
C26H35O2Si: 407.2406 [M


++H]; found: 407.2428.


Oxohexene silylether 18d :[15] By use of the same procedure as for 18 a,
18d (67.0 mg, 86%) and 7 a (41 mg, 98%) were obtained from 17d
(135 mg), Zn(OTf)2 (430 mg), Zn (260 mg), and DMA (3.0 mL). Eluent
for chromatography: AcOEt/hexane (1:2). 18d : Colorless solid; m.p. 84–
85 8C; [a]20D=�17.73 (c=1.01, CHCl3); the optical purity of 18d (99%
ee) was determined by HPLC analysis (Chiralpak OD-H, hexane/iPrOH
(99:1), 0.5 mLmin�1 flow rate, 259 nm wavelength; retention times:
64.40 min and 70.43 min for (� )-18 d and 69.33 min for (+)-18d);
1H NMR (300 MHz, CDCl3): d=7.69–7.65 (m, 4H), 7.47–7.37 (m, 6H),
6.39–6.32 (m, 2H), 4.74 (s, 1H), 4.66 (s, 1H), 3.91–3.85 (m, 2H), 3.79–
3.73 (m, 1H), 3.67–3.66 (m, 1H), 3.10–3.08 (m, 1H), 1.97–1.93 (m, 2H),
1.05 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=135.8, 135.6, 135.52,
135.48, 132.9, 129.9, 127.8, 81.2, 80.8, 64.4, 62.5, 42.7, 42.5, 26.8, 19.1 ppm;
IR (KBr): ñ=3422 cm�1; MS (FAB): m/z : 395 [M++Na]; HRMS (FAB):
m/z calcd for C24H31NaO3Si: 395.2042 [M


++Na]; found: 395.2036.


Cyclopropane silylether 18e : By use of the same procedure as for 18 a,
18e (33.0 mg, 92%) and 7 a (18.8 mg, 94%) were obtained from 17e
(63.2 mg), Zn(OTf)2 (206 mg), Zn (122.8 mg), and DMA (0.8 mL).
Eluent for chromatography: AcOEt/hexane (1:4). 18e : Colorless oil;
[a]27D=�12.31 (c=1.14, CHCl3); the optical purity of 18 e (99% ee) was
determined by HPLC analysis (Chiralpak OD-H, hexane/iPrOH (99:1),
0.5 mLmin�1 flow rate, 261 nm wavelength; retention times: 16.64 min
and 18.81 min for (� )-18e and 19.69 min for (+)-18 e); 1H NMR
(300 MHz, CDCl3): d=7.69–7.65 (m, 4H), 7.47–7.36 (m, 6H), 5.57–5.52
(m, 2H), 3.77–3.53 (m, 4H), 2.76 (br s, 1H), 2.12–1.88 (m, 6H), 1.06 ppm
(s, 9H); 13C NMR (75 MHz, CDCl3): d=135.52, 135.47, 133.0, 129.71,
129.68, 127.6, 125.5, 125.3, 65.3, 64.1, 37.9, 37.3, 27.3, 26.9, 26.6, 19.2 ppm;
IR (KBr): ñ=3344 cm�1; MS (FAB): m/z : 381 [M++H]; HRMS (FAB):
m/z calcd for C24H33O2Si: 381.2250 [M


++H]; found: 381.2260.


Cyclohexene silylether 18 f :[16] By use of the same procedure for 18a, 18 f
(33.0 mg, 92%) and 7a (18.8 mg, 94%) were obtained from 17 f
(63.2 mg), Zn(OTf)2 (206 mg), Zn (122.8 mg), and DMA (0.8 mL).
Eluent for chromatography: AcOEt/hexane (1:4). 18 f : Colorless oil;
[a]27D=�12.31 (c=1.14, CHCl3); the optical purity of 18 f (99% ee) was
determined by HPLC analysis (Chiralpak OD-H, hexane/iPrOH (99:1),
0.5 mLmin�1 flow rate, 263 nm wavelength; retention times: 27.69 min
and 33.20 min for (� )-18 f and 34.35 min for (+)-18 f); 1H NMR
(300 MHz, CDCl3): d=7.69–7.65 (m, 4H), 7.47–7.36 (m, 6H), 5.57–5.52
(m, 2H), 3.77–3.53 (m, 4H), 2.76 (br s, 1H), 2.12–1.88 (m, 6H), 1.06 ppm
(s, 9H); 13C NMR (75 MHz, CDCl3): d=135.52, 135.47, 133.0, 129.71,
129.68, 127.6, 125.5, 125.3, 65.3, 64.1, 37.9, 37.3, 27.3, 26.9, 26.6, 19.2 ppm;
IR (KBr): ñ=3344 cm�1; MS (FAB): m/z : 381 [M++H]; HRMS (FAB):
m/z calcd for C24H33O2Si: 381.2250 [M


++H]; found: 381.2260.


Norbornene aldehyde 1,3-dimethyl acetal 21a : By use of the same proce-
dure as for 11 a, 21a (257 mg, 94%) was obtained from 20 a (106 mg) and
(�)-7 a (194 mg). Eluent for chromatography: AcOEt/hexane (1:50).
White solid; m.p. 78–79 8C; 1H NMR (300 MHz, CDCl3): d=7.36–7.09
(m, 5H), 6.50–6.48 (m, 1H), 6.28–6.26 (m, 1H), 3.78 (s, 1H), 3.46–3.39
(m, 1H), 3.01 (br s, 2H), 2.67 (br s, 1H), 2.65–2.59 (m, 1H), 1.76–1.74 (m,
1H), 1.52–1.48 (m, 1H), 1.36 (s, 3H), 1.21–1.16 (m, 1H), 1.13–1.11 (d, J=
6 Hz, 3H), 0.96–0.85 (m, 1H), 0.61–0.59 ppm (d, J=6 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=142.4, 137.5, 134.9, 129.1, 127.0, 125.4, 103.7, 72.2,
71.7, 57.5, 52.5, 51.2, 49.1, 48.9, 40.4, 22.4, 21.9, 20.9 ppm; IR (KBr): ñ=
2970, 1022, 745 cm�1; MS (EI): m/z : 298 [M+]; HRMS (EI): m/z calcd for
C20H26O2: 298.1933; found: 298.1950; elemental analysis calcd (%) for
C20H26O2: C 80.50, H 8.78; found: C 80.20; H 8.80.


Norbornene aldehyde 1,3-diallyl acetal 21b : By use of the same proce-
dure as for 11 a, 21b (75.2 mg, 90%) was obtained from 20 b (50.0 mg)
and (�)-7a (58.8 mg): Eluent for chromatography: AcOEt/hexane (1:50).
Colorless oil; 1H NMR (300 MHz, CDCl3): d=7.21–7.09 (m, 5H), 6.46
(dd, J=5.6, 2.4 Hz, 1H), 6.27 (dd, J=5.6, 3.2 Hz, 1H), 5.91–5.77 (m,
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1H), 5.27–5.01 (m, 3H), 4.83–4.77 (m, 1H), 3.85 (s, 1H), 3.35–3.30 (m,
1H), 2.98 (br s, 2H), 2.70–2.59 (m, 2H), 2.30–2.04 (m, 2H), 1.75–1.70 (m,
3H), 1.48 (d, J=8.4 Hz, 1H), 1.35 (s, 3H), 1.20 (dt, J=12.9, 2.5 Hz, 1H),
0.99–0.91 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d=142.3, 137.6,
134.8, 134.7, 134.6, 129.0, 127.3, 125.5, 116.5, 116.0, 103.4, 75.7, 74.9, 57.5,
52.5, 51.5, 49.3, 48.8, 40.4, 39.9, 35.9, 22.4 ppm; IR (KBr): ñ=2974, 1342,
1020, 912, 742 cm�1; elemental analysis calcd (%) for C24H30O2: C 82.24,
H 8.63; found: C 82.11, H 8.72.


Norbornene aldehyde 1,3-diisopropyl acetal 21c : By use of the same pro-
cedure as for 11a, 21c (147 mg, 88%) was obtained from 20c (83 mg)
and (�)-7a (100 mg). Eluent for chromatography: hexane. Colorless oil;
1H NMR (300 MHz, CDCl3): d=7.15–7.06 (m, 5H), 6.42–6.41 (m, 1H),
6.30–6.27 (m, 1H), 3.91 (s, 1H), 2.95–2.92 (s, 3H), 2.71 (br s, 1H), 2.38–
2.35 (m, 1H), 1.72 (d, J=8.4 Hz, 1H), 1.57–1.55 (m, 3H), 1.43 (d, J=
8.4 Hz, 1H), 1.32 (s, 1H), 1.27–1.12 (m, 3H), 0.95 (d, J=6.6 Hz, 3H),
0.84 (d, J=6.6 Hz, 3H), 0.46 (d, J=6.6 Hz, 3H), 0.31 ppm (d, J=6.6 Hz,
3H); 13C NMR (75 MHz, CDCl3): d=142.6, 137.9, 134.7, 129.1, 127.5,
125.5, 102.9, 81.3, 80.1, 57.6, 52.9, 52.2, 49.8, 48.6, 33.2, 32.6, 31.2, 22.6,
18.4, 18.3, 17.9, 17.6 ppm; IR (KBr): ñ=2959, 1109, 746 cm�1; elemental
analysis calcd (%) for C24H34O2: C 81.31, H 9.67; found: C 81.36, H 9.71.


Norbornene aldehyde 1,3-dimethyl alcohol 22a : By use of the same pro-
cedure as for 16a, 22a (52.5 mg, 99%) was obtained by p-TsOH hydroly-
sis of the product from the reaction of 21a (40.0 mg), NBS (26.0 mg), and
MeOH (1.5 mL). Eluent for chromatography: AcOEt/hexane (1:3). Col-
orless oil; 1H NMR (300 MHz, CDCl3): d=9.39 (s, 1H), 7.36–7.08 (m,
5H), 4.29–4.26 (m, 1H), 4.18–4.17 (m, 1H), 3.83 (m, 1H), 3.73–3.66 (q,
J=6.2 Hz, 1H), 3.39 (m, 1H), 3.14 (m, 1H), 2.35 (m, 1H), 2.19–2.14 (d,
J=12 Hz, 1H), 1.93–1.89 (d, J=12 Hz, 1H), 1.78 (br s, 1H), 1.72–1.64 (m,
1H), 1.51 (s, 3H), 1.42–1.33 (m, 1H), 1.15–1.13 (d, J=6.8 Hz, 3H), 1.08–
1.06 ppm (d, J=6.8 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=205.1,
136.3, 128.9, 127.2, 126.6, 89.9, 77.5, 77.0, 76.5, 75.9, 66.0, 57.8, 56.3, 51.9,
51.4, 51.2, 45.6, 34.4, 25.5, 24.0, 20.1 ppm; IR (KBr): ñ=3404, 1713 cm�1;
HRMS (EI): m/z calcd for C20H28O2Br: 395.1221; found: 395.1218.


Norbornene aldehyde 1,3-diallyl alcohol 22b : By use of the same proce-
dure as for 16 a, 22b (66.8 mg, 87%) was obtained by p-TsOH hydrolysis
of the product from the reaction of 21b (61.2 mg), NBS (18.6 mg), and
MeOH (1.74 mL). Eluent for chromatography: AcOEt/hexane (1:3). Col-
orless oil; 1H NMR (300 MHz, CDCl3): d=9.37 (s, 1H), 7.35–7.07 (m,
5H), 5.79–5.57 (m, 2H), 5.10–4.99 (m, 4H), 4.30 (t, J=3.9 Hz, 1H), 4.21–
4.19 (m, 1H), 3.71–3.63 (m, 2H), 3.37 (d, J=3.3 Hz, 1H), 3.14 (d, J=
1.8 Hz, 1H), 2.33–1.87 (m, 8H), 1.65–1.50 (m, 2H), 1.49 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): d=204.9, 136.3, 134.4, 133.8, 128.9, 127.2,
126.6, 118.1, 117.7, 90.2, 78.7, 68.1, 57.3, 56.2, 51.9, 51.4, 51.2, 42.0, 40.3,
37.9, 34.1, 25.2 ppm; IR (KBr): ñ=3410, 2974, 1713, 1084, 914 cm�1;
HRMS (FAB): m/z calcd for C24H32O3Br: 447.1535 [M


++H]; found:
447.1544.


Norbornene aldehyde 1,3-diisopropyl alcohol 22c : By use of the same
procedure as for 16a, 22c (77 mg, 70%) was obtained by p-TsOH hydrol-
ysis of the product from the reaction of 21 c (87 mg), NBS (49 mg), and
MeOH (1.8 mL). Eluent for chromatography: AcOEt/hexane (1:5). Col-
orless oil; 1H NMR (300 MHz, CDCl3): d=9.29 (s, 1H), 7.28–7.23 (m,
3H), 7.04–7.01 (m, 2H), 4.21–4.20 (m, 1H), 4.16–4.15 (m, 1H), 3.40–3.39
(m, 1H), 3.30 (m, 1H), 3.09 (s, 1H), 2.22 (br s, 1H), 2.07 (d, J=10.8 Hz,
1H), 1.84–1.79 (m, 2H), 1.54–1.35 (m, 3H), 1.43 (s, 3H), 1.18–1.13 (m,
2H), 0.78 (d, J=6.9 Hz, 3H), 0.77 (d, J=6.9 Hz, 3H), 0.69 (d, J=6.9 Hz,
3H), 0.68 ppm (d, J=6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=204.5,
136.4, 128.9, 127.2, 126.6, 91.8, 86.2, 74.9, 57.5, 56.4, 52.6, 51.7, 51.5, 35.1,
34.2, 33.6, 30.2, 25.3, 18.7, 17.5, 17.3, 16.7 ppm; IR (KBr): ñ=3500,
1715 cm�1; HRMS (FAB): m/z calcd for C24H36O3Br: 451.1848 [M


++H];
found: 451.1853.


Norbornene aldehyde 1,3-dimethyl silylether 23 a : By use of the same
procedure as for 17 a, 23 a (104.0 mg, 100%) was obtained from 22 a
(65.0 mg), TBDPSCl (94 mL), imidazole (50 mg), and DMF (0.8 mL).
Eluent for chromatography: AcOEt/hexane (1:15). Colorless oil;
1H NMR (300 MHz, CDCl3): d=9.29 (s, 1H), 7.64–7.08 (m, 15H), 4.20–
4.08 (m, 2H), 3.80–3.78 (m, 1H), 3.58–3.52 (m, 1H), 3.36 (m, 1H), 3.12
(m, 1H), 2.23 (m, 1H), 2.14–2.10 (m, 1H), 1.89–1.75 (m, 3H), 1.47 (s,
3H), 1.00 (s, 9H), 1.04–1.01 (d, J=6.3 Hz, 3H), 0.83–0.81 ppm (d, J=
6.3 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=205.1, 136.6, 135.8, 135.7,
134.6, 134.0, 129.5, 129.4, 128.9, 127.5, 127.3, 127.3, 126.5, 89.4, 73.9, 66.8,


57.5, 56.2, 51.9, 51.2, 51.2, 46.3, 34.2, 27.0, 25.3, 23.8, 19.5, 19.2 ppm; IR
(KBr): ñ=3439 cm�1; HRMS (FAB): m/z calcd for C36H45O3BrSiNa:
655.2219 [M++Na]; found: 655.2224.


Norbornene aldehyde 1,3-diallyl silylether 23b : By use of the same pro-
cedure as for 16a, 23 b (120.2 mg, 96%) was obtained from 22b
(81.3 mg), TBDPSCl (140 mL), imidazole (75 mg), and DMF (0.5 mL).
Eluent for chromatography: AcOEt/hexane (1:15). Colorless oil;
1H NMR (300 MHz, CDCl3): d=9.22 (s, 1H), 7.64–7.06 (m, 15H), 5.70–
5.40 (m, 2H), 4.90–4.80 (m, 4H), 4.16 (t, J=3.9 Hz, 1H), 4.07–4.05 (m,
1H), 3.80–3.74 (m, 1H), 3.55–3.48 (m, 1H), 3.33 (d, J=3.3 Hz, 1H), 3.10
(br s, 1H), 2.20–1.80 (m, 7H), 1.70–1.50 (m, 2H), 1.50 (s, 3H), 1.01 ppm
(s, 9H); 13C NMR (75 MHz, CDCl3): d=204.7, 136.5, 135.8, 135.7, 134.3,
134.2, 133.9, 133.7, 129.5, 129.5, 128.9, 127.5, 127.4, 127.3, 126.6, 117.4,
117.1, 90.6, 78.1, 69.9, 57.5, 56.2, 52.1, 51.3, 51.3, 41.0, 40.2, 37.9, 34.2,
27.0, 25.2, 19.3 ppm; IR (KBr): ñ=2929, 1715, 1113, 912 cm�1; HRMS
(FAB): m/z calcd for C40H49O3BrSiNa: 707.2532 [M++Na]; found:
707.2562.


Norbornene aldehyde 1,3-diisopropyl silylether 23c : By use of the same
procedure for 16 a, 23c (74 mg, 97%) was obtained from 22c (50 mg),
TBDPSCl (0.13 mL), imidazole (68 mg), and DMF (0.5 mL). Eluent for
chromatography: AcOEt/hexane (1:30); white crystal. M.p. 93–94 8C;
1H NMR (300 MHz, CDCl3): d=9.07 (s, 1H), 7.56–7.54 (m, 4H), 7.27–
7.00 (m, 11H), 4.00–3.96 (m, 2H), 3.55 (m, 1H), 3.23 (br s, 1H), 3.02
(br s, 1H), 2.02–1.96 (m, 2H), 1.71–1.52 (m, 2H), 1.49–1.47 (m, 1H), 1.36
(s, 3H), 1.36–1.18 (m, 4H), 0.94 (s, 9H), 0.84 (d, J=7.5 Hz, 3H), 0.66 (d,
J=7.5 Hz, 3H), 0.46 (d, J=7.5 Hz, 3H), 0.35 ppm (J=7.5 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=204.4, 136.5, 135.8, 135.7, 134.6, 134.3,
129.3, 129.2, 128.9, 127.3, 127.2, 126.5, 92.0, 84.9, 74.7, 57.5, 56.4, 52.7,
52.7, 51.6, 34.2, 34.2, 32.0, 29.9, 27.2, 25.1, 19.7, 18.7, 17.6, 16.6, 16.3 ppm;
IR (KBr): ñ=1717, 1111 cm�1; HRMS (FAB): m/z calcd for C40H53O3Br-
SiNa: 711.2845 [M++Na]; found: 711.2816.


1,3-Dimethyl silylether 24 a : By use of the same procedure as for 18 a,
24a (61.2 mg, 86%) and 7 a (37.8 mg, 86%) were obtained from 23a
(132 mg), Zn(OTf)2 (453 mg), Zn (273 mg), and DMA (2.0 mL). Eluent
for chromatography: AcOEt/hexane (1:4). 24 a : Colorless oil; [a]24D=
�16.93 (c=1.33, CHCl3); the optical purity of 24 a (99% ee) was deter-
mined by HPLC analysis (Chiralpak AD-H, hexane/iPrOH (150:1),
0.5 mLmin�1 flow rate, 264 nm wavelength; retention times: 20.11 min
and 22.21 min for (� )-24a and 20.31 min for (+)-24 a); 1H NMR
(300 MHz, CDCl3): d=7.75–7.70 (m, 4H), 7.46–7.36 (m, 6H), 4.13–4.00
(m, 2H), 3.00 (br s, 1H), 1.74–1.49 (m, 2H), 1.04 (s, 9H), 1.15–1.12 (d,
J=6.2 Hz, 3H), 0.99–0.97 ppm (d, J=6.2 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=135.8, 135.8, 134.4, 133.5, 129.8, 129.6, 127.7, 127.5, 70.6, 67.0,
48.0, 26.9, 24.1, 23.6, 19.1 ppm; IR (KBr): ñ=3439 cm�1; elemental analy-
sis calcd (%) for C21H30O2Si: C 73.63, H 8.83; found: C 73.32, H 8.69.


1,3-Diallyl silylether 24 b : By use of the same procedure as for 18 a, 24b
(53.3 mg, 92%) and 7a (29.3 mg, 94%) were obtained from 23b
(101.0 mg), Zn(OTf)2 (321 mg), Zn (193 mg), and DMA (1.5 mL). Eluent
for chromatography: AcOEt/hexane (1:15). 24 b : Colorless oil; [a]24D=
�24.0 (c=2.03, CHCl3); the optical purity of 24 b (99% ee) was deter-
mined by HPLC analysis (Chiralpak AD-H, hexane, 0.5 mLmin�1 flow
rate, 261 nm wavelength; retention times: 29.35 min and 32.33 min for
(� )-24b and 29.31 min for (+)-24 b); 1H NMR (300 MHz, CDCl3):
d=7.75–7.66 (m, 4H), 7.50–7.30 (m, 6H), 5.79–5.53 (m, 2H), 5.10–4.78
(m, 4H), 4.01–3.78 (m, 2H), 2.50 (br s, 1H), 2.20–2.06 (m, 4H), 1.70–1.56
(m, 2H), 1.06 ppm (9H, s); 13C NMR (75 MHz, CDCl3): d=135.9, 134.6,
134.1, 133.6, 129.8, 129.7, 127.7, 127.5, 117.7, 117.4, 72.7, 69.1, 42.4, 42.0,
41.8, 27.0, 19.2 ppm; IR (KBr): ñ=3460, 2932, 1427, 1111, 914 cm�1; ele-
mental analysis calcd (%) for C25H34O2Si: C 76.09, H 8.68; found:
C 75.93, H 8.72.


1,3-Diisopropyl silylether 24c : By use of the same procedure as for 18 a,
24c (99 mg, 99%) and (�)-7 a (54 mg, 100%) were obtained from 23 c
(174 mg), Zn(OTf)2 (552 mg), Zn (330 mg), and DMA (2.4 mL). Eluent
for chromatography: AcOEt/hexane (1:30!1:15). Colorless oil; [a]29D=++


4.29 (c=1.43); the optical purity of 24c (99% ee) was determined by
HPLC analysis (Chiralpak AD-H, hexane, 0.5 mLmin�1 flow rate,
261 nm wavelength; retention times: 25.24 min and 27.16 min for (� )-
24c and 25.01 min for (+)-24c); 1H NMR (300 MHz, CDCl3): d=7.65–
7.63 (m, 4H), 7.35–7.18 (m, 6H), 6.30–6.27 (m, 1H), 3.80–3.75 (m, 1H),
3.27 (m, 1H), 1.97–1.18 (m, 4H), 1.00 (s, 9H), 0.83 (d, 6.9 Hz, 3H), 0.76
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(d, 6.6 Hz, 3H), 0.74 (d, 6.6 Hz, 3H), 0.70 ppm (d, 6.9 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=136.0, 134.3, 134.2, 129.6, 129.6, 127.5, 127.5, 77.3,
74.6, 36.0, 33.5, 32.3, 27.1, 19.5, 18.4, 17.5, 17.1, 16.8 ppm; IR (KBr): ñ=
3500, 1471, 1111 cm�1; elemental analysis calcd (%) for C25H38O2Si: C
75.47, H 9.80; found: C 75.32, H 9.61.


Norbornene aldehyde 1,2-dimethyl acetal 26 : By use of the same proce-
dure as for 11a, 26 (65.6 mg, 84%) was obtained from 25 (50.0 mg) and
(�)-7 a (58.8 mg). Eluent for chromatography: AcOEt/hexane (1:50).
Colorless oil; 1H NMR (300 MHz, CDCl3): d=7.19–7.15 (m, 5H), 6.47–
6.37 (m, 2H), 4.25 (s, 1H), 3.87–3.81 (m, 1H), 3.62–3.55 (m, 1H), 3.10
(m, 1H), 3.03 (m, 1H), 2.67 (m, 1H), 1.82–1.79 (m, 1H), 1.55–1.51 (m,
1H), 1.34 (s, 3H), 1.03–1.01 (d, J=6.3 Hz, 3H), 0.92–0.90 ppm (d, J=
6.3 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=141.6, 137.2, 135.0, 129.2,
127.2, 125.6, 105.2, 74.4, 72.8, 56.7, 53.3, 49.4, 49.2, 49.0, 22.1, 15.6,
14.8 ppm; IR (KBr): ñ=2972, 1094, 743 cm�1; HRMS (EI): m/z calcd for
C19H24O2: 284.1776; found: 284.1774.


Norbornene aldehyde 1,2-dimethyl alcohol 27: By use of the same proce-
dure as for 16 a, 27 (56.0 mg, 96%) was obtained by p-TsOH hydrolysis
of the product from the reaction of 26 a (43.7 mg), NBS (30 mg), and
MeOH (1 mL). Eluent for chromatography: AcOEt/hexane (1:3). Color-
less oil; 1H NMR (300 MHz, CDCl3): d=9.41 (s, 1H), 7.37–7.10 (m, 5H),
4.37–4.36 (m, 1H), 4.20–4.16 (m, 1H), 3.77 (br s, 1H), 3.55–3.54 (m, 1H),
3.40 (m, 1H), 3.16 (m, 1H), 2.36 (m, 1H), 2.19–2.14 (d, J=12.0 Hz, 1H),
1.93–1.89 (d, J=12.0 Hz, 1H), 1.82 (m, 1H), 1.52 (s, 3H), 1.04–0.98 ppm
(m, 6H); 13C NMR (75 MHz, CDCl3): d=205.2, 136.3, 129.0, 127.2, 126.6,
89.0, 79.2, 69.2, 57.5, 56.3, 51.5, 51.4, 51.0, 34.2, 25.5, 17.3, 13.0 ppm; IR
(KBr): ñ=3456, 1710 cm�1; MS (EI): m/z : 381 [M+]; HRMS (EI): m/z :
calcd for C19H25O3Br: 381.1065; found: 381.1088.


Norbornene aldehyde 1,2-dimethyl silylether 28 : By use of the same pro-
cedure as for 16a, 28 (49.7 mg, 94%) was obtained from 27 (32.4 mg),
TBDPSCl (49 mL), imidazole (25.5 mg), and DMF (0.6 mL). Eluent for
chromatography: AcOEt/hexane (1:10). Colorless oil; 1H NMR
(300 MHz, CDCl3): d=9.48 (s, 1H), 7.62–7.09 (m, 15H), 4.73–4.70 (m,
1H), 4.27–4.25 (m, 1H), 3.65–3.59 (m, 2H), 3.39–3.38 (m, 1H), 3.16–3.16
(m, 1H), 2.39–2.39 (m, 1H), 2.17–2.12 (m, 1H), 1.90–1.86 (m, 1H), 1.51
(s, 3H), 0.95 (s, 9H), 0.92–0.90 (d, J=6 Hz, 3H), 0.86–0.84 ppm (d, J=
6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=205.6, 136.6, 135.9, 135.8,
129.6, 129.5, 129.0, 127.6, 127.4, 127.3, 126.6, 88.9, 78.7, 73.5, 60.4, 56.9,
56.4, 51.8, 51.6, 27.0, 25.4, 19.0, 16.6, 16.0, 14.2 ppm; IR (KBr): ñ=


1712 cm�1; MS (FAB): m/z : 641 [M++Na]; HRMS (FAB): m/z calcd for
C35H43BrNaO3Si: 641.2263 [M


++Na]; found: 641.2064.


1,2-Dimethyl silylether 29 : By use of the same procedure as for 18a, 29
(62.4 mg, 96%) and 7a (39.9 mg, 95%) were obtained from 28
(122.1 mg), Zn(OTf)2 (429 mg), Zn (258 mg), and DMA (1.5 mL). Eluent
for chromatography: AcOEt/hexane (1:6). 29 : Colorless oil; [a]23D=�9.67
(c=0.75, CHCl3); the optical purity of 29a (97% ee) was determined by
HPLC analysis (Chiralpak OD-H, hexane/iPrOH (150:1), 0.5 mLmin�1


flow rate, 263 nm wavelength; retention times: 13.60 min and 14.81 min
for (� )-29 and 13.81 min for (+)-29); 1H NMR (300 MHz, CDCl3): d=
7.69–7.65 (m, 4H), 7.46–7.38 (m, 6H), 3.80–3.76 (m, 2H), 2.24 (br s, 1H),
1.70 (s, 9H), 1.05–1.03 (d, J=6 Hz, 3H), 1.00–0.98 ppm (d, J=6 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=135.8, 135.7, 134.1, 133.7, 129.8, 129.7,
127.7, 127.6, 73.0, 70.9, 27.0, 19.3, 17.2, 16.4 ppm; IR (KBr): ñ=


3439 cm�1; FAB MS: m/z : 351 [M++Na]; HRMS (FAB): m/z calcd for
C20H28NaO2Si: 351.1756 [M


++Na]; found: 351.1752.
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A Convenient Synthetic Route to Benz[cd]azulenes: Versatile Ligands with
the Potential To Bind Metals in an h5, h6, or h7 Fashion


Sonya Balduzzi,[a] Helge M&ller-Bunz,[b] and Michael J. McGlinchey*[a, b]


Introduction


In continuation of our studies on haptotropic shifts, whereby
organometallic moieties, such as Fe(C5H5) or Mn(CO)3, mi-
grate over polycyclic surfaces,[1] we sought a system made
up of fused five-, six- and seven-membered rings, such that a
metal might be able to adopt an h5, h6 or h7 mode of attach-
ment to the ligand. In particular, our goal was to study the
organometallic chemistry of a tricyclic system that possessed
a single methylene group and so, in principle, could readily
be prepared in neutral, cationic and anionic forms. The rela-
tively unexplored, non-alternant[2] hydrocarbon 2H-benz[c-
d]azulene was selected as a potentially viable ligand, and a
convenient synthetic route was therefore required.


We anticipate that haptotropic shifts of a coordinated
metal will be induced through changes in the oxidation state
of the polycyclic ligand itself. The potential conversion from
h6 to h5 bonding of a metal, upon deprotonation of such a
ligand, is illustrated in path B of Scheme 1. Likewise, remov-
al of a hydride, as illustrated in path D, could bring about an
h6 to h7 haptotropic shift. It may even be possible to effect
direct interconversion of the h5-anionic and h7-cationic iso-
mers of the tricyclic metal complex under appropriate redox
conditions. Toward this end, we have prepared such a fused


tricyclic system and describe its synthesis and derivatisation
herein.


Results and Discussion


Synthesis of benz[cd]azulenes 3 and 4 : The parent molecule,
1, was prepared by Boekelheide and Smith in 1966 by
means of a difficult multistep route based on the carbene-
mediated ring expansion of the acenaphthene framework.[3]


Unfortunately, the product is obtainable only in very low
overall yield, is very susceptible to polymerisation, and can
only be handled at low temperatures in dilute solution. Pre-
viously, in 1964, Hafner and Schaum had reported the syn-
thesis of 3,4,7,9-tetramethyl-2H-benz[cd]azulene (2), but
once again, the yields are low and the product readily de-
composes.[4]


Our approach was to extend the guaiazulene carbon
framework (5) through nucleophilic addition of the reso-
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Abstract: A facile method for preparing the 2H-benz[cd]azulene system, based
upon an elaboration of the guaiazulene framework, is presented. Aerial oxidation
to the corresponding 8-(2-propylidene)-benz[cd]azulene, and also cycloaddition re-
actions with tetracyanoethylene (TCNE), are described. The first X-ray crystal
structure of a 2H-benz[cd]azulene, as an h6-coordinated Cr(CO)3 complex, is re-
ported.


Scheme 1. Possible haptotropic migrations over the benz[cd]azulene
framework.
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nance-stabilized anion 6 to 3-chlorobutanone or 1-chloro-
pinacolone, yielding the alcohols 7a, 7b or 9, respectively,
shown in Scheme 2.


Although the diastereomeric alcohols 7a and 7b were
separable by column chromatography, they were used as a
mixture in the subsequent reaction, whereby formation of
the six-membered ring in 11a and 11b was accomplished
through AlCl3-promoted Friedel–Crafts alkylation. This was
made possible by the nucleophilic character of C(3) in the
azulene system—C(2a) in 3 and 4—which has been mani-
fested in its reactions with electrophiles,[5] and in molecular
orbital calculations that find it to be the site of highest
charge density.[6] The trans stereochemistry of the two
methyl substituents at C(3) and C(4) of the major diaster-
eomer, 11a, was assigned by using 1H NMR NOE measure-
ments. Since treatment of the alkenes 8 or 10 with AlCl3 led
only to isomerisation about the double bond, one might
speculate about the existence of an epoxide-stabilized inter-
mediate rather than a simple secondary cation in the ring
closure of 7 or 9. However, it may simply be the case that 8
and 10 lead to a stable allylic cation with a syn (trans) con-
figuration that precludes cyclisation.


It was found that treatment of separate solutions of 11a
and 11b in pyridine, with POCl3, led to 12a (cis-methyl) and
12b (trans-methyl), stereospecifically.[7] Upon warming, both
12a and 12b produced a mixture of 3 (the desired benz-
[cd]azulene) and 13 ; the latter was generated through oxida-
tion of the former as was evident visually when an orange


sample of 3 was transformed into yellow 13 following expo-
sure to air.


We note that the rate of reaction of 12b was almost ten-
fold greater than that of 12a. One might surmise that the
antiperiplanar arrangement of hydrogen and chlorine at
C(3) and C(4), respectively, in 12b, allows E2 elimination to
form the tetrasubstituted double bond. Three consecutive
[1,5] sigmatropic rearrangements of a hydrogen initially
bonded to C(5) can then give rise to 3. The vigorous reflux
conditions required for the conversion of 12a to 3 suggest
that dehydrohalogenation may have proceeded by an E1


mechanism.
Interestingly, an initial attempt to dehydrate the alcohol


11a by treating it with HCl in methanol, and then warming
the solution, yielded two orange solid compounds, 17 and
18, in addition to the methyl ether 19, and a small quantity
of intractable material. The former was readily identified
from its high resolution mass spectrum, and also from the
1H and 13C 2D-NMR spectra that revealed the presence of
adjacent methylene groups, as 6,7-dihydro-2H-1,3,4-trimeth-
yl-8-isopropylbenz[cd]azulene (17) shown in Scheme 3. The
most distinguishing features of the 1H and 13C NMR spectra
of 18 include two different sets of “H6-H7 environments”
with their characteristic 12 Hz doublet coupling patterns,
two nonequivalent isopropyl units and six different methyl
groups. The data are fully consistent with formation of a
bond between two benz[cd]azulene units in an unsymmetri-
cal fashion, that is, through the C(2) position of one mole-
cule and the C(9) position of a second molecule (vide infra).


We hypothesize that 17 and 18 arose by protonation of
the initially generated dehydration product 3 to produce the
tropylium ion 20. Hydride transfer from 3, and a subsequent
hydrogen migration, yields 17 and the 12p anti-aromatic
cation 21, as shown in Scheme 4. One-electron reduction of
21 can give rise to the benzazulenyl radicals depicted as res-
onance forms 22a–c. It follows that compound 23 is pro-


Scheme 2. Formation of the benz[cd]azulene skeleton.
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duced through coupling of 22b with 22c. The ability of the
benz[cd]azulenyl system to form a cation, anion or radical
was anticipated, as it is iso-p-electronic with the odd alter-
nant phenalenyl system, which has been reported to form
three redox species.[8] Indeed, substitution at the central
carbon C(9b) of the benz[cd]azulene system has previously
been reported by Hafner and co-workers.[9] In this last case,
the 1H NMR spectrum of the 9b-alkyl-substituted benz[cd]-
azulene exhibited markedly shielded peripheral protons, en-
tirely characteristic of a 12p system.[10] Radical coupling of
22 is also consistent with the previously reported dimerisa-
tion of phenalenyl radicals.[11] Subsequent aerial oxidation of
23 yields the highly conjugated dimer 18, which is presuma-
bly twisted because of steric crowding. Compound 18
proved to be extremely unstable; rapid decomposition to an
intractable product is suspected to be the result of addition-
al radical or cationic coupling to form polymeric material.


Reactivity of 1-methyl-8-isopropyl-4-tert-butylbenz[cd]azu-
lene 4 : The benz[cd]azulene 4, and its oxidized analogue 16,


were each treated with tetracyanoethylene to see where cy-
cloaddition might occur. The reaction of TCNE with 4 at
room temperature afforded the Diels–Alder adduct 24, in
near quantitative yield. A distinctive feature of the 1H NMR
spectrum of 24 is the relatively large chemical shift nonequi-
valence of the methylene protons at C(2), and also their
large geminal coupling constant of 22.7 Hz. This observation
contrasts with the corresponding reaction of TCNE with the
“oxidized ligand” 16, which does not possess a cis-1,3-diene
unit, but which might be considered as a viable participant
in a [12+2] cycloaddition involving the exocyclic double
bond. However, the reaction of TCNE with 16 merely yields
25, the [2+2] adduct across the C(6)�C(7) double bond. The
cycloaddition chemistry of heptafulvenes and related sys-
tems has been comprehensively reviewed.[12]


The tert-butyl-substituted compound 4 was selected for in-
corporation of a metal, since it can be conveniently pre-
pared in high yield. The absence of stereoisomers allows it
to be synthesized expediently. We initially decided to pre-
pare a mixed ferrocene (27) derived from 4 with the aim of


Scheme 3. Disproportionation and dimerisation of a benz[cd]azulene.


Scheme 4. Proposed mechanism for the formation of 17 and 18.
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studying the potential h5 to h6 haptotropic shift of the cyclo-
pentadienyliron fragment from the five- to the six-mem-
bered ring. In the expectation that the first-formed h1-
bonded complex, depicted as 26 in Scheme 5, could be in-


duced to undergo a conversion to h5-bonding with concomi-
tant extrusion of both carbonyl groups, either thermally,[13]


photochemically,[14] or by the use of trimethylamine-N-
oxide, [Fe(C5H5)(CO)2I] was added to the lithium anion of
4. However, in our hands, the symmetrical dimer 28 was re-
covered, irrespective of the reaction temperature. Whether
28 corresponds to the meso compound, or to a d,l pair of
enantiomers, cannot be ascertained from its 1H and
13C NMR spectra, since the protons bonded to C(2) of the
two benz[cd]azulenyl moieties are chemical-shift equivalent
in both cases. A similar situation was previously encoun-
tered during reflux of the Fe(h1-Cp)(CO)2 complex of 4H-
cyclopenta[def]phenanthrene, which also yielded a radical
coupling product,[1j] presumably generated by thermal ho-
molytic cleavage of the carbon–iron bond.


For a parallel investigation of the possibility of effecting
an h6 to h5 haptotropic shift of a metal coordinated to the
six-membered ring, the Cr(CO)3 complex of 4 was prepared
by warming a solution of 4 and [Cr(CH3CN)3(CO)3] in
THF.[15] This reaction afforded the red-orange solid 29,
shown in Scheme 5, in 87% yield. The presence of nCO


stretches at 1951 and 1881 cm�1 in the IR spectrum, and a
13C NMR resonance at 234 ppm serve to confirm the pres-
ence of the chromium tricarbonyl tripod. Additionally, the
1H NMR chemical shifts of the H(3) and H(5) resonances in


29 are shielded by approximately 0.8 ppm relative to 4, en-
tirely characteristic of h6-chromium complexed arenes.[16]


Likewise, upon complexation, the 13C nuclei in the six-mem-
bered ring of 29 are shielded by 25–30 ppm.[17]


The stability of the chromium
complex 29 permitted the isola-
tion of crystals suitable for an
X-ray diffraction study, and the
resulting structure appears as
Figure 1. The ligand is planar,
the chromium atom is sited
1.712 N below the six-mem-
bered ring, and the tripod is
almost perfectly staggered with
respect to the arene carbons.
Bond lengths within the benz[c-
d]azulene framework are indi-
cated in Figure 2; it is particu-
larly noteworthy that there is
clear bond localisation within
the five- and seven-membered
rings, but much less so in the
chromium-complexed arene
ring. It is evident that the
C(6)�C(7) and C(8)�C(9) link-
ages—1.32(1) and 1.31(1) N, re-
spectively—are double bonds,
whereas C(7)�C(8) is a single
bond at 1.47(1) N; this is in
accord with the previously men-
tioned cycloaddition of TCNE
and 4 to give the [4+2] adduct
24.


The packing within the unit cell of 29 is also interesting in
that the molecules stack in pairs related by a centre of sym-
metry, such that the five-membered ring of one molecule
overlaps substantially with the seven-membered ring of its
neighbour, while the six-membered rings are maximally sep-
arated as illustrated in Figure 3. We believe this to be the
first structural study of a 2H-benz[cd]azulene; the only rele-
vant previous report of which we are aware describes the
palladium-coupled bis(suberene) system, 30, which, as
shown in Figure 4, possesses a benz[cd]azulene substruc-
ture.[18]


Scheme 5. Reactions of benz[cd]azulenes with TCNE and with organometallic reagents.


Figure 1. X-ray crystal structure of 29, showing the atom numbering.
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To conclude, we describe a convenient route to 8-isopro-
pyl-substituted 2H-benz[cd]azulenes, 3 and 4, and note that
they undergo ready oxidation to the corresponding 8-(2-pro-
pylidene)-benz[cd]azulenes, 13 and 16, respectively. While 4
reacts with TCNE to give the [4+2] adduct in the seven-
membered ring, the oxidised benzazulene 16 and TCNE
yield the [2+2] product resulting from addition across the
C(6)�C(7) bond. Analogous to the known behaviour of the
isomeric phenalenyl skeleton, the benz[cd]azulene system
readily forms radicals that yield both unsymmetrical and
symmetrical dimers, 23 and 28, respectively. The first X-ray
crystal structure of a 2H-benz[cd]azulene reveals bond alter-
nation in the seven-membered ring. A study of the hapto-
tropic behaviour of organometallic derivatives of benz[cd]-
azulenes will be the topic of a future manuscript.


Experimental Section


1H NMR spectra were recorded on either a Bruker AC-500 spectrometer
at 500.13 MHz, a Bruker AC-300 spectrometer at 300.130 MHz or on a
Bruker AC-200 spectrometer at 200.20 MHz, with CDCl3 as solvent and
internal standard. 13C NMR were recorded on the same instruments at
125.770 MHz, 75.467 MHz or at 50.340 MHz, also with CDCl3 as solvent
and internal standard. Assignments were based on standard 2D-NMR
techniques. Infrared spectra were recorded on a Bio Rad FTS-40 Fourier
transform spectrometer. Liquid samples were used as neat films on NaCl
discs and solid samples were prepared as KBr pellets. Chemical ionisa-
tion (CI), with ammonia as the reagent gas, and electron impact (EI)
mass spectra were recorded at 70 eV with a source temperature of 200 8C
on a VG Analytical ZAB-R mass spectrometer equipped with a VG 11–
250 data system. Flash chromatography was performed with Merck silica
gel 60 (230–400 mesh). Elemental analyses were carried out by the Mi-
croanalytical Laboratory at University College Dublin.


Guaiazulene, LDA (2.0m solution in heptane/tetrahydrofuran/ethylben-
zene), 3-chlorobutanone, 1-chloropinacolone, tetracyanoethylene, I2,
AlCl3 and POCl3 were purchased from Aldrich and used without purifi-
cation. [Cr(CO)6] and [{Fe(C5H5Fe)(CO)2}2] were purchased from Strem
Chemicals and used without further purification. CH2Cl2 was distilled
from CaH2 prior to use; THF and diethyl ether were distilled from
sodium prior to use.


Synthesis of 7a, 7b and 8 : LDA (27.5 mL of a 2.0m solution) was added
to a solution of guaiazulene (5.0 g, 25.0 mmol) and crushed, activated 4 N
molecular sieves (0.1 g) in THF (150 mL) under N2 at 0 8C, and the mix-
ture was stirred at 0 8C for 30 min. Following the addition of 3-chlorobu-
tanone (2.55 mL, 25.0 mmol) at 0 8C, the mixture was allowed to warm to
25 8C over a period of 3 h, and then quenched by the addition of a so-
lution of brine at 0 8C. Diethyl ether was then added, and the organic
layer was extracted with brine, dried over MgSO4, filtered and concen-
trated under reduced pressure to give a blue oil which was separated by
flash chromatography.


Data for 7a : Purification by flash chromatography (8:2 pentane/diethyl
ether; Rf=0.66) yielded a blue oil (3.88 g, 12.7 mmol, 51%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.25 (s, 1H; C(8)H), 7.71 (d, 3J(H,H)=
3.5 Hz, 1H; C(2)H), 7.48 (d, 3J(H,H)=10.8 Hz, 1H; C(6)H), 7.40 (d,
3J(H,H)=3.5 Hz, 1H; C(3)H), 7.17 (d, 3J(H,H)=10.8 Hz, 1H; C(5)H),
4.19 (q, 3J(H,H)=6.7 Hz, 1H; CHMe), 3.63 (d, 2J(H,H)=13.3 Hz, 1H;
CH2), 3.49 (d, 2J(H,H)=13.3 Hz, 1H; CH2), 3.12 (septet, 3J(H,H)=
6.9 Hz, 1H; CHMe2), 2.70 (s, 3H; C(1)Me), 1.64 (d, 3J(H,H)=6.7 Hz,
3H; CHMe), 1.41 (d, 3J(H,H)=6.9 Hz, 6H; CHMe2), 1.32 ppm (s, 3H;
CMeOH); 13C NMR (50.3 MHz, CDCl3, 25 8C): d=142.8, 140.3, 139.4,
137.0, 136.1, 134.6, 133.5, 126.6, 125.7, 113.0, 76.0, 65.6, 44.5, 38.1, 24.6,
22.6, 19.6, 12.9 ppm; IR (neat): ñ=3395, 3063, 2962, 2927, 2869, 1546,
1459, 1437, 1385, 1070, 1031, 756 cm�1; MS (70 eV, EI): m/z (%): 198
(100) [M+�C(CH3)OHCH(Cl)CH3], 304 (32) [M+(35Cl)], 306 (11) [M+


(37Cl)]; MS (70 eV, CI, NH3): m/z (%): 198 (34) [M+


�C(CH3)OHCH(Cl)CH3], 304 (68) [M+(35Cl)], 305 (100) [M+(35Cl)+H],
306 (31) [M+(37Cl)], 307 (24) [M+(37Cl)+H]; HRMS: m/z : calcd for
C19H25OCl [M+]: 304.1594; found: 304.1558.


Data for 7b : Purification by flash chromatography (8:2 pentane/diethyl
ether; Rf=0.53) yielded a blue oil (2.66 g, 8.8 mmol, 35%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.22 (s, 1H; C(8)H), 7.68 (d, 3J(H,H)=
3.7 Hz, 1H; C(2)H), 7.45 (d, 3J(H,H)=10.8 Hz, 1H; C(6)H), 7.35 (d,
3J(H,H)=3.7 Hz, 1H; C(3)H), 7.13 (d, 3J(H,H)=10.8 Hz, 1H; C(5)H),
4.26 (q, 3J(H,H)=6.7 Hz, 1H; CHMe), 3.56 (d, 2J(H,H)=13.1 Hz, 1H;
CH2), 3.45 (d, 2J(H,H)=13.1 Hz, 1H; CH2), 3.10 (septet, 3J(H,H)=
6.9 Hz, 1H; CHMe2), 2.68 (s, 3H; C(1)Me), 1.67 (d, 3J(H,H)=6.7 Hz,
3H; CHMe), 1.39 (d, 3J(H,H)=6.9 Hz, 6H; CHMe2), 1.22 ppm (s, 3H;
CMeOH); 13C NMR (50.3 MHz, CDCl3, 25 8C): d=143.2, 140.1, 139.2,
136.9, 136.1, 134.5, 133.4, 126.6, 125.5, 113.2, 75.8, 67.3, 44.8, 38.1, 24.7,
23.6, 19.9, 12.9 ppm; IR (neat): ñ=3413, 3063, 2962, 2927, 2869, 1701,
1545, 1460, 1447, 1386, 1215, 1070, 1032, 756 cm�1; MS (70 eV, EI): m/z
(%): 198 (100) [M+�C(CH3)OHCH(Cl)CH3], 304 (46) [M+(35Cl)], 306
(15) [M+(37Cl)]; MS (70 eV, CI, NH3): m/z (%): 198 (17) [M+


�C(CH3)OHCH(Cl)CH3], 304 (35) [M+(35Cl)], 305 (100) [M+(35Cl)+H],
306 (12) [M+(37Cl)], 307 (26) [M+(37Cl)+H]; HRMS: m/z : calcd for
C19H25OCl [M+]: 304.1594; found: 304.1574.


Figure 2. Selected bond lengths in 29.


Figure 3. View showing the stacking of neighbouring molecules of 29
within the unit cell ; the Cr(CO)3 units have been removed for clarity.


Figure 4. Bis(suberene) coupled product 30, from reference [18].
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Data for 8 : Purification by flash chromatography (8:2 pentane/diethyl
ether; Rf=0.21) yielded a blue oil (0.67 g, 2.5 mmol, 10%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.27 (s, 1H; C(8)H), 7.67 (d, 3J(H,H)=
3.5 Hz, 1H; C(2)H), 7.49 (d, 3J(H,H)=10.6 Hz, 1H; C(6)H), 7.19 (d,
3J(H,H)=3.5 Hz, 1H; C(3)H), 6.95 (d, 3J(H,H)=10.6 Hz, 1H; C(5)H),
6.83 (s, 1H;=CH), 4.64 (q, 3J(H,H)=6.1 Hz, 1H; CHMe), 3.14 (septet,
3J(H,H)=6.9 Hz, 1H; CHMe2), 2.73 (s, 3H; C(1)Me), 2.06 (s, 3H;=
CMe), 1.43 (d, 3J(H,H)=6.9 Hz, 6H; CHMe2), 1.27 ppm (d, 3J(H,H)=
6.1 Hz, 3H; CHMe); 13C NMR (50.3 MHz, CDCl3, 25 8C): d=143.2,
141.9, 140.2, 136.9, 136.7, 136.5, 134.6, 133.3, 127.7, 125.3, 123.8, 113.7,
66.4, 38.3, 24.6, 21.0, 16.5, 12.7 ppm; IR (neat): ñ=3552, 3066, 2961, 2934,
2869, 1705, 1552, 1527, 1457, 1384, 1023, 910, 734 cm�1; MS (70 eV, EI):
m/z (%): 223 (50) [M+�H3CCH(OH)], 253 (30) [M+�CH3], 268 (100)
[M+]; MS (70 eV, CI, NH3): m/z (%): 268 (11) [M+], 269 (100) [M+H+];
HRMS: m/z : calcd for C19H24O [M+]: 268.1827; found: 268.1812.


Synthesis of 9 and 10 : LDA (27.5 mL of a 2.0m solution) was added to a
solution of guaiazulene (5.0 g, 25.0 mmol) and crushed, activated 4 N mo-
lecular sieves (0.1 g) in dry THF (150 mL) under N2 at 0 8C, and the mix-
ture was stirred at 0 8C for 30 min. Following the addition of 1-chloropi-
nacolone (3.3 mL, 25.0 mmol) at 0 8C, the mixture was allowed to warm
to 25 8C over a period of 3 h, and then quenched by the addition of a so-
lution of brine at 0 8C. Diethyl ether was added, and the organic layer
was extracted with brine, dried over MgSO4, filtered and concentrated
under reduced pressure to give a blue oil which was separated by flash
chromatography.


Data for 9 : Purification by flash chromatography (8:2 pentane/diethyl
ether; Rf=0.84) yielded a blue oil (7.14 g, 21.5 mmol, 86%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.32 (s, 1H; C(8)H), 7.78 (d, 3J(H,H)=
3.3 Hz, 1H; C(2)H), 7.51 (d, 3J(H,H)=10.7 Hz, 1H; C(6)H), 7.34 (d,
3J(H,H)=3.3 Hz, 1H; C(3)H), 7.08 (d, 3J(H,H)=10.7 Hz, 1H; C(5)H),
3.88 (d, 2J(H,H)=14.0 Hz, 1H; CH2), 3.51 (d, 2J(H,H)=14.0 Hz, 1H;
CH2), 2.81 (s, 3H; C(1)Me), 2.64 (d, 2J(H,H)=3.8 Hz, 1H; CH2Cl), 1.99
(d, 2J(H,H)=3.8 Hz, 1H; CH2Cl), 1.51 (d, 3J(H,H)=6.8 Hz, 6H;
CHMe2), 1.28 ppm (s, 9H; CMe3);


13C NMR (50.3 MHz, CDCl3, 25 8C):
d=142.7, 140.0, 138.8, 136.6, 136.0, 134.3, 133.0, 126.4, 124.8, 112.3, 63.7,
47.9, 38.1, 36.8, 34.3, 26.1, 24.6 12.8 ppm; IR (neat): ñ=3481, 3062, 2960,
2872, 1699, 1556, 1464, 1388, 1366, 912, 732 cm�1; MS (70 eV, EI): m/z
(%): 83 (100) [CH2=CC(CH3)3


+], 197 (35) [M+�(CH3)3CC(OH)CH2Cl],
296 (63) [M+�HCl]; HRMS: m/z : calcd for C21H29OCl [M+]: 332.1907;
found: 332.1892.


Data for 10 : Purification by flash chromatography (8:2 pentane/diethyl
ether; Rf=0.50) yielded a blue oil (0.81 g, 2.8 mmol, 11%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.23 (s, 1H; C(8)H), 7.64 (d, 3J(H,H)=
3.3 Hz, 1H; C(2)H), 7.47 (d, 3J(H,H)=10.6 Hz, 1H; C(6)H), 7.09 (d,
3J(H,H)=3.3 Hz, 1H; C(3)H), 7.03 (s, 1H;=CH), 6.98 (d, 3J(H,H)=
10.6 Hz, 1H; C(5)H), 4.08 (d, 3J(H,H)=5.6 Hz, 2H; CH2OH), 3.11
(septet, 3J(H,H)=6.8 Hz, 1H; CHMe2), 2.68 (s, 3H; C(1)Me), 1.39 (d,
3J(H,H)=6.8 Hz, 6H; CHMe2), 1.33 ppm (s, 9H; CMe3);


13C NMR
(50.3 MHz, CDCl3, 25 8C): d=150.4, 144.4, 140.5, 137.2, 136.9, 136.6,
134.9, 133.5, 128.2, 125.7, 123.5, 113.3, 59.7, 38.4, 35.9, 29.8, 24.7,
12.8 ppm; IR (neat): ñ=3436, 2962, 2872, 1704, 1464, 1387, 1365, 1217,
1013, 757 cm�1; MS (70 eV, EI): m/z (%): 197 (100) [M+


�(CH3)3CCCH2OH], 296 (37) [M+]; MS (70 eV, CI, NH3): m/z (%): 197
(98) [M+�(CH3)3CCCH2OH], 296 (55) [M+], 297 (100) [M++H];
HRMS: m/z : calcd for C21H28O [M+]: 296.2140; found: 296.2146.


Synthesis of 11a, and 11b : AlCl3 (1.75 g, 13.1 mmol) was added to a so-
lution of 7a,7b (2.0 g, 6.5 mmol) in CH2Cl2 (65 mL) under N2 at 0 8C.
When the starting material had been consumed (approximately 4 h), as
judged by using TLC, the mixture was quenched by the addition of a sa-
turated aqueous solution of NaHCO3 at 0 8C. The organic layer was ex-
tracted with brine, dried over MgSO4, filtered and concentrated under re-
duced pressure to yield a brown oil which was separated by flash chroma-
tography.


Data for 11a : Purification by flash chromatography (8:2 pentane/diethyl
ether; Rf=0.25) yielded a blue oil (1.19 g, 4.4 mmol, 68%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.09 (d, 4J(H,H)=1.9 Hz, 1H; C(9)H), 7.53
(s, 1H; C(2)H), 7.37 (dd, 4J(H,H)=1.9 Hz, 3J(H,H)=10.5 Hz, 1H;
C(7)H), 6.76 (d, 3J(H,H)=10.5 Hz, 1H; C(6)H), 3.21 (q, 3J(H,H)=
6.9 Hz, 1H; CHMe), 3.24 (d, 2J(H,H)=16.5 Hz, 1H; CH2), 3.13 (d,
2J(H,H)=16.5 Hz, 1H; CH2), 3.05 (septet, 3J(H,H)=6.9 Hz, 1H;


CHMe2), 2.66 (s, 3H; C(1)Me), 1.47 (d, 3J(H,H)=6.9 Hz, 6 H: CHMe2),
1.46 (s, 3H; C(4)Me), 1.36 ppm (d, 3J(H,H)=6.9 Hz, 3H; CHMe);
13C NMR (125 MHz, CDCl3, 25 8C): d=143.3, 139.2, 135.8, 134.6, 134.3,
133.4, 132.4, 128.2, 124.9, 122.9, 71.3, 48.3, 40.6, 38.6, 26.2, 24.8, 13.7,
12.7 ppm; IR (neat): ñ=3428, 3019, 2966, 2931, 2873, 1707, 1615, 1453,
1380, 1217, 1067, 926, 771 cm�1; MS (70 eV, EI): m/z (%): 268 (100)
[M+], 253 (85) [M+�CH3]; HRMS: m/z : calcd for C19H24O [M+]:
268.1827; found: 268.1775.


Data for 11b : Purification by flash chromatography (8:2 pentane/diethyl
ether; Rf=0.15) yielded a blue oil (0.15 g, 0.5 mmol, 8%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.18 (s, 1H; C(9)H), 7.57 (s, 1H; C(2)H),
7.44 (d, 3J(H,H)=10.4 Hz, 1H; C(7)H), 6.83 (d, 3J(H,H)=10.4 Hz, 1H;
C(6)H), 3.30–3.09 (m, 4H; CHMe, CH2 and CHMe2), 2.75 (s, 3H;
C(1)Me), 1.44 (d, 3J(H,H)=6.9 Hz, 6H; CHMe2), 1.38 (d, 3J(H,H)=
7.4 Hz, 3H; CHMe), 1.36 ppm (s, 3H; C(4)Me); 13C NMR (50.3 MHz,
CDCl3, 25 8C): d=143.3, 138.8, 135.3, 134.5, 133.9, 133.0, 131.4, 129.0,
124.6, 122.4, 72.8, 45.9, 42.1, 38.4, 24.6, 23.6, 18.1, 12.5 ppm; IR (neat):
ñ=3409, 2965, 2931, 2875, 1711, 1631, 1570, 1448, 1379, 1109, 756 cm�1;
MS (70 eV, CI, NH3): m/z (%): 269 (100) [M+H+]; HRMS: m/z : calcd
for C19H24O [M+]: 268.1827; found: 268.1818.


Synthesis of 14 : AlCl3 (0.80 g, 6.0 mmol) was added to a solution of 9
(2.0 g, 6.0 mmol) in CH2Cl2 (60 mL) under N2 at 0 8C. When the starting
material had been consumed (approximately 1 hour), as judged by using
TLC, the mixture was quenched by the addition of a saturated aqueous
solution of NaHCO3 at 0 8C. The organic layer was extracted with brine,
dried over MgSO4, filtered and concentrated under reduced pressure to
give a brown oil. Purification by flash chromatography (8:2 pentane/di-
ethyl ether; Rf=0.42) yielded a blue oil (1.44 g, 4.8 mmol, 81%).
1H NMR (500 MHz, CDCl3, 25 8C): d=7.97 (s, 1H; C(9)H), 7.37 (d,
3J(H,H)=10.3 Hz, 1H; C(7)H), 7.34 (s, 1H; C(2)H), 6.89 (d, 3J(H,H)=
10.3 Hz, 1H; C(6)H), 4.04 (d, 2J(H,H)=10.5 Hz, 1H; C(3)H2), 3.79 (d,
2J(H,H)=10.5 Hz, 1H; C(3)H2), 3.69 (d, 2J(H,H)=17.9 Hz, 1H; C(5)H2),
3.59 (d, 2J(H,H)=17.9 Hz, 1H; C(5)H2), 3.03 (septet, 3J(H,H)=6.8 Hz,
1H; CHMe2), 2.68 (s, 3H; C(1)Me), 1.38 (d, 3J(H,H)=6.8 Hz, 6H;
CHMe2), 1.0 ppm (s, 9H; CMe3);


13C NMR (125 MHz, CDCl3, 25 8C): d=
153.6, 149.5, 138.7, 137.4, 133.3, 129.7, 127.4, 127.0, 118.4, 66.8, 58.9, 46.0,
39.5, 35.8, 26.6, 24.9, 12.9 ppm; IR (neat): ñ=3421, 2962, 2873, 1618,
1464, 1365, 1217, 1060, 1029, 756 cm�1; MS (70 eV, EI): m/z (%): 197 (52)
[M+�CH2=C(OH)C(CH3)2=CH2], 296 (100) [M+]; HRMS: m/z : calcd
for C21H28O [M+]: 296.2140; found: 296.2109.


Synthesis of 12a : POCl3 (0.08 mL, 0.8 mmol) was added to a solution of
11a (0.2 g, 0.7 mmol) in dry pyridine (7 mL) at 0 8C. The mixture was stir-
red at 0 8C until complete consumption of the starting material (approxi-
mately 30 min). H2O and diethyl ether were added and the organic layer
was extracted with H2O, a dilute solution of HCl, brine, and then dried
over MgSO4, filtered and concentrated under reduced pressure. Purifica-
tion by flash chromatography (8:2 pentane/diethyl ether; Rf=0.93) yield-
ed a blue oil (0.19 g, 0.66 mmol, 94%). 1H NMR (200 MHz, CDCl3,
25 8C): d=8.09 (s, 1H; C(9)H), 7.50 (s, 1H; C(2)H), 7.38 (d, 3J(H,H)=
10.5 Hz, 1H; C(7)H), 6.75 (d, 3J(H,H)=10.5 Hz, 1H; C(6)H), 3.66 (d,
2J(H,H)=16.1 Hz, 1H; CH2), 3.39 (d, 2J(H,H)=16.1 Hz, 1H; CH2), 3.65
(q, 3J(H,H)=7.0 Hz, 1H; CHMe), 3.04 (septet, 3J(H,H)=6.9 Hz, 1H;
CHMe2), 2.64 (s, 3H; C(1)Me), 1.51 (d, 3J(H,H)=7.0 Hz, 3H; CHMe),
1.47 (s, 3H; C(4)Me), 1.35 ppm (d, 3J(H,H)=6.9 Hz, 6H; CHMe2);
13C NMR (50.3 MHz, CDCl3, 25 8C): d=142.8, 139.2, 135.5, 134.1, 133.9,
133.4, 131.6, 128.3, 124.5, 121.6, 72.7, 50.2, 43.6, 38.5, 25.0, 24.7, 15.9,
12.6 ppm; IR (neat): ñ=2962, 2933, 2869, 1573, 1460, 1448, 1377, 1074,
1062, 756 cm�1; MS (70 eV, EI): m/z (%): 235 (100) [M+�HCl�CH3],
271 (52) [M+�CH3], 286 (87) [M+(35Cl)], 288 (29) [M+(37Cl)]; MS
(70 eV, CI, NH3): m/z (%): 286 (45) [M+(35Cl)], 287 (100) [M+(35Cl)+H],
288 (27) [M+(37Cl)], 289 (26) [M+(37Cl)+H], 251 (92) [M+�Cl]; HRMS:
m/z : calcd for C19H23Cl [M+]: 286.1488; found: 286.1471.


Synthesis of 15 : The procedure as described for the preparation of 12a
was followed. Purification by flash chromatography (8:2 pentane/diethyl
ether; Rf=0.43) yielded a blue oil (0.20 g, 0.64 mmol, 95%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.08 (s, 1H; C(9)H), 7.45 (s, 1H; C(2)H),
7.36 (d, 3J(H,H)=10.4 Hz, 1H; C(7)H), 6.73 (d, 3J(H,H)=10.4 Hz, 1H;
C(6)H), 3.53 (d, 2J(H,H)=8.2 Hz, 1H; C(3)H2), 3.51 (d, 2J(H,H)=
16.5 Hz, 1H; C(5)H2), 3.49 (d, 2J(H,H)=8.2 Hz, 1H; C(3)H2), 3.35 (d,
2J(H,H)=16.5 Hz, 1H; C(5)H2), 3.03 (septet, 3J(H,H)=6.8 Hz, 1H;
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CHMe2), 2.65 (s, 3H; C(1)Me), 1.35 (d, 3J(H,H)=6.8 Hz, 6H; CHMe2),
1.29 ppm (s, 9H; CMe3).


Synthesis of 3 and 13 : POCl3 (0.19 mL, 2.1 mmol) was added to a so-
lution of 11a (0.5 g, 1.9 mmol) in pyridine (3.5 mL) at 0 8C. The mixture
was stirred at 0 8C for 30 min, followed by refluxing until the starting ma-
terial had been nearly completely consumed (approximately 8 h), as
judged by using TLC. The mixture was then cooled to 0 8C and quenched
by the addition of H2O and diethyl ether. The organic layer was extract-
ed with H2O, a dilute solution of HCl, brine, and then dried over MgSO4,
filtered and concentrated under reduced pressure to give a brown oil that
was separated by flash chromatography. Compounds 3 and 13 can also be
obtained from 12b, in which case warming the reaction mixture to 30 8C
for approximately 1 h is sufficient for complete conversion.


Data for 3 : Purification by flash chromatography (49:1 pentane/diethyl
ether; Rf=0.84) yielded an orange solid (0.28 g, 1.12 mmol, 59%).
1H NMR (500 MHz, CDCl3, 25 8C): d=6.49 (s, 1H; C(5)H), 5.94 (s, 1H;
C(9)H), 5.87 (d, 3J(H,H)=12.4 Hz, 1H; C(6)H), 5.36 (d, 3J(H,H)=
12.4 Hz, 1H; C(7)H), 3.10 (br s, 2H; CH2), 2.20 (septet, 3J(H,H)=6.8 Hz,
1H; CHMe2), 2.15 (s, 3H; C(4)Me), 2.04 (s, 3H; C(3)Me), 1.89 (s, 3H;
C(1)Me), 1.05 ppm (d, 3J(H,H)=6.8 Hz, 6H; CHMe2);


13C NMR
(125 MHz, CDCl3, 25 8C): d=143.7, 141.9, 141.4, 137.7, 133.2, 133.0,
131.8, 130.1, 129.3, 127.2, 126.8, 122.5, 42.0, 37.8, 21.8, 19.0, 15.3,
13.4 ppm; IR (neat): ñ=3013, 2964, 2923, 2860, 1687, 1642, 1594, 1452,
1381, 1213, 757 cm�1; MS (70 eV, EI): m/z (%): 235 (100) [M+�CH3],
250 (55) [M+]; HRMS: m/z : calcd for C19H22 [M+]: 250.1721; found:
250.1691.


Data for 13 : Purification by flash chromatography (49:1 pentane/diethyl
ether; Rf=0.78) yielded a yellow solid (0.04 g, 0.17 mmol, 9%). 1H NMR
(500 MHz, CDCl3, 25 8C): d=6.82 (s, 1H; C(9)H), 6.50 (s, 1H; C(2)H),
6.46 (s, 1H; C(5)H), 6.19 (d, 3J(H,H)=12.8 Hz, 1H; C(7)H), 5.93 (d,
3J(H,H)=12.8 Hz, 1H; C(6)H), 2.18 (s, 3H; C(3)Me), 2.16 (s, 3H;
C(4)Me), 2.13 (s, 3H; C(1)Me), 1.95 (s, 3H;=CMe2), 1.89 ppm (s, 3H;=
CMe2);


13C NMR (125 MHz, CDCl3, 25 8C): d=141.3, 139.7, 137.9, 136.5,
135.5, 132.4, 131.2, 131.1, 129.6, 128.1, 127.9, 127.5, 126.7, 126.2, 22.0,
21.8, 19.6, 14.8, 12.6 ppm; IR (neat): ñ=2965, 2923, 2859, 1446, 1261,
1092, 1021, 800 cm�1; MS (70 eV, EI): m/z (%): 83 (100)
[CH3C(O)C(CH3)CH2


+], 233 (37) [M+�CH3], 248 (28) [M+], 252 (23)
[M++4H], 266 (5) [M++2H]; HRMS: m/z : calcd for C19H20 [M+]:
248.1565; found: 248.1560.


Synthesis of 4 and 16 : The procedure described above, but with 14 in-
stead of 11a was utilised. Complete conversion required approximately
3 h at 30 8C. The brown oil obtained was separated by flash chromatogra-
phy.


Data for 4 : Purification by flash chromatography (pentane; Rf=0.51)
yielded an orange solid (0.32 g, 1.15 mmol, 61%). 1H NMR (500 MHz,
CDCl3, 25 8C): d=7.07 (s, 1H; C(3)H), 6.64 (s, 1H; C(5)H), 5.89 (s, 1H;
C(9)H), 5.88 (d, 3J(H,H)=12.3 Hz, 1H; C(6)H), 5.36 (d, 3J(H,H)=
12.3 Hz, 1H; C(7)H), 3.17 (broad s, 2H; CH2), 2.18 (septet, 3J(H,H)=
6.8 Hz, 1H; CHMe2), 1.86 (s, 3H; C(1)Me), 1.25 (s, 9H; CMe3), 1.04 ppm
(d, 3J(H,H)=6.8 Hz, 6H; CHMe2);


13C NMR (125 MHz, CDCl3, 25 8C):
d=148.2, 144.2, 143.0, 141.3, 137.3, 133.7, 132.4, 131.2, 128.0, 125.3, 122.8,
122.1, 42.7, 37.7, 34.1, 31.2, 21.7, 13.3 ppm; IR (neat): ñ=3031, 2960,
2901, 2867, 1605, 1463, 1359, 1217, 754 cm�1; MS (70 eV, EI): m/z (%):
235 (100) [M+�CH(CH3)2], 278 (4) [M+], 280 (15) [M++2H]; HRMS:
m/z : calcd for C21H26 [M+]: 278.2035; found: 278.2018.


Data for 16 : Purification by flash chromatography (pentane; Rf=0.38)
yielded a yellow solid (0.12 g, 0.44 mmol, 23%). 1H NMR (500 MHz,
CDCl3, 25 8C): d=6.81 (d, 4J(H,H)=1.9 Hz, 1H; C(9)H), 6.91 (d,
4J(H,H)=1.4 Hz, 1H; C(3)H), 6.64 (d, 4J(H,H)=1.4 Hz, 1H; C(5)H),
6.37 (broad s, 1H; C(2)H), 6.22 (dd, 4J(H,H)=1.9 Hz, 3J(H,H)=12.7 Hz,
1H; C(7)H), 5.97 (d, 3J(H,H)=12.7 Hz, 1H; C(6)H), 2.10 (d, 4J(H,H)=
1.4 Hz, 3H; C(1)Me), 1.93 (s, 3H;=CMe2), 1.88 (s, 3H;=CMe2),
1.27 ppm (s, 9H; CMe3);


13C NMR (125 MHz, CDCl3, 25 8C): d=151.6,
142.3, 139.2, 138.6, 136.1, 133.1, 132.4, 131.0, 129.5, 128.8, 128.3, 127.8,
122.3, 116.7, 34.6, 31.3, 21.9, 21.8, 12.4 ppm; IR (neat): ñ=2965, 2927,
2870, 1714, 1582, 1462, 1366, 1218, 757 cm�1; MS (70 eV, EI): m/z (%):
235 (100) [M+�H3CC=CH2], 278 (6) [M++2H]; HRMS: m/z : calcd for
C21H24 [M+]: 276.1878; found: 276.1869.


Synthesis of 17, 18 and 19 : Three drops of concentrated HCl was added
to a solution of 11a,11b (1.0 g, 3.7 mmol) in CH3OH (40 mL) at 25 8C,


and the solution was refluxed for 6 h. After cooling to 25 8C, H2O and di-
ethyl ether were added and the organic layer was extracted with H2O,
dried over MgSO4, filtered and concentrated under reduced pressure to
give a brown oil which was separated by flash chromatography.


Data for 17: Purification by flash chromatography (49:1 pentane/diethyl
ether; Rf=0.65) yielded an orange solid (0.14 g, 0.56 mmol, 15%).
1H NMR (200 MHz, CDCl3, 25 8C): d=6.83 (s, 1H; C(5)H), 6.31 (s, 1H;
C(9)H), 3.26 (broad s, 2H; C(2)H2), 2.90 (m, 2H; C(6)H2), 2.49 (m, 2H;
C(7)H2), 2.48 (septet, 3J(H,H)=6.8 Hz, 1H; CHMe2), 2.30 (s, 3H;
C(4)Me), 2.23 (s, 3H; C(3)Me), 2.16 (s, 3H; C(1)Me), 1.13 ppm (d,
3J(H,H)=6.8 Hz, 6H; CHMe2);


13C NMR (50.3 MHz, CDCl3, 25 8C): d=
148.9, 141.4, 140.2, 138.4, 135.6, 133.0, 131.6, 128.5, 128.3, 116.3, 42.1,
38.5, 33.5, 30.6, 21.1, 19.3, 15.1, 14.2 ppm; IR (neat): ñ=3007, 2959, 2928,
2866, 1719, 1447, 1383, 1157, 865, 755 cm�1; MS (70 eV, EI): m/z (%): 209
(48) [M+�CH(CH3)2], 237 (41) [M+ - CH3], 252 (100) [M+]; MS (70 eV,
CI, NH3): m/z (%): 252 (55) [M+]; 253 (100) [M+H+], 254 (15) [M+


+2H]; HRMS: m/z : calcd for C19H24 [M+]: 252.1878; found: 252.1858.


Data for 18 : Purification by flash chromatography (49:1 pentane/diethyl
ether; Rf=0.42) yielded an orange solid (0.07 g, 0.14 mmol, 4%).
1H NMR (200 MHz, CDCl3, 25 8C): d=6.54 (s, 1H; CH), 6.39 (s, 1H;
CH), 6.07 (s, 1H; CH), 6.04 (d, 3J(H,H)=12.3 Hz, 1H; CH), 5.93 (d,
3J(H,H)=12.3 Hz, 1H; CH), 5.87 (s, 1H; CH), 5.78 (d, 3J(H,H)=
12.3 Hz, 1H; CH), 5.39 (d, 3J(H,H)=12.3 Hz, 1H; CH), 3.20 (septet,
3J(H,H)=6.9 Hz, 1H; CHMe2), 3.11 (septet, 3J(H,H)=6.7 Hz, 1H;
CHMe2), 2.22 (d, 3J(H,H)=6.9 Hz, 6H; CHMe2), 2.18 (s, 3H; Me), 2.17
(s, 3H; Me), 1.96 (s, 3H; Me), 1.77 (s, 3H; Me), 1.68 (s, 3H; Me), 1.58 (s,
3H; Me), 1.06 ppm (d, 3J(H,H)=6.7 Hz, 6H; CHMe2);


13C NMR
(50.3 MHz, CDCl3, 25 8C): d=147.2, 146.0, 144.0, 142.4, 140.2, 139.9,
136.9, 136.5, 133.5, 133.3, 132.9, 132.1, 132.0, 131.5, 130.1, 129.8, 129.6,
129.5, 129.4, 129.1, 127.2, 126.6, 122.7, 121.8, 30.5, 29.8, 22.0, 21.9, 21.7,
20.9, 19.6, 17.6, 15.6, 14.7 ppm; MS (70 eV, CI, NH3): m/z : (%): 249 (34)
[M+�C19H21], 253 (100) [M++4H�C19H21].


Data for 19 : Purification by flash chromatography (19:1 pentane/diethyl
ether; Rf=0.36) yielded a blue oil (0.29 g, 1.04 mmol, 28%). 1H NMR
(200 MHz, CDCl3, 25 8C): d=8.05 (s, 1H; C(9)H), 7.48 (s, 1H; C(2)H),
7.33 (d, 3J(H,H)=10.5 Hz, 1H; C(7)H), 6.74 (d, 3J(H,H)=10.5 Hz, 1H;
C(6)H), 3.40 (q, 3J(H,H)=6.3 Hz, 1H; CHMe), 3.32 (s, 3H; OMe), 3.27
(d, 2J(H,H)=15.7 Hz, 1H; CH2), 3.06 (d, 2J(H,H)=15.7 Hz, 1H; CH2),
3.02 (septet, 3J(H,H)=6.3 Hz, 1H; CHMe2), 2.65 (s, 3H; C(1)Me), 1.35
(d, 3J(H,H)=6.3 Hz, 3H; C(3)Me), 1.34 (d, 3J(H,H)=6.3 Hz, 6H;
CHMe2), 1.12 ppm (s, 3H; C(4)Me); 13C NMR (50.3 MHz, CDCl3, 25 8C):
d=143.9, 143.9, 138.5, 135.3, 133.7, 133.1, 131.8, 130.0, 124.3, 121.9, 77.2,
49.3, 42.8, 38.5, 38.2, 24.7, 18.8, 15.5, 12.6 ppm; MS (70 eV, EI): m/z (%):
235 (100) [M+�CH3OH�CH3], 267 (42) [M+�CH3], 282 (48) [M+]; MS
(70 eV, CI, NH3): m/z (%): 283 (100) [M++H].


Synthesis of 24 : TCNE (0.05 g, 0.39 mmol) was added to a solution of 4
(0.10 g, 0.36 mmol) in THF (1.5 mL) at 0 8C. After stirring at 25 8C for
4 h, the solvent was evaporated and the brown residue was purified by
flash chromatography (8:2 pentane/diethyl ether; Rf=0.40), yielding a
yellow solid (0.14 g, 0.35 mmol, 96%). 1H NMR (500 MHz, CDCl3,
25 8C): d=7.46 (s, 1H; C(5)H), 7.17 (s, 1H; C(3)H), 6.37 (d, 3J(H,H)=
7.7 Hz, 1H; C(7)H), 4.31 (s, 1H; C(9)H), 4.21 (d, 3J(H,H)=7.7 Hz, 1H;
C(6)H), 3.52 (d, 2J(H,H)=22.7 Hz, 1H; CH2), 3.38 (d, 2J(H,H)=22.7 Hz,
1H; CH2), 2.58 (septet, 3J(H,H)=6.8 Hz, 1H; CHMe2), 2.24 (s, 3H;
C(1)Me), 1.36 (s, 9H; CMe3), 1.16 ppm (d, 3J(H,H)=6.8 Hz, 6H;
CHMe2);


13C NMR (125 MHz, CDCl3, 25 8C): d=149.6, 145.9, 144.5,
142.4, 138.2, 127.2, 125.8, 123.2, 122.3, 122.3, 112.9, 112.9, 111.0, 111.0,
49.3, 47.5, 46.6, 46.2, 43.2, 35.0, 34.5, 31.7, 20.7, 20.5, 14.0 ppm; IR (neat):
ñ=3030, 2965, 2872, 2252, 1626, 1478, 1464, 1263, 1217, 1097, 1012,
758 cm�1; MS (70 eV, EI): m/z (%): 278 (100) [M+�C2(CN)4], 406 (10)
[M+]; MS (70 eV, CI, NH3): m/z (%): 278 (100) [M+�C2(CN)4], 406 (15)
[M+], 424 (53) [M++NH4]; HRMS: m/z : calcd for C27H26N4 [M+]:
406.2157; found: 406.2162.


Synthesis of 25 : TCNE (0.05 g, 0.39 mmol) was added to a solution of 16
(0.10 g, 0.36 mmol) in THF (1.5 mL) at 0 8C. After stirring at 25 8C for
4 h, the solvent was evaporated and the brown residue was purified by
flash chromatography (8:2 pentane/diethyl ether; Rf=0.38), yielding a
yellow solid (0.13 g, 0.32 mmol, 89%). 1H NMR (500 MHz, CDCl3,
25 8C): d=7.23 (s, 1H; C(5)H), 7.19 (s, 1H; C(3)H), 6.61 (s, 1H; C(2)H),
6.40 (s, 1H; C(9)H), 3.43 (d, 3J(H,H)=3.7 Hz, 1H; C(7)H), 2.16 (s, 3H;
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C(1)Me), 1.97 (s, 3H;=CMe), 1.66 (d, 3J(H,H)=3.7 Hz, 1H; C(6)H),
1.55 (s, 3H;=CMe), 1.35 ppm (s, 9H; CMe3); IR (neat): ñ=3028, 2965,
2923, 2872, 2216, 1716, 1604, 1464, 1064, 758 cm�1.


Synthesis of 28 : LDA (0.2 mL of a 2.0m solution) was added to a solution
of 4 (0.10 g, 0.36 mmol) in THF (3.5 mL) at �78 8C under N2. Stirring
was continued at �78 8C for 20 min, followed by addition of a solution of
C5H5Fe(CO)2I (0.12 g, 0.39 mmol) in THF (3.5 mL) by cannula. After
stirring at �78 8C for 1 h, the mixture was allowed to warm to 25 8C and
allowed to stir for an additional hour. The mixture was then quenched by
the addition of H2O and diethyl ether at 0 8C, and the organic layer was
extracted with brine, dried over MgSO4, filtered and concentrated under
reduced pressure. The black oil was purified by flash chromatography
(19:1 pentane/diethyl ether; Rf=0.82), yielding an orange solid (0.16 g,
0.30 mmol, 84%). 1H NMR (500 MHz, CDCl3, 25 8C): d=6.78 (s, 1H;
C(3)H), 6.45 (s, 1H; C(5)H), 6.08 (s, 1H; C(9)H), 5.78 (d, 3J(H,H)=
12.3 Hz, 1H; C(6)H), 5.33 (d, 3J(H,H)=12.3 Hz, 1H; C(7)H), 3.56 (s,
1H; C(2)H), 2.25 (septet, 3J(H,H)=6.8 Hz, 1H; CHMe2), 2.06 (s, 3H;
C(1)Me), 1.19 (s, 9H; CMe3), 1.07 ppm (d, 3J(H,H)=6.8 Hz, 6H;
CHMe2);


13C NMR (125 MHz, CDCl3, 25 8C): d=147.7, 142.9, 142.6,
142.2, 139.3, 134.1, 131.6, 130.3, 127.0, 125.7, 125.4, 122.3, 121.9, 52.1,
38.0, 34.0, 31.2, 21.8, 21.7, 12.0 ppm; IR (neat): ñ=3021, 2960, 2869, 1637,
1599, 1464, 1363, 1217, 1028, 878, 758 cm�1; MS (70 eV, EI): m/z : (%):
276 (100) [M+�C21H26], 277 (56) [M+�C21H25]; HRMS: m/z : calcd for
C42H50 [M+]: 554.3913; found: 554.3908.


Synthesis of 29 : A solution of freshly prepared [Cr(CH3CN)3(CO)3] in
THF (3.5 mL) was added, using a cannula, to a solution of 4 (0.10 g,
0.36 mmol) in THF (3.5 mL) at 25 8C under N2. The mixture was then re-
fluxed for 8 h. After cooling, the solvent was evaporated and the brown
residue was purified by flash chromatography (9:1 pentane/diethyl ether;
Rf=0.65), yielding a red-orange solid (0.13 g, 0.31 mmol, 87%). 1H NMR
(300 MHz, CDCl3, 25 8C): d=6.01 (s, 1H; C(9)H), 5.81 (s, 1H; C(3)H),
5.67 (d, 3J(H,H)=12.3 Hz, 1H; C(7)H), 5.60 (d, 3J(H,H)=12.3 Hz, 1H;
C(6)H), 5.11 (s, 1H; C(5)H), 3.42 (broad s, 2H; CH2), 2.29 (septet,
3J(H,H)=6.8 Hz, 1H; CHMe2), 1.94 (s, 3H; C(1)Me), 1.28 (s, 9H;
CMe3), 1.07 ppm (d, 3J(H,H)=6.8 Hz, 6H; CHMe2);


13C NMR (75 MHz,
CDCl3, 25 8C): d=234.2, 141.0, 138.9, 134.0, 129.4, 129.2, 120.7, 120.3,
116.7, 109.2, 98.0, 92.5, 89.4, 42.9, 38.0, 33.8, 31.2, 21.9, 21.8, 13.9 ppm; IR
(neat): ñ=3026, 2965, 2911, 2873, 1951, 1881, 1465, 1395, 1368, 1097,
1017, 909, 735 cm�1; MS (70 eV, EI): m/z (%): 278 (44) [M+�Cr(CO)3],
279 (100) [M++H�Cr(CO)3], 330 (21) [M+�3(CO)], 414 (4) [M+];
HRMS: m/z : calcd for C24H26O3Cr [M+]: 414.1287; found: 414.1234; ele-
mental analysis calcd (%) for C24H26O3Cr: C 69.55, H 6.32, Cr 12.55;
found: C 69.83, H 6.27, Cr 12.97.


X-ray measurement for 29 : X-ray crystallographic data for 29 were col-
lected on a suitable sample mounted with grease on the end of a thin
glass fiber. Data were collected on a D8 Bruker diffractometer equipped
with a Bruker SMART APEX CCD area detector (employing the pro-
gram SMART[19]) and an X-ray tube utilizing graphite-monochromated
MoKa radiation (l=0.71073 N). Data processing was carried out by the
use of the program SAINT,[20] while the program SADABS[21] was utilised
for the scaling of diffraction data and an empirical absorption correction
based on redundant reflections. The structure was solved by using the
direct-methods procedure in the Bruker SHELXTL[22] program library
and refined by full-matrix least-squares on F2. All non-hydrogen atoms
were refined using anisotropic thermal parameters. Hydrogen atoms
were added as fixed contributors at calculated positions with isotropic
thermal parameters based on the carbon atom to which they are attach-
ed.


Crystal data for 29 : C24H26O3Cr, Mr=414.45, monoclinic, space group
P21/n, a=9.560(9), b=18.78(1), c=12.07(1) N, b=97.30(2)8, V=


2150(3) N3, Z=4, 1calcd=1.280 gcm�3, F(000)=872, T=293(2) K, m=


0.552 mm�1. Data were collected over the range 2.028<q<22.58, index
ranges �9�h�9; �19�k�18; �7� l�2. Of a total of 11277 reflections,
2468 were independent and 1346 observed [Fo>4s(F)], the largest differ-
ence peak and hole were 0.58 and �0.48 eN�3, respectively; R1=0.078,
wR2=0.181.


CCDC-236711 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 deposit@ccdc.cam.uk).
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The Influence of Constitutional Isomerism and Change on Molecular
Recognition Processes
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Introduction


The interest[1] in employing strict self-assembly processes[2]


to bring together different molecular components in a
highly directed manner, to produce spontaneously thermo-


dynamically stable ensembles[3] that may be molecular or
supramolecular in nature, continues to gain momentum at a
remarkable pace. The impetus for this high level of research
activity is no longer a quest for new forms, attractive as they
may be in their own right; it is also being driven more and
more by the search for functions associated with molecularly
based nanoscopic devicelike systems[4–7] that might find tech-
nological applications in the not too distant future. The con-
cept of using strict self-assembly processes[2] to construct
structures and superstructures with differing aspects of inter-
locking and intertwining of their interactive components[8] is
one that has captured the imaginations of many different re-
searchers.[9] This trend is hardly all that suprising, since
there is probably an engineer's perspective waiting to be ex-
pressed in the minds of many chemists, and particularly in
those where design and synthesis, solid-state structural eluci-
dation, and molecular modeling are some of the corner-
stones of their research activities.
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Abstract: Three constitutionally iso-
meric bis(naphthylmethyl)ammonium
ions, in which the two naphthyl groups
are substituted 1) both at their 1-posi-
tions, 2) one at its 1-position and the
other at its 2-position, and 3) both at
their 2-positions, have been investigat-
ed separately in solution for their
propensities to undergo spontaneous
self-assembly with three different
[24]crown-8 derivatives, namely, pyri-
do[24]crown-8 (P24C8), dipyrido[24]-
crown-8 (DP24C8) and dibenzo[24]-
crown-8 (DB24C8), in turn to form
[2]pseudorotaxanes. The strengths of
the 1:1 complexes depend on the com-
position of the secondary dialkylammo-
nium ions and on the nature of the
crown ether hosts; generally, as far as
the guest cation is concerned, the 1/1-
and 2/2-isomers form stronger com-
plexes, as indicated by stability con-


stant measurements, than the 1/2-
isomer and, as far as the crown ethers
are concerned, the more flexible
P24C8 is a much more efficient host
than either DP24C8 or DB24C8. The
rates of formation of the [2]pseudoro-
taxanes are fast (i.e. , taking no more
than a few minutes) in solution with
the exception of one case, that is, in
which the crown ether host is DB24C8
and the guest cation is the 1/1-isomer,
when it can take upwards of one
month for the complexation–decom-
plexation equilibrium to be established
at room temperature. In all cases, the
equilibrium between complexed and


uncomplexed species is slow on the
NMR timescale, allowing the determi-
nation of stability constants to be made
readily using the single-point method.
X-ray crystallography and molecular
modeling have been used to gain in-
sight into ground and transition state
interactions, respectively, in some of
the [2]pseudorotaxanes. The relative
stabilities of the three [2]pseudorotax-
anes formed by each guest cation in
the presence of the three crown ether
hosts were also evaluated in solution
by competition experiments that were
monitored by 1H NMR spectroscopy.
By and large the results of the competi-
tion experiments could be predicted on
the basis of the derived stability con-
stants for the individual [2]pseudoro-
taxanes.


Keywords: crown compounds ·
dynamic covalent chemistry ·
pseudorotaxanes · self-assembly ·
supramolecular chemistry
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For close on a decade now, one of the easiest ways to con-
struct interlocked molecules[10,11] (including many rotaxanes
but also some catenanes) and interwoven polyvalent supra-
molecular arrays[12] has relied upon the molecular recogni-
tion (based principally upon strong N+�H···O hydrogen
bonding augmented by weaker C�H···O interactions and oc-
casionally some p–p stacking forces) that has been
shown[8h,13] to exist between -CH2NH2


+CH2- centers, present
in secondary dialkylammonium ions, and crown ethers
based on [24]crown-8—commonly dibenzo[24]crown-8
(DB24C8)—or larger. In cases in which the secondary di-
alkylammonium ion is threaded through the macrocyclic
polyether cavity of a DB24C8 derivative that has been func-
tionalized on one or both catechol rings of the crown ether,
symmetry-induced complications arise[14] and complicate the
nature of the complexes formed and the products that can
be isolated as interlocked molecular compounds.
In order to circumvent these symmetry-related problems,


one or both of the catechol rings were replaced[15,16] with re-
sorcinol rings, such that the macrocyclic polyethers of inter-
est became benzo-m-phenylene[25]crown-8 (BMP25C8)
and bis-m-phenylene[26]crown-8 (BMP26C8), respectively.
There is a downside, however, to making these constitution-
al changes—namely, that the strength of the complexes, that
is, pseudorotaxanes,[17] formed with secondary dialkylammo-
nium ions, under comparable conditions,[15,16] falls considera-
bly on going from DB24C8 to BMP25C8 and plummets in
changing from BMP25C8 to BMP26C8.
Consequently, we turned our attention to replacing[18] the


two catechol rings in DB24C8 by two 2,6-disubstituted pyri-
dine rings and, as a result, synthesized in our laboratories di-
pyrido[24]crown-8 (DP24C8), as an alternative to DB24C8
wherein the [24]crown-8 constitution is preserved. This par-
ticular [24]crown-8 derivative not only circumvented the
symmetry-related problems, but it also more than lived up
to our expectations in terms of its complexation behavior by
forming even more stable pseudorotaxanes[18] than DB24C8
with dibenzylammonium hexafluorophosphate in acetoni-
trile. Clearly, DP24C8 merits a
more detailed investigation
with a wider range of secon-
dary dialkylammonium ions in
order to assess its propensity
to form pseudorotaxanes. It
was while in pursuit of this ob-
jective that we obtained the re-
sults that are reported in this
full paper.
Furthermore, although the


more flexible analogue of
DP24C8, that is, pyrido[24]-
crown-8 (P24C8), has been
known[19] for a lot longer and
its complexation with guanidi-
nium ions,[20] water,[21] maloni-
trile,[22] and urea[23] are all well
documented, no studies, to our
knowledge, have been reported
on the ability of P24C8 to form


pseudorotaxanes[17] with secondary dialkylammonium ions.
This oversight is also addressed in this full paper.
During some investigations on the respective abilities of


DB24C8, DP24C8, and P24C8 to act as encircling hosts with
a range of secondary dialkylammonium guest ions,
RCH2NH2


+CH2R, in which R is either 1-naphthyl or 2-
naphthyl, or a mixture of these groups, we discovered that
one of the three constitutionally isomeric ions—namely, that
in which both R groups are 1-naphthyls—took a much
longer time than expected to reach equilibrium and form a
pseudorotaxane[17] with DB24C8. This phenomenon, which
we commonly refer to as slippage,[24] has been encountered
by us and others previously: it provides an extremely attrac-
tive way to self-assemble rotaxanelike entities under ther-
modynamic control, often when other synthetic approaches
are simply not viable for one reason or another.
This full paper describes the way in which three constitu-


tionally isomeric bis(naphthylmethyl)ammonium ions
behave both kinetically and thermodynamically when they
come in contact with three different [24]crown-8 derivatives,
namely, DB24C8, DP24C8, and P24C8, to form pseudoro-
taxanes[17] in solution. The 1:1 complexes, for the most part,
have been fully characterized by X-ray crystallography in
the solid state and their formations, singly and in competi-
tion with one another, have been investigated in solution by
1H NMR spectroscopy.


Results and Discussion


Molecular synthesis : Of the macrocyclic hosts (Figure 1),
DB24C8 is commercially available and the syntheses of
DP24C8[18] and P24C8[19] have been reported previously. The
four secondary dialkylammonium guest cations, namely
[1NP/1NP-H]+ , [1NP/2NP-H]+ , [2NP/2NP-H]+ , and
[PIP/PIP-H]+ , were all obtained as their hexafluorophos-
phate salts by treatment of the corresponding hydrochloride
salts with saturated aqueous NH4PF6. The secondary amines,


Figure 1. Structural formulas of the macrocyclic polyethers and the dialkylammonium hexafluorophosphate
salts discussed in this article.
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from which the hydrochloride salts were prepared (conc.
HCl), were all synthesized in good yields by carrying out re-
ductive aminations (NaBH4/MeOH) on the imines, obtained
from condensing appropriate aldehydes and amines by using
a Dean-Stark apparatus. The four PF6


� salts shown in
Figure 1 were fully characterized by 1H and 13C NMR spec-
troscopy and also by high-resolution mass spectrometry.


Supramolecular synthesis : The formation in solution of the
1:1 threaded complexes, or [2]pseudorotaxanes, from equi-
molar amounts of the [24]crown-8 derivatives and the
[R2NH2][PF6] salts was monitored in each case by


1H NMR
spectroscopy. The solvents in which we chose to study the
self-assembly between the neutral macrocyclic hosts and the
cationic guests were 1) CD3CN, 2) CD2Cl2 and 3) a mixed
solvent system (MSS), namely, CDCl3/CD3CN (3:1). The
first two solvents were chosen in order to investigate the
strengths of the 1:1 complexes in solvents with considerably
different polarities. The MSS was chosen to be able to com-
pare stability constants (Ka values) for [2]pseudorotaxane
formation with literature values for related 1:1 complexes
studied previously.[24m] The complexation studies were car-
ried out with solutions in the mm concentration range. The
Ka values and derived DG8 values are summarized in
Table 1.


Pseudorotaxane formation with P24C8 : All four [R2NH2]
+


ions, as their PF6
� salts shown in Figure 1, are able to form


pseudorotaxanes with P24C8 in CD3CN and CD2Cl2 rela-
tively quickly, that is, equilibria are reached in the time it
takes to record the 1H NMR spectra of freshly prepared
samples at room temperature, despite the fact that complex-
ation–decomplexation is slow on the NMR timescale. When
an equimolar mixture of [PIP/PIP-H][PF6] and P24C8 in
CD3CN has its 1H NMR spectrum recorded (Figure 2b)
within 5 min of the mixing process, the result is distinctly
different from the spectra (Figure 2a and c) of the free guest
salt and the free crown ether, respectively. Although peaks
arising from both of these uncomplexed species can be iden-
tified in Figure 2b, the major resonances present in the spec-
trum are for the newly formed [2]pseudorotaxane. A more
than adequate separation of peaks (e.g., for the OCH2O
protons, Hc) for the complexed and uncomplexed species
renders it possible to use the single-point method[25] to de-
termine a Ka value of 1130�60m�1 in CD3CN at 298 K for a
3mm solution. The magnitude of this stability constant dem-


onstrates that the [2]pseudorotaxane [PIP/PIP-H�P24C8]
[PF6] is rather stable, even in this relatively polar solvent.
Good quality crystals, suitable for X-ray analysis, were


grown from a solution of [PIP/PIP-H][PF6] and P24C8 in
CH2Cl2 layered with iPr2O. The X-ray structure reveals the
anticipated threading of the cation through the center of the
P24C8 macrocycle (Figure 3). The pseudorotaxane is stabi-
lized by a combination of N+�H···N (a), N+�H···O (b), and
C�H···O (c,d,e), hydrogen-bonding interactions. The planes
of the two piperonyl ring systems are mutually inclined by
approximately 828 with one unit lying close to (188) the
plane of the C-CH2-NH2


+-CH2-C linking backbone, and the
other oriented approximately orthogonally (828). There are
no intra- or intermolecular p–p stacking interactions; the
only intermolecular interactions of note are a pair of C�
H···p contacts between centrosymmetrically related pseudo-
rotaxanes. These interactions occur between one of the poly-
ether methylene hydrogen atoms in one pseudorotaxane
and one of the benzyl rings of the cation of the other (and
vice versa); the H···p distance is 2.74 N and the C�H···p


angle is 1668. There are no in-
teractions involving the PF6


�


ion.
Although the steric bulk of


the R groups in the [R2NH2]
+


ion increases on going from
[PIP/PIP-H]+ to the [2NP/
2NP-H]+ , pseudorotaxane for-
mation with P24C8 to give
[2NP/2NP-H�P24C8]+ pro-
ceeds efficiently once again.
The partial 1H NMR spectrum
of this pseudorotaxane in equi-


Table 1. Stability constants (Ka) determined by using the single-point method and the derived free energies of
complexation (DG8) associated with the [2]pseudorotaxanes formed between the crown ethers P24C8,
DP24C8, and DB24C8 and the salts [1NP/1NP-H][PF6], [1NP/2NP-H][PF6], [2NP/2NP-H][PF6], and [PIP/
PIP-H][PF6] in CD3CN at 25 8C.[a]


Ka [m
�1] �DG8 [kcalmol�1][b]


P24C8 DP24C8 DB24C8 P24C8 DP24C8 DB24C8


[1NP/1NP-H][PF6] 2230�60 720�40 760�40 4.62�0.01 3.92�0.03 3.95�0.04
[1NP/2NP-H][PF6] 1100�55 890�50 370�30 4.17�0.03 4.05�0.04 3.53�0.04
[2NP/2NP-H][PF6] 2270�60 940�50 900�50 4.61�0.01 4.08�0.03 4.06�0.04
[PIP/PIP-H][PF6] 1130�60 710�40 520�30 4.19�0.04 3.91�0.04 3.73�0.04


[a] The spectra were obtained at 25 8C on a Bruker Avance 500 spectrometer with the deuterated solvent as
the lock and the residual solvent as internal reference. [b] The free energies of association (�DG8) were calcu-
lated from the Ka values by using the expression DG8=�RT lnKa.


Figure 2. Partial 1H NMR spectra recorded at 500 MHz in CD3CN of a
solution of a) [PIP/PIP-H][PF6], b) a 1:1 mixture of [PIP/PIP-H][PF6]
and DB24C8, and c) DB24C8 at 25 8C. The concentrations of the crown
ether and salt were both 3mm. Peaks associated with the uncomplexed
crown ether and dialkylammonium ion are denoted by the descriptor uc,
while those associated with the complex are denoted by the descriptor c.
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librium with its free components in CD3CN at 298 K is
shown in Figure 4a, recorded just 5 min after mixing [2NP/
2NP-H][PF6] and P24C8. Well separated from each other


are the characteristic multiplet, centered on d=4.8 ppm, for
the methylene protons adjacent to an NH2


+ center encircled
by a macrocycle and the singlet for the same methylene pro-
tons in the free cation, which resonate just below d=


4.5 ppm. Likewise, signals can also be identified for the a-
OCH2 protons in the complexed and free P24C8 at approxi-
mately d=4.3 and 4.7 ppm, respectively. On this occasion, a
single-point determination[25] of the stability constant in
CD3CN at 298 K yielded a Ka value of 2270�60m�1. This
value is almost exactly twice that obtained previously for
the [PIP/PIP-H�P24C8][PF6] complex, suggesting that two
2-naphthyl groups, either directly through increased p–p
stacking interactions or by some indirect influence on the
N+�H···O hydrogen bonds and C�H···O interactions, are


more stabilizing within the 1:1 complex than are two piper-
onyl groups.
Next we investigated pseudorotaxane formation between


P24C8 and the [1NP/1NP-H]+ ion in which the constitu-
tions of both naphthyl rings have been changed from being
linked through their 2-positions to being linked through
their 1-positions. A 1H NMR spectrum was recorded 5 min
after the mixing of [1NP/1NP-H][PF6] and P24C8 in equi-
molar amounts in CD3CN at 298 K. Its features did not
change on standing. The partial 1H NMR spectrum (Fig-
ure 4b) reveals sharp signals belonging to both free and
complexed species present in the solution. When compared
with the analogous partial spectrum (Figure 4a) for the
[2NP/2NP-H�P24C8]+ ion, we note that the differences in
the chemical shifts between the methylene protons adjacent
to the NH2


+ center in a threaded cation and the a-OCH2


protons in the complexed P24C8 differ substantially. In the
[2NP/2NP-H�P24C8]+ ion, the signal for the complexed
guest protons (CH2NH2


+) are to be found 0.55 ppm down-
field of the complexed host protons (a-OCH2), whereas for
the [1NP/1NP-H�P24C8]+ ion, there is a difference of
~1.3 ppm between the complexed host protons (a-OCH2)
and the complexed guest protons (CH2NH2


+). These differ-
ences probably reflect the existence in solution of dissimilar
co-conformations adopted by the two pseudorotaxanes, in
addition to variations in the conformations exhibited by the
crown ether component and the constitutionally isomeric
cations. Nonetheless, the stability constant of 2230�60m�1


obtained by the single-point method[25] for the 1:1 complex
formed between [1NP/1NP-H][PF6] and P24C8 in CD3CN
at 298 K, is almost the same as that calculated for the [2NP/
2NP-H�P24C8]+ ion.
The 1H NMR spectrum of [1NP/2NP-H][PF6] recorded in


CD3CN at 298 K is shown in Figure 5a. After addition of
equimolar amounts of P24C8, the complexation/decomplex-
ation equilibrium was established inside 5 min. An interest-
ing feature in the 1H NMR spectrum (Figure 5b) of [1NP/
2NP-H�P24C8][PF6] is the diastereotopicity observed[10f,15b]
for the a-OCH2 protons, in keeping with the constitutionally
asymmetric guest cation being in slow exchange on the
1H NMR timescale with the host crown ether, namely
P24C8. On this occasion, the single-point method[25] for ob-
taining stability constants delivered a Ka value of 1100�
60m�1 for the 1:1 complex formed between P24C8 and the
“mixed” cation, [1NP/2NP-H]+ , at 298 K in CD3CN. Clear-
ly, this constitutionally asymmetrical cation is bound less
strongly by P24C8 than are the two constitutionally symmet-
rical cations. The reason for this difference in binding is not
immediately apparent.


Pseudorotaxane formation with DP24C8 : In common with
P24C8, the formation of pseudorotaxanes by DP24C8 is
rapid in CD3CN and CD2Cl2 solutions with all four
[R2NH2]


+ ions as their PF6
� salts (Figure 1) on the labora-


tory timescale; that is, the self-assembly of all four pseudo-
rotaxanes is complete within 5 min at 298 K. Close inspec-
tion of the 1H NMR spectra (Figure 5c and 6) for all four of
these pseudorotaxanes in equilibria with their free counter-
parts reveal that the signals are somewhat broader in all in-


Figure 3. The solid-state superstructure of [PIP/PIP-H�P24C8]+ . The ge-
ometries of the X�H···Y hydrogen bonds are X···Y, H···Y [N], X�H···Y
[8]: a) 3.07, 2.17, 174; b) 2.92, 2.02, 175; c) 3.25, 2.30, 166; d) 3.34, 2.38,
172; e) 3.14, 2.27, 149.


Figure 4. Partial 1H NMR spectra of the [2]pseudorotaxane formation for
P24C8 with a) [2NP/2NP-H][PF6] and b) [1NP/1NP-H][PF6] in CD3CN
at 25 8C. Peaks associated with the uncomplexed crown ether and dialkyl-
ammonium ion are denoted by the descriptor uc, while those associated
with the complex are denoted by the descriptor c. The initial concentra-
tions of the crown ether and the salt were both 3mm.
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stances than was observed when P24C8 is the crown ether
host. This peak broadening is particularly marked in the par-
tial spectrum (Figure 6a) of an equimolar mixture of [PIP/
PIP-H][PF6] and DP24C8 in CD3CN at 298 K. Despite this
fact, however, peaks belonging to both the complexed and
uncomplexed species were easily distinguishable and so it
was possible to deduce a Ka value of 710�40m�1 for [PIP/
PIP-H�DP24C8][PF6] by using the single-point method.[25]
This value is slightly less than that (1130�60m�1) for the
same guest ion binding with the more flexible P24C8 host,
an observation which suggests that no advantage in terms of
binding is to be gained from increasing macrocyclic ring ri-
gidity by introducing a second pyrido unit into it. The same
downward trend in Ka values on going from P24C8 to
DP24C8 as host with the guest ions [2NP/2NP-H]+ and
[1NP/1NP-H]+ has been observed (Table 1) with values of
940�50m�1 and 720�40m�1 being obtained from the partial
1H NMR spectra reproduced in Figure 6b and c, respective-
ly. As far as chemical shifts are concerned, there is a re-
markable similarity in patterns between these two spectra
and those displayed in Figure 4a and b, respectively, for
P24C8 and its 1:1 complexes with [2NP/2NP-H][PF6] and
[1NP/1NP-H][PF6].
It proved possible to grow, from a solution of [1NP/1NP-


H][PF6] and DP24C8 in CH2Cl2 layered with iPr2O, single
crystals of [1NP/1NP-H�DP24C8][PF6] that were amenable
to X-ray crystallography. The solid-state superstructure is il-
lustrated in Figure 7. The cation is threaded through the


center of the DP24C8 macrocycle and anchored by N+�
H···O (a), and N+�H···N (b) hydrogen bonds, and by a C�
H···p interaction (c). There are no interactions involving
either of the methylene groups adjacent to the ammonium
center. The geometry of the cation is very similar to that ob-
served for its analogue in the superstructure of [PIP/PIP-
H�P24C8][PF6]. The two naphthalene ring systems are mu-
tually inclined by about 838 with one unit lying almost in the


Figure 5. 1H NMR spectra (500 MHz, 298 K) of a) free [1NP/2NP-H]
[PF6], b) a 1:1 mixture of [1NP/2NP-H][PF6] and P24C8, c) a 1:1 mixture
of [1NP/2NP-H][PF6] and DP24C8, and d) a 1:1 mixture of [1NP/2NP-
H][PF6] and DB24C8 in CD3CN showing the formation of the [2]pseudo-
rotaxanes. The initial concentrations of the crown ethers and salts were
3mm.


Figure 6. Partial 1H NMR spectra of the free species and the [2]pseudo-
rotaxanes formed between DP24C8 and a) [PIP/PIP-H][PF6], b) [2NP/
2NP-H][PF6], and c) [1NP/1NP-H][PF6]. The spectra were recorded at
500 MHz in CD3CN at 25 8C. Peaks associated with the uncomplexed
crown ether and dialkylammonium ion are denoted by the descriptor uc,
while those associated with the complex are denoted by the descriptor c.
The initial concentrations of the crown ether and the salt were both
3mm.


Figure 7. The solid-state superstructure of [1NP/1NP-H�DP24C8]+ . The
hydrogen bonding geometries are, X···Y, H···Y [N], X�H···Y [8]: a) 2.88,
1.99, 169; b) 2.96, 2.07, 170. The C�H···p interaction c) has H···p=
2.62 N, C�H···p=1478.
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plane of the linking backbone (98) and the other oriented
orthogonally (908). The “lower” naphthalene ring in
Figure 7 is involved in a parallel p–p stacking interaction
with its centrosymmetrically related counterpart (mean in-
terplanar separation 3.55 N), whilst the “upper” ring enters
into a C�H···p interaction with one of the polyether methyl-
ene groups of a symmetry related pseudorotaxane (H···p
2.89 N, C�H···p 1348). These interactions combine to pro-
duce a loosely linked chain of pseudorotaxanes in the crys-
tal. There are no intermolecular interactions involving
either the PF6


� ion (which is disordered) or the included
CH2Cl2 of solvation.
And then finally, the superstructure and strength of the


pseudorotaxane [1NP/2NP-H�DP24C8]+ was investigated
in CD3CN at 298 K. The 1H NMR spectrum, shown in Fig-
ure 5c, reveals the diastereotopicity[10f, 15b] of the a-OCH2


protons in the 1:1 complex involving the constitutionally
asymmetric cationic guest. It was also subjected to the
single-point stability constant determination,[25] yielding a Ka


value of 890�50m�1 for the strength of the 1:1 complex; in
this regard, it is little different from all the others examined
(Table 1) in the DP24C8 series.


Pseudorotaxane formation with DB24C8 : Figure 8 illus-
trates the outcome when 1H NMR spectra were recorded at
298 K on solutions of DB24C8 in CD3CN to which had been
added equimolar amounts of [PIP/PIP-H][PF6], [2NP/2NP-
H][PF6], and [1NP/1NP-H][PF6] (a–c, respectively). Al-
though the first two spectra (Figure 8a and b) reveal peaks
for both complexed and uncomplexed species 5 min after
the mixing of the components, and remain unchanged over
long periods of time, the third spectrum (Figure 8c) comes
as something of a surprise. The only peaks that are present
are for the starting materials, the free components [1NP/


1NP-H][PF6] and DB24C8. This situation clearly represents
an anomalous one and merits further investigation. We will
return to a discussion of it later on. For the present, suffice
it to say that the other two pseudorotaxanes, namely [PIP/
PIP-H�DB24C8]+ and [2NP/2NP-H�DB24C8]+ behave
just like their P24C8 and DP24C8 counterparts. They are
formed rapidly on the laboratory timescale and exchange
slowly, the latter more so than the former, on the 1H NMR
timescale. The net result is such that we could determine
stability constants for the two pseudorotaxanes in CD3CN at
298 K, coming up with Ka values of 520�30m�1 and 900�
50m�1 for [PIP/PIP-H�DB24C8]+ and [2NP/2NP-
H�DB24C8]+ , respectively. In terms of complex strengths,
the two pseudorotaxanes are more comparable with those
involving DP24C8 as the host than when P24C8 is the host.
Again, the take home message would seem to be that rigidi-
ty is not a virtue when it comes to forming the strongest of
1:1 complexes. This trend is one that can be bucked, howev-
er, by changing solvents. For example, in CD2Cl2, the stabili-
ty constant for the formation of the 1:1 complex between
[PIP/PIP-H][PF6] and DB24C8 at 298 K rises to 2900�
70m�1. This observation is one that has been noted previous-
ly[13c] for the complexation of dibenzylammonium ions with
macrocyclic polyethers containing the [24]crown-8 constitu-
tion. Moreover, good quality single crystals, suitable for X-
ray analysis, were grown from a solution of [PIP/PIP-H]
[PF6] and DB24C8 in MeCN layered with iPr2O. The X-ray
superstructure (Figure 9) shows that the DB24C8 macro-
cycle adopts an extended conformation with approximate Ci


symmetry. The threaded [PIP/PIP-H]+ ion is bound by a
combination of N+�H···O (a,b) and C�H···O (c) hydrogen
bonds supplemented by p–p stacking (d) and C�H···p (e) in-
teractions. The piperonyl ring system involved in the intra-
molecular stacking interaction is disordered, adopting two


alternate coplanar orientations
(85:15), produced by an approxi-
mate 1808 flip about its CH2�C
linkage (the major occupancy
orientation is that illustrated in
Figure 9). As was observed in
the superstructure of [PIP/PIP-
H�P24C8][PF6], the two termi-
nal ring systems of the cation
are again oriented essentially or-
thogonally with respect to each
other (ca. 898). Here, however,
both benzyl rings are steeply in-
clined to the plane of the C-
CH2-NH2


+-CH2-C linking back-
bone (by ca. 51 and 668 for the
“left-” and “right-hand” ring sys-
tems, respectively, in Figure 9).
The only intermolecular packing
interaction of note is a p–p
stacking of the benzyl rings of
the “right-hand” piperonyl units
in centrosymmetrically related
pairs of pseudorotaxanes (mean
interplanar separation 3.50 N).


Figure 8. Partial 1H NMR spectra recorded at 500 MHz showing the free species and the mixtures of
DB24C8 with a) [PIP/PIP-H][PF6], b) [2NP/2NP-H][PF6], and c) 1NP/1NP-H][PF6] after 5 min of mixing
in CD3CN at 25 8C. Peaks associated with the uncomplexed crown ether and dialkylammonium ion are de-
noted by the descriptor uc, while those associated with the complex are denoted by the descriptor c. The ini-
tial concentrations of the crown ether and the salt were both 3mm.
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Let us return to the anomaly raised by the partial
1H NMR spectrum illustrated in Figure 8c. Figure 10a shows
the entire 1H NMR spectrum recorded at 298 K, 5 min after
3mm solutions of [1NP/1NP-H][PF6] and DB24C8 in
CD3CN had been mixed together. In contrast with all the
other experiments reported in this paper in which pseudo-
rotaxanes are formed in solution under apparently thermo-
dynamic control by strict self-assembly, the formation of the
pseudorotaxane [1NP/1NP-H�DB24C8][PF6] is a very
much more difficult supramolecular assembly process to per-


form. Even after standing at room temperature for two
days, the 1H NMR spectrum (Figure 10b) revealed only very
weak signals that can be attributed to the pseudorotaxane,
for example, the characteristic multiplet centered on d=


5.6 ppm for the methylene protons adjacent to an NH2
+


center encircled by a DB24C8 ring. This signal, together
with those representative of DB24C8 are the [1NP/1NP-
H]+ ion in their complexed forms, continued to become
more prominent with a concomitant decrease in the relative
intensities of the peaks for the free species until, after
22 days, equilibrium was reached: see the 1H NMR spectrum
reproduced in Figure 10c. A similar trend, indicating the op-
eration of kinetic control in the formation of [1NP/1NP-
H�DB24C8][PF6], was also observed in CD2Cl2 at 298 K,
except that equilibration occurs much more quickly in this
solvent to form a stronger 1:1 complex in the fullness of
time. Thus, in CD3CN, while only 8% of the free compo-
nents are present as the pseudorotaxane after two days, in
CD2Cl2 the percentage is 28. In CD2Cl2 equilibration is com-
plete after six days, affording 83% of the starting materials
as the 1:1 complex, compared with 63% at equilibrium after
22 days in CD3CN. The


1H NMR spectra for these two equi-
librium situations are illustrated in Figure 11a and b, respec-
tively. At equilibrium, single-point determinations of the sta-
bility constants yielded Ka values of 760�40m�1 and 3570�
70m�1, respectively, for 1:1 complex formation in CD3CN
and CD2Cl2.
Because the passage of the DB24C8 ring over the 1-naph-


thyl substituents of the [1NP/1NP-H]+ ion is not rapid on
the laboratory timescale relative to the other [R2NH2]


+ ions,
we decided to investigate the kinetics of the complexation/
decomplexation process by 1H NMR spectroscopy. First of
all, however, we determined stability constants for the 1:1


complex formed between
DB24C8 and [2NP/2NP-H]
[PF6] in CD3CN and CD2Cl2
and in a mixed solvent system
(MSS) composed of
CDCl3:CD3CN (3:1) at 25 8C
and 40 8C using the single-
point method[25] on equilibrat-
ed systems. The Ka values are
summarized in full in Table 2,
along with the derived free
energies of complexation
(DG8). Two points are worthy
of note. First, for a particular
solvent, the Ka value decreas-
es with increasing tempera-
ture, for example, 3300m�1 at
25 8C versus 1700m�1 at 40 8C
in the MSS. Second, these Ka


values are considerably higher
than those (900m�1 and
480m�1, respectively) obtained
in CD3CN, but not all that far
short, at least at 25 8C, of the
Ka value of 3570m


�1 obtained
in CD2Cl2.


Figure 9. The solid-state superstructure of [PIP/PIP-H�DB24C8]+ . The
geometries of the X�H···Y hydrogen bonds are X···Y, H···Y [N], X�
H···Y [8]: a) 3.03, 2.16, 161; b) 3.22, 2.36, 161; c) 3.21, 2.41, 140. The cen-
troid–centroid and mean interplanar separations d) are 3.95, 3.55 N, the
rings are inclined by ca. 128. The C�H···p interaction e) has H···p=
2.90 N, C�H···p=1608.


Figure 10. Partial 1H NMR spectra (CD3CN, 500 MHz, 25 8C) of a 1:1 mixture of DB24C8 and [1NP/1NP-H]
[PF6], illustrating the slow formation of the [1NP/1NP-H�DB24C8][PF6] complex. The spectra portrayed were
recorded after a) 5 min, b) 2 days, and c) 22 days. Peaks associated with the uncomplexed crown ether and di-
alkylammonium ion are denoted by the descriptor uc, while those associated with the complex are denoted by
the descriptor c. The initial concentrations of the crown ether and the salt were both 3mm.
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The rate constants (kon) for the passage of the DB24C8
ring over one of the 1-naphthyl substituents in the [1NP/
1NP-H]+ ion were calculated by using Equation (1):


Pt ¼ ½D2
0Pee


ðkon tðD
2
0�P


2
eÞ=Pe�D2


0Pe�=½D2
0e


ðkontðD
2
0�P


2
eÞPeÞ�P2


e� ð1Þ


in which D0 is the initial concentration of the uncomplexed
[1NP/1NP-H][PF6] or DB24C8, and Pe and Pt correspond
to the concentration of the pseudorotaxane [1NP/1NP-
H�DB24C8][PF6] at equilibrium and at time t, respectively.
Nonlinear curve fitting of the plot of Pt against t affords
values of kon, from which estimates of the respective free en-
ergies of activation for ingression (DG�


on) and egression
(DG�


off) can be calculated (Table 2). The values of DG
�
on and


DG�


off are in the range that we would normally associate
with the process we refer to as slippage.[24] When compared
(Table 2) with slippage studies carried out previously[24m] on


pseudorotaxanes formed be-
tween DB24C8 and the diben-
zylammonium ion carrying iso-
propyl substituents on the
para-positions of the two
phenyl rings, that is, [4IPP/
4IPP-H]+ , it is evident that
the thermodynamic data asso-
ciated with the formation of
[1NP/1NP-H�DB24C8][PF6]
and [4IPP/4IPP-H�DB24C8]
[PF6] are very similar indeed.
They even share an apparent
anomaly that was not com-
mented upon previously, that
is, that in all cases, the DG�


on


and DG�


off values increase ever
so slightly with increasing tem-
perature. It is tempting to
speculate that this trend is a
consequence of the entropic
penalty paid at the transition


state by a negative entropy of activation. It is a phenomenon
that is worthy of further investigation.
Single crystals of the pseudorotaxane [1NP/1NP-


H�DB24C8][PF6], suitable for X-ray analysis, could be
grown from a solution of [1NP/1NP-H][PF6] and DB24C8
in CH2Cl2 layered with iPr2O. The X-ray superstructure re-
veals that the DB24C8 macrocycle once again adopts an ex-
tended conformation with approximate Ci symmetry
(Figure 12). The [1NP/1NP-H]+ ion is bound to the macro-
cycle by a combination of N+�H···O (a,b) and C�H···O (c)
hydrogen bonds supplemented by a p–p stacking interaction
(d) between one of the naphthalene rings of the cation and
one of the catechol rings of the DB24C8 host. The planes of
two naphthalene rings of the cation are mutually orthogonal
(908). The “upper” and “lower” naphthalene rings are in-
clined by approximately 30 and 768, respectively, to the
plane of their C-CH2-NH2


+-CH2-C linking backbone. The


Figure 11. Partial 1H NMR spectra (500 MHz, 298 K) of a 1:1 mixture of [1NP/1NP-H][PF6] and DB24C8
(both 3mm) in a) CD2Cl2 and b) CD3CN after 6 and 22 days, respectively. Peaks associated with the uncom-
plexed crown ether and dialkylammonium ion are denoted by the descriptor uc, while those associated with
the complex are denoted by the descriptor c.


Table 2. Kinetic and thermodynamic data for the formation[a] of the [2]pseudorotaxane [1NP/1NP-H�DB24C8][PF6] in CD3CN, CD2Cl2, and MSS
[b] at


25 and 40 8C; in each case the concentrations of the components were 3 mm. A comparison is made with data taken from the literature (see ref. [24m])
relating to the formation of [4IPP/4IPP-H�DB24C8][PF6] in MSS[b] at 25 and 40 8C; in each case the concentrations of the components are 3 mm.


Solvent T Ka �DG8 kon DG�
on koff DG�


off


[8C] [m�1][c] [kcalmol�1][d] [m�1 s�1][e] [kcalmol�1][g] [s�1][f] [kcalmol�1][g]


[1NP/1NP-H�DB24C8][PF6] CD3CN 25[h] 900 4.0 3.0R10�4 22.4 4.0R10�7 26.4
[1NP/1NP-H�DB24C8][PF6] CD3CN 40[h] 480 3.7 1.6R10�4 23.8 3.3R10�7 27.5
[1NP/1NP-H�DB24C8][PF6] CD2Cl2 25[h] 3570 4.9 2.1R10�3 21.3 5.8R10�7 26.1
[1NP/1NP-H�DB24C8][PF6] MSS 25[h] 3300 4.8 2.9R10�3 21.1 8.7R10�7 25.9
[1NP/1NP-H�DB24C8][PF6] MSS 40[h] 1700 4.4 1.3R10�3 21.5 7.4R10�7 26.0
[4IPP/4IPP-H�DB24C8][PF6] MSS 20[i] 2870 4.6 1.1R10�3 21.5 3.9R10�7 25.7
[4IPP/4IPP-H�DB24C8][PF6] MSS 40[i] 2470 4.9 3.2R10�3 21.9 1.3R10�7 26.8


[a] The reactions were followed with 1H NMR spectroscopy by monitoring the changes in the relative intensities of the signals associated with the probe
protons in the complexed and uncomplexed ammonium cations. [b] MSS=mixed solvent system (3:1, CDCl3/CD3CN). [c] The Ka values were obtained
from single-point measurements of the concentrations of the complexed and uncomplexed cations in the relevant 1H NMR spectrum. [d] The free ener-
gies of complexation (DG8) were calculated from the Ka values by using the expression DG8=�RT lnKa. [e] The second-order rate constants (kon) were
calculated by employing Equation (1). [f] The first-order rate constants for the egression (koff) were calculated from kon and Ka values by using the ex-
pression koff=kon/Ka. [g] The free energies of activation for the ingression (DG


�
on) of the macrocycle over the R substituents of the [R2NH2]


+ ion and the
egression (DG�


off) process were calculated using the relationships DG
�


on=�RT ln(konh/kT) and DG�


off=�RT ln(koffh/kT), in which R, h, and k correspond
separately to the gas, Planck and Boltzmann constants, respectively. [h] The probe protons were the methylene ones adjacent to the NH2


+ center. [i] The
probe protons were the isopropyl methine ones situated para on the phenyl rings.
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only inter-pseudorotaxane interaction of note is a p–p stack-
ing of the “upper” naphthalene rings of centrosymmetrically
related pairs of molecules (the mean interplanar separation
is 3.39 N). The PF6


� ion and the included CH2Cl2 solvent
are both disordered.
Whereas the [2NP/2NP-H]+ ion threads its way through


DB24C8 with relative ease, it is a considerable struggle for
the [1NP/1NP-H]+ ion to accomplish a similar feat. Thus, it
was intriguing to learn how the mixed [1NP/2NP-H]+ ion
would fare. In the event, what one might predict happens:
when [1NP/2NP-H][PF6] and DB24C8 are mixed together
in CD3CN in equimolar proportions at 298 K, their equili-
bration to form the pseudorotaxane [1NP/2NP-
H�DB24C8][PF6] is certainly all over inside 5 min. The
1H NMR spectrum illustrated in Figure 5d reveals not only
signals for both complexed and uncomplexed species, but
also the diastereotopicities[10f, 15b] imposed upon the different
OCH2 groups in the DB24C8 host. The Ka value of 370�
30m�1 for the 1:1 complex, which was determined using the
single-point method,[25] was less than for those involving the
constitutionally isomeric ions for whatever reason. These
differences in ground-state free energies are almost insignifi-
cant relative to the transition-state free energy differences,
when the DB24C8 ring passes over a 1-naphthyl substituent
rather than over a 2-naphthyl one to form a pseudorotaxane.
Consequently, it was decided to investigate computationally
the very different barriers to threading and dethreading of
DB24C8 in relation to the two constitutionally isomeric cat-
ionic dumbbells, [1NP/1NP-H]+ and [2NP/2NP-H]+ .
The two isomeric pseudorotaxanes [1NP/1NP-


H�DB24C8]+ and [2NP/2NP-H�DB24C8]+ were studied
with the AMBER* force field[26] and GB/SA solvent
model[27] for CHCl3. In order to model the dethreading pro-
cess (Figure 13a), a “dummy” atom was placed at a distance
of 55.0 N from the nitrogen atom in each dumbbell with the
positions of both the dummy and the nitrogen atoms fixed.
The distance between the dummy atom and the carbon at


position t on one of DB24C8's two catechol rings was then
reduced incrementally and energy minimization was per-
formed at each step. A 30 ps molecular dynamics simulation
(1.5 fs time step) at a simulation temperature of 500 K, fol-
lowed by energy minimization of 150 randomly selected co-
conformations gave a local energy minimum for each fixed
distance. The energies were then normalized relative to the
fully separated DB24C8 ring and dumbbell components.
The resulting energy differences (DE) were plotted


against distance in order to construct the energy profiles
shown in Figure 13d. It is clear from the results that the en-
ergies associated with the threading/dethreading processes
involving the [2NP/2NP-H]+ ion (co-conformations E!
F!G!H) are much lower than those for the isomeric
[1NP/1NP-H]+ dumbbell (co-conformations A!B!C!
D). This observation is in agreement with the results of ex-
periments (Table 2). A comparison of the two computed
transition states (the highest energy co-conformations on
their respective computed energy profiles) of the [1NP/
1NP-H�DB24C8]+ and [2NP/2NP-H�DB24C8]+ pseudo-


Figure 12. The solid-state superstructure of [1NP/1NP-H�DB24C8]+ .
The geometries of the X�H···Y hydrogen bonds are X···Y, H···Y [N], X�
H···Y [8]: a) 3.05, 2.17, 166; b) 3.00, 2.11, 168; c) 3.31, 2.33, 178. The cen-
troid–centroid and mean interplanar separations d) are 3.79, 3.60 N, the
rings are inclined by approximately 108.


Figure 13. a) Schematic diagram illustrating the protocol utilized for the
computational simulations delineated in this article. b) The computation-
ally generated energy-minimized conformations of the ground state of
[2NP/2NP-H]+ and [1NP/1NP-H]+ ions showing the intramolecular
[C�H···p] interaction in the latter ion. c) The snapshots depicting the
journey of the naphthyl groups of the [1NP/1NP-H]+ and [2NP/2NP-
H]+ ions through the cavity of DB24C8. d) The energy profiles associat-
ed with the passage of the macrocyclic polyether DB24C8 over the termi-
nal groups of the cationic isomers [2NP/2NP-H]+ and [1NP/1NP-H]+ .
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rotaxanes (Figure 13c C and G, respectively) shows the
steric interactions that contribute to the energy barriers ob-
served in Figure 13d. When viewed from similar perspec-
tives, it is apparent that one of the main differences between
the two transition states is the relative orientations of the
naphthyl groups as they are being enticed to pass through
the cavity of the DB24C8 macrocycle. In the [1NP/1NP-
H�DB24C8]+ ion, the 1-naphthyl group is positioned such
that its longest axis is parallel with that of DB24C8 (Fig-
ure 13c C). This relative arrangement results in the 1-naph-
thyl group occupying the majority of the space within the
cavity of the macrocycle. Consequently, the conformation of
the macrocycle becomes highly constrained, thus lowering
the entropy activation for egression. By contrast, in the
[2NP/2NP-H�DB24C8]+ ion, the long axis of the 2-naph-
thyl group is angled at approximately 578 to that of the
DB24C8 ring (Figure 13c G), allowing it to adopt a more fa-
vorable conformation for the passage of the 2-naphthyl
group through its cavity.
The experimental barriers for DG�


on and DG�
off for [1NP/


1NP-H�DB24C8] in CD2Cl2 are 21.3 and 26.1 kcalmol
�1,


respectively (Table 2), while the calculated barriers for
these two processes are 79.6 kcalmol�1 for DG�


on and
90.8 kcalmol�1 for DG�


off. The calculated values are notably
higher than the experimental ones, an outcome which is
most likely a consequence of the force field being less able
to calculate the energy of a system accurately under high
steric strain. Although experimental values for DG�


on and
DG�


off could not be obtained for [2NP/2NP-H�DB24C8] on
account of fast threading/dethreading, they are anticipated
to be on the order of 14–18 kcalmol�1. The calculated values
for the same processes are 25.0 kcalmol�1 for DG�


on and
56.5 kcalmol�1 for DG�


off. In these cases, the calculated values
are clearly in closer agreement with the experimental values.
A calculated �DH8 value of 11.2 kcalmol�1 was obtained


for the [1NP/1NP-H�DB24C8]+ ion, a value which is con-
siderably higher than the experimental values (Table 2) of
4.0 kcalmol�1 in CD3CN and 4.9 kcalmol�1 in CD2Cl2 at
298 K. While the threading/dethreading of the [2NP/2NP-
H]+ ion with DB24C8 is too fast to allow for the accurate
determination of an experimental value, the computationally
estimated �DH8 value of 31.5 kcalmol�1 is certainly much
larger than the “real” number. GB/SA calculations of cat-
ions in solution typically have errors of �5 kcalmol�1.[28]
The calculated �DH8 values for each complex, however,
both overestimate the stability of the complexed species by
greater than 5 kcalmol�1. In addition, the [2NP/2NP-
H�DB24C8]+ ion is predicted to be 20.3 kcalmol�1 more
stable relative to its isolated components than the [1NP/
1NP-H�DB24C8]+ ion. A major contributing factor to this
overestimation may arise from the fact that the global
minimum of the [1NP/1NP-H]+ ion is more stable
(11.7 kcalmol�1) than that of the [2NP/2NP-H]+ ion. This
difference in energy could be attributed to the stabilizing
C�H···p interaction (Figure 13b) that is present in the iso-
meric [1NP/1NP-H]+ ion.
In order to help determine the magnitude of error in


these force field calculations, the complexation energy of a
dimethylammonium ion with diethylene glycol dimethyl


ether (diglyme) was calculated both with the AMBER*
force field and with a quantum mechanical calculation that
should give a relatively accurate interaction energy. The in-
teractions governing complexation in the dimethylammoni-
um/diglyme system should be the same as those governing
the complexation in the [1NP/1NP-H�DB24C8]+ and
[2NP/2NP-H�DB24C8]+ ions, and their energies should
therefore be comparable. A MCMM conformational search
by using the AMBER* force field and GB/SA solvent
model for CHCl3 of dimethylammonium, diglyme, and their
complex resulted in a �DH8 value of 19.4 kcalmol�1. Densi-
ty functional theory, B3LYP6-31G*[29] calculations using the
cpcm solvent model[30] for CHCl3 indicated a free energy of
complexation �DG8 of 8.1 kcalmol�1. This value is within
reasonable expectation for such a system. It is apparent that
calculations with the AMBER* force field and GB/SA sol-
vent model for CHCl3 overestimate complexation energies
for systems like [1NP/1NP-H�DB24C8]+ and [2NP/2NP-
H�DB24C8]+ by around 11 kcalmol�1. Investigations into
further parameterization of the force field to reflect more
accurately the experimental values for this type of dialkyl-
ammonium binding are underway.
While computations were unable to reproduce quantita-


tively the experimental values for DG�
off, the magnitudes of


the calculated energy barriers are relatively comparable for
two supramolecular systems that are not too dissimilar. Pre-
vious studies have shown that small changes in the size of
the terminal groups in similar dialkylammonium dumbbells
result in large differences in the ease of threading/dethread-
ing with respect to DB24C8 as the crown ether host. In this
case, however, it has been demonstrated that constitutional
isomerism in the guest dialkylammonium ions can also exer-
cise a large influence on the dynamics of threading/de-
threading.


Competition experiments : When thermodynamic control is
operative in a system involving a complex set of intercon-
nected equilibria, competition experiments can provide a
rapid and precise way of comparing the relative stabilities of
the different entities that are in equilibrium with each other.
Consequently, competition experiments were devised in
which one guest PF6


� salt—where the cation is either [1NP/
1NP-H]+ , [1NP/2NP-H]+ , [2NP/2NP-H]+ , or [PIP/PIP-
H]+—was mixed with the three crown ether hosts, namely,
P24C8, DP24C8 and DB24C8, in equimolar proportions
(3mm) in CD3CN at 298 K.
In the first experiment with [PIP/PIP-H][PF6] as the


single guest salt, the 1H NMR spectrum recorded after 5 min
revealed that the most stable pseudorotaxane was that
formed with P24C8, followed by DP24C8, with DB24C8 a
close third; this is in line totally with the Ka values reported
in Table 1. However, the sheer complexity of the spectrum
made the assignment of percentages a dubious activity and
so it was resisted. This problem did not haunt the analogous
competition experiment in which [2NP/2NP-H][PF6] was
the single guest salt in search of the three crown ether hosts.
The ratio of the pseudorotaxanes were easily deduced from
the appropriate signals in the 1H NMR spectrum and were,
once again, in agreement with the Ka values listed in
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Table 1. The crown ether host P24C8 accounted for 49% of
the pseudorotaxanes present at equilibrium with 31% and
20% being claimed by DP24C8 and DB24C8, respectively.
When [1NP/1NP-H][PF6] was the single guest salt present,
the ratio of pseudorotaxanes containing the crown ether
hosts P24C8, DP24C8, and DB24C8 was 50:30:20 on the
percentage scale but only after waiting for 22 days for the
system to reach equilibrium. An unexpected additional ob-
servation, however, came to light during this competition ex-
periment, whereby kinetic control dominates the early
stages of the experiment. The 1H NMR spectrum (Fig-
ure 14a) recorded after 5 min not only confirmed the ab-


sence of [1NP/1NP-H�DB24C8][PF6], but it also revealed
that the [2]pseudorotaxane involving the [1NP/1NP-H]+ ion
forms faster with DP24C8 than it does with P24C8. The rel-
ative ratios are 86:14. It was only after 7 days that the ratio
changes to 46:54 in favor of [1NP/1NP-H�P24C8][PF6].
These observations tell us that the more rigid DP24C8
forms a [2]pseudorotaxane faster than the more flexible
P24C8. Ultimately, however, this latter [2]pseudorotaxane
predominates (Figure 14c) at equilibrium after 22 days over
the former one, that is, [1NP/1NP-H�DP24C8][PF6], pre-
sumably because the cooperative strength of the intracom-
plex noncovalent bonds are stronger in [1NP/1NP-
H�P24C8][PF6] than in its DP24C8 counterpart. This kind
of interplay between kinetic and thermodynamic products
has been observed previously[31] during template-assisted
clipping reactions that occur under equilibrium control to
afford rotaxanes between dumbbell components containing
NH2


+ centers (the templates) and the macrocycles contain-
ing two imine bonds whose formation is reversible under
the conditions of the reaction. Thus, an intellectually satisfy-
ing link has been established between two thermodynami-
cally controlled phenomena, namely, slippage[24] and dynam-


ic covalent chemistry;[32] these depend upon the reversible
formation of noncovalent bonds, that is, strict self-assem-
bly[2] within the context of supramolecular chemistry,[33] and
the dynamic nature of certain covalent bonds, respectively.


Conclusion


The research reported in this full paper emphasizes the im-
portance of kinetics as well as thermodynamics during the
expression of the phenomena we refer to as slippage[24] for
the preparation of pseudorotaxanes and rotaxanes. The con-
cept is not unrelated to our recent observation that multiva-
lency[34]—which is ultimately a thermodynamic phenomen-
on—can also be expressed kinetically, at least in unnatural
host–guest systems,[35] in the initial stages of its happening!


Experimental Section


General methods : All chemicals were purchased from Aldrich and used
as received. Pyrido[24]crown-8[19–23] and dipyrido[24]crown-8[18] were pre-
pared according to literature procedures. Solvents were dried according
to literature procedures. All reactions were performed under an anhy-
drous argon atmosphere unless otherwise stated. Melting points were de-
termined using an Electrothermal AI9000 series melting point apparatus
and are uncorrected. All 1H and 13C NMR spectra were recorded on
either 1) a Bruker Avance500 (500 MHz and 125 MHz, respectively) or
2) a Bruker ARX500 (500 MHz and 125 MHz, respectively) spectrometer
with the deuterated solvent as the lock and the residual solvent as the in-
ternal standard. Samples were prepared in CD3CN purchased from Cam-
bridge Isotope Labs. All chemical shifts are quoted using the d scale, and
all coupling constants (J) are expressed in Hertz (Hz). Electrospray mass
spectra (ESMS) were measured on a VG ProSpec triple focusing mass
spectrometer with MeCN as the mobile phase. Fast atomic bombardment
(FAB) mass spectra were obtained using a ZAB-SE mass spectrometer,
equipped with a krypton primary atom beam utilizing a m-nitrobenzyl al-
cohol matrix. Cesium iodide or poly(ethylene glycol) were employed as
reference compounds.


Bis(1-naphthylmethyl)ammonium hexafluorophosphate [1NP/1NP-H]
[PF6]: A solution of 1-naphthaldehyde (2.00 g, 12.8 mmol) and 1-naph-
thylmethylamine (2.01 g, 12.8 mmol) was dissolved in PhMe (100 mL),
and the solution heated under reflux with stirring for 15 h. The H2O gen-
erated during the reaction was collected in a Dean–Stark trap. The sol-
vent was removed under vacuum, and the pale yellow solid obtained was
dissolved in anhydrous MeOH to which NaBH4 (2.9 g, 76.6 mmol) was
added. The resulting solution was stirred at 25 8C overnight. Next, the re-
action mixture was treated with HCl (2m, 20 mL), and the solvents were
removed under reduced pressure. The solid residue was suspended in
NaOH (8m, 50 mL) and extracted with CHCl3 (3R100 mL). The com-
bined organic fractions were dried (MgSO4), filtered and the solvents
were evaporated off to give the bis(1-naphthylmethyl)amine (3.43 g,
90%) as a pale yellow oil, which crystallized on standing. This solid was
dissolved in CH2Cl2, to which HCl (12m, 0.5 mL) was added with stirring
over a period of 1 h. After filtration, the white precipitate was dissolved
in boiling H2O to which a saturated aqueous solution of NH4PF6 was
added. The white, crystalline precipitate was subsequently filtered,
washed with copious amounts of H2O and dried, affording [1NP/1NP-H]
[PF6] (3.91 g, 69%). M.p. 193 8C;


1H NMR (CD3CN, 500 MHz): d=4.84
(s, 4H), 7.55–7.62 (m, 6H), 7.69 (d, J=10 Hz, 2H), 7.96–7.99 (m, 4H),
8.03 ppm (d, J=10 Hz, 2H); 13C NMR (CD3CN, 125 MHz): d=48.5,
122.7, 125.3, 126.2, 126.5, 127.1, 128.9, 129.7, 130.6, 131.1, 133.7 ppm; MS
(ESI): m/z (%): calcd 298.1596; found 298.1597 (100) [M�PF6]+ .
1-Naphthylmethyl-2-naphthylmethylammonium hexafluorophosphate
[1NP/2NP-H][PF6]: A solution of 2-naphthaldehyde (1.00 g, 6.4 mmol)
and 1-naphthylmethylamine (1.03 g, 6.5 mmol) in PhMe (50 mL) was
heated under reflux with stirring in a Dean–Stark apparatus for 14 h.


Figure 14. Partial 1H NMR (500 MHz) spectra detailing the changes in
the relative abundances of the [1NP/1NP-H�P24C8]+ , [1NP/1NP-
H�DP24C8]+, and [1NP/1NP-H�DB24C8]+ ions after a) 5 min, b) 7
days, and c) 22 days in CD3CN at 25 8C. The spectra were obtained as
part of a competition experiment wherein [1NP/1NP-H][PF6] was equili-
brated at 3mm concentration with P24C8, DP24C8, and DB24C8.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5406 – 54215416


FULL PAPER J. F. Stoddart, K. N. Houk, D. J. Williams, et al.



www.chemeurj.org





After the reaction mixture had been cooled down to room temperature,
the solvent was removed under pressure to give the imine as an off-white
solid. This solid was dissolved in a MeOH/THF (3:1, 60 mL) mixture, fol-
lowed by the portionwise addition of NaBH4 (1.45 g, 38.2 mmol) and stir-
ring at room temperature after which HCl (2m, 10 mL) was added to the
mixture. After evaporation of the solvent, the residue was suspended in
NaOH (8m, 10 mL) and extracted with CH2Cl2 (2R50 mL). The com-
bined extracts were washed with H2O (20 mL) and brine (20 mL), and
dried (MgSO4). Removal of the solvents under pressure afforded the
amine (1.5 g, 80%) as a yellow oil. The amine was dissolved in CH2Cl2
and 10 drops of concentrated HCl were then added. The reaction mixture
was stirred for a further 2 h. The solvent was evaporated off under pres-
sure and the hydrochloride salt was dissolved in hot MeOH (25 mL). A
saturated aqueous solution of NH4PF6 (5 mL) was added to this solution
until a white precipitate appeared. The mixture was allowed to cool
down to room temperature before being filtered. The precipitate was
washed with copious amounts of H2O and air dried, affording [1NP/
2NP-H][PF6] (1.36 g, 61%). M.p. 193 8C;


1H NMR (CD3CN, 500 MHz):
d=4.52 (s, 2H), 4.75 (s, 2H), 7.54–7.64 (m, 6H), 7.67 (d, J=10 Hz, 1H),
7.91–8.02 ppm (m, 7H); 13C NMR (CD3CN, 125 MHz): d=48.1, 51.8,
116.7, 122.9, 125.3, 126.3, 126.5, 126.8, 126.9, 127.1, 127.2, 127.6, 127.9,
128.8, 128.9, 129.6, 130.3, 130.5, 131.0, 132.9, 133.4, 133.7 ppm; (ESI): m/z
(%): calcd 298.1596; found 298.1595 (100) [M�PF6]+ .
Bis(2-naphthylmethyl)ammonium hexafluorophosphate [2NP/2NP-H]
[PF6]: A solution of 2-naphthaldehyde (0.61 g, 3.8 mmol) and 2-naphthyl-
methylamine (0.60 g, 3.8 mmol) was heated under reflux for 20 h in
PhMe (75 mL) using a Dean–Stark apparatus. The solvent was evaporat-
ed off under vacuum and the residue dissolved in MeOH (75 mL).
NaBH4 (0.87 g, 22.9 mmol) was added portionwise to the solution with
stirring. The reaction mixture was quenched with HCl (2m, 10 mL) and
the solvents were removed under reduced pressure. The aqueous layer
was extracted with CH2Cl2 (3R25 mL) and the combined organic layers
were dried (MgSO4). The solvents were evaporated off to give an off-
white solid (1.00 g, 88%), which was subsequently dissolved in CH2Cl2
(25 mL) to which HCl (12m, 10 mL) was added. The precipitate was then
dissolved in boiling H2O (35 mL) and saturated aqueous NH4PF6 (5 mL)
added to yield a white crystalline precipitate, which was filtered off,
washed with H2O, and dried, affording [2NP/2NP-H][PF6] (0.85 g, 64%).
M.p. 216 8C; 1H NMR (CD3CN, 500 MHz): d=4.44 (s, 4H), 7.55–7.59 (m,
6H), 7.93–7.99 ppm (m, 8H); 13C NMR (CD3CN, 125 MHz): d=51.5,
126.7, 126.9, 127.2, 127.6, 127.7, 127.9, 128.7, 130.1, 132.9, 133.4 ppm; MS
(ESI): m/z (%): calcd 298.1596; found 298.1586 (100) [M�PF6]+ .
Bis(piperonylmethyl)ammonium hexafluorophosphate [PIP/PIP-H]
[PF6]: A solution of piperonylamine (2.00 g, 13.2 mmol) and piperonal
(1.99 g, 13.2 mmol) was heated under reflux in PhMe (100 mL), and the
liberated H2O was separated by means of a Dean–Stark apparatus. The
organic phase was cooled and the PhMe was evaporated off, yielding a
white solid. The solid was taken up in warm MeOH (100 mL) and
NaBH4 (3.00 g, 79.2 mmol) was added portionwise to the solution over
the following 2 h. The reaction mixture was stirred for 15 h at ambient
temperature. Aqueous HCl (2m, 50 mL) was added to the MeOH solu-
tion and then the solvents were evaporated under vacuum. The solid resi-
due was suspended in aqueous NaOH (8m, 50 mL) and extracted with
CHCl3 (3R40 mL). The combined organic phases were dried (MgSO4),
and the solvent was evaporated to give the amine as a white solid (3.12 g,
83%). HCl (12m, 0.5 mL) was added to a solution of the amine in
Me2CO (30 mL), and the reaction mixture stirred at ambient temperature
for 2 h. Evaporation of the solvents produced a white solid, which was
dissolved in hot MeOH (60 mL). A saturated aqueous solution of
NH4PF6 in H2O was added dropwise until no further precipitation was
detected. The aqueous phase was extracted with CH2Cl2 (2R25 mL). The
organic phase was dried (MgSO4) and the solvent evaporated to give
[PIP/PIP-H][PF6] (4.26 g, 75%) as a white solid. M.p. 210 8C;


1NMR
(CD3CN, 500 MHz): d=4.09 (s, 4H), 5.99 (s, 4H), 6.87–6.89 (m, 4H),
6.92–6.94 ppm (m, 2H); 13C NMR (CD3CN, 125 MHz): d=50.9, 101.9,
108.4, 109.9, 123.6, 124.4, 148.0, 148.7 ppm; MS (ESI): m/z (%); calcd
286.1079; found 286.1086 (100) [M�PF6]+ .
{[Bis(1-naphthylmethyl)ammonium][DP24C8]}-[2]pseudorotaxane hexa-
fluorophosphate ([1NP/1NP-H�DP24C8][PF6]): Single crystals of the
complex [1NP/1NP-H�DP24C8][PF6] suitable for X-ray crystallographic
analysis were grown by layer diffusion of iPr2O into a solution of 1NP/


1NP-H][PF6] and DP24C8 in CH2Cl2. Crystal data: [C35H47N2O11][PF6],
Mr=816.7, monoclinic, space group P21/c (no. 14), a=11.0238(3), b=
12.0503(4), c=29.1325(8) N, b=98.870(2), V=3823.7(2) N3, Z=4, 1calcd=
1.419 gcm�3, m(MoKa)=0.16 mm


�1, T=150(2) K, colorless plate; 6713 in-
dependent measured reflections, F2 refinement, R1=0.0743, wR2=0.169,
3724 independent observed reflections [I>2s(I), 2qmax=508], 523 param-
eters.


{[Bis(1-naphthylmethyl)ammonium][DB24C8]}-[2]pseudorotaxane hexa-
fluorophosphate ([1NP/1NP-H�DB24C8][PF6]): Single crystals, suitable
for X-ray analysis, were obtained by layering a 1:1 solution of [1NP/
1NP-H][PF6] and DB24C8 in CH2Cl2 with hexane and allowing the mix-
ture to stand undisturbed at ambient temperature for 7 d. Crystal data:
[C44H50N3O6][PF6]·CH2Cl2, Mr=946.8, monoclinic, space group P21/n (no.
14), a=16.809(2), b=15.134(3), c=18.364(3) N, b=102.432(14), V=


4562.0(13) N3, Z=4, 1calcd=1.378 gcm
�3, m(CuKa)=2.26 mm


�1, T=


203(2) K, colorless platy needle; 6387 independent measured reflections,
F2 refinement, R1=0.0740, wR2=0.171, 4081 independent observed re-
flections [I>2s(I), 2qmax=1208], 592 parameters.


{[Bis(piperonylmethyl)ammonium][P24C8]}-[2]pseudorotaxane hexa-
fluorophosphate ([PIP/PIP-H�P24C8][PF6]): Single crystals suited for
X-ray crystallographic analysis were obtained when a solution of [PIP/
PIP-H][PF6] (1 mol equiv) and P24C8 (1.5 mol equiv) in CH2Cl2 was lay-
ered with iPr2O and left to stand at ambient temperature for 14 d. Crystal
data: [C40H48NO12][PF6], Mr=879.8, triclinic, space group P1̄ (no. 2), a=
10.7086(4), b=10.8555(6), c=19.1354(10) N, a=100.981(5), b=


106.281(4), g=92.004(6)8 V=2086.9(2) N3, Z=2, 1calcd=1.400 gcm
�3,


m(CuKa)=1.37 mm
�1, T=293(2) K, colourless prism; 7085 independent


measured reflections, F2 refinement, R1=0.0546, wR2=0.152, 5754 inde-
pendent observed reflections [I>2s(I), 2qmax=1308], 605 parameters.


{[Bis(piperonylmethyl)ammonium][DB24C8]}-[2]pseudorotaxane hexa-
fluorophosphate ([PIP/PIP-H�DB24C8][PF6]): Single crystals suitable
for X-ray crystallography were grown by liquid diffusion of iPr2O into an
equimolar solution of [PIP/PIP-H][PF6] and DB24C8 in MeCN. Crystal
data: [C46H52NO8][PF6]·CH2Cl2, Mr=976.8, triclinic, space group P1̄ (no.
2), a=10.5365(14), b=11.2223(6), c=19.6179(13) N, a=80.469(6), b=


86.905(8), g=89.464(6)8 V=2284.3(4) N3, Z=2, 1calcd=1.420 gcm
�3,


m(CuKa)=2.30 mm
�1, T=203(2) K, colorless platy prism; 6704 independ-


ent measured reflections, F2 refinement, R1=0.0601, wR2=0.154, 4971 in-
dependent observed reflections [I>2s(I), 2qmax=1208], 650 parameters.


CCDC-218958 ([1NP/1NP-H�DP24C8][PF6]), CCDC-218959 ([1NP/
1NP-H�DB24C8][PF6]), CCDC-218960 ([PIP/PIP-H�P24C8][PF6]), and
CCDC-218961 ([PIP/PIP-H�DB24C8][PF6]) 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 Center, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033: or deposit@ccdc.cam.uk).


General procedure for the preparation of the [2]pseudorotaxanes : Equi-
molar amounts of the hexafluorophosphate salt of [1NP/1NP-H]+, [1NP/
2NP-H]+ , [2NP/2NP-H]+ , or [PIP/PIP-H]+ were added to the appropri-
ate macrocyclic polyether (P24C8 or DP24C8 or DP24C8) dissolved in
CD3CN or CD2Cl2 in an NMR tube and the solutions were mixed at
room temperature for 1 min. The 1H NMR spectra were recorded after
5 min. The d values—for protons labeled on the structural formulas in
Figure 1—obtained from spectra recorded in CD3CN for the [2]pseudoro-
taxanes are compared in Table 3 with each other and with the appropri-
ate free hexafluorophosphate salts and free crown ethers.


General procedure for the preparation of the samples used in the compe-
tition experiments : One equivalent of one hexafluorophosphate salt—
[1NP/1NP-H][PF6], [1NP/2NP-H][PF6], 2NP/2NP-H][PF6] or [PIP/PIP-
H][PF6]—was added to a solution containing P24C8, DP24C8 and
DB24C8 (1 mol equiv of each) in CD3CN in an NMR tube which was in-
verted to accomplish mixing. 1H NMR spectra were obtained at different
time intervals, for example, after 5 min. However, in the case in which
[1NP/1NP-H][PF6] was added to a solution containing P24C8, DP24C8
and DB24C8 in CD3CN, the


1H NMR spectra were recorded at different
time intervals until equilibrium was established (22 days). Spectra record-
ed after 22 days showed no change in the ratios of the free and com-
plexed components. The same procedure was followed for the prepara-
tion of the samples for FAB mass spectrometry experiments, except that
MeCN was substituted for the deuterated solvent.
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Kinetic experiments : In a typical kinetic experiment, an equimolar mix-
ture of DB24C8 and the [1NP/1NP-H][PF6] salt were dissolved in either
CD3CN, CD2Cl2, or the MSS. The samples were placed in an NMR spec-
trometer (500 MHz), then 1H NMR spectra of the solutions were record-
ed at the appropriate temperature (the kinetic and thermodynamic data
are summarized in Table 1), at regular time intervals, until equilibrium
was reached, that is, until no further changes in the spectra could be de-
tected. By evaluating the relative intensities of the probe protons identi-
fied in Table 1, the concentrations of both the free and complexed species
at time, t, could be calculated from each spectrum. Since equilibration
takes about 22 days in CD3CN, it was not practical to leave the sample in
an NMR spectrometer. The equilibration had to be carried out in a
sealed NMR tube which was heated in a thermostatic oil-bath at 25 8C
and 40 8C in two separate experiments.


Molecular modeling : Both [1NP/1NP-H][PF6] and [2NP/2NP-H][PF6]
were constructed within the input mode of Maestro 3.0.038[36] and then
subjected to a Monte Carlo Multiple Minimization (MCMM) conforma-
tional search of 1000 randomly generated structures in order to deter-
mine the global energy minimum to be used as the starting geometry.
The AMBER* force field[26] with the GB/SA solvent model[27] for CHCl3
was used. In order to model the extrusion process, a “dummy” atom was
placed at a distance of 55.0 N from the nitrogen atom of each dumbbell,
with the positions of both the dummy and nitrogen atoms fixed. The dis-
tance between the dummy atom and the carbon atom t (see Figure 1) on
one of DB24C8s two catechol rings was then varied from 50.0 to 35.0 N.
This procedure forced the macrocyclic polyether to move along the axis
of the dumbbell and eventually over one of the naphthyl groups. The dis-
tance from the carbon at the 4-position (t in Figure 1) to the dummy was
varied by 0.5 N from 50.0 to 48.0 N and then by 0.3 N from 47.7 N to
35.0 N; this corresponds to the area around the transition state. Energy
minimization was performed at each step using the Polak–Ribiere conju-
gate (PRCG)[36] algorithm. A 30 ps molecular dynamics simulation (1.5 fs
time step) at a simulation temperature of 500 K, followed by energy min-
imization of 150 randomly selected superstructures was carried out for
each superstructure in order to find the local energy minimum at each
fixed distance. The output from each calculation was then used as the
input for each subsequent calculation. The energies were then normalized
relative to the fully separated macrocyclic ring and dumbbell compo-
nents, which were calculated by performing a 1000 step MCMM confor-
mational search (AMBER* force field and CHCl3 solvent model) on
each of [1NP/1NP-H][PF6] , [2NP/2NP-H][PF6], and DB24C8 and then
adding the global minima for each dumbbell/macrocycle pair.


Quantum mechanical calculations : Dimethylammonium, diglyme, and
the dimethylammonium/diglyme complex were each constructed within
the input mode of Maestro 3.0.038[36] and then subjected to an MCMM
conformational search of 1000 randomly generated structures in order to
determine the global energy minimum of each structure in the GB/SA
solvent model[27] for CHCl3. These structures were then imported into the


program GAUSSIAN 98[38] in order to perform density functional calcu-
lations. B3LYP6-31G*[29] gas-phase optimizations of each structure were
performed and frequency calculations were used in order to obtain free
energy values for each structure. Single-point B3LYP6-31G* calculations
of the optimized structures in CHCl3 were then performed with the key-
words scrf= (solvent=chcl3, cpcm) and scf= tight in order to determine
their respective solvation free energies. The free energies of solvation
were then added to each structures calculated gas phase free energy and
these values were then used to calculate �DG8 of complexation for the
dimethylammonium/diglyme system.
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V. Balzani, A. Credi, S. Silvi, J. F. Stoddart, Science 2004, 303, 1845–
1849.


[12] a) P. R. Ashton, A. Collins, M. C. T. Fyfe, P. T. Glink, S. Menzer,
J. F. Stoddart, D. J. Williams, Angew. Chem. 1997, 109, 59–62;
Angew. Chem. Int. Ed. Engl. 1997, 36, 59–62; b) P. R. Ashton, A. N.
Collins, M. C. T. Fyfe, S. Menzer, J. F. Stoddart, D. J. Williams,
Angew. Chem. 1997, 109, 760–763; Angew. Chem. Int. Ed. Engl.
1997, 36, 735–739; c) M. C. Fieters, M. C. T. Fyfe, M.-V. MartZnez-
DZaz, S. Menzer, R. J. M. Nolte, J. F. Stoddart, P. J. M. van Kan, D. J.
Williams, J. Am. Chem. Soc. 1997, 119, 8119–8120; d) P. R. Ashton,
M. C. T. Fyfe, S. K. Hickingbottom, S. Menzer, J. F. Stoddart, A. J. P.
White, D. J. Williams, Chem. Eur. J. 1998, 4, 577–589; e) M. C. T.
Fyfe, J. N. Lowe, J. F. Stoddart, D. J. Williams, Org. Lett. 2000, 2,
1221–1224; f) V. Balzani, M. Clemente-Le\n, A. Credi, J. N. Lowe,
J. D. Badjic, J. F. Stoddart, D. J. Williams, Chem. Eur. J. 2003, 9,
5348–5360; g) N. Yamaguchi, L. M. Hamilton, H. W. Gibson,
Angew. Chem. 1998, 110, 3463–3466; Angew. Chem. Int. Ed. 1998,
37, 3275–3279; h) N. Yamaguchi, H. W. Gibson, Angew. Chem.
1999, 111, 195–199; Angew. Chem. Int. Ed. 1999, 38, 143–147;
i) H. W. Gibson, N. Yamaguchi, L. Hamilton, J. W. Jones, J. Am.
Chem. Soc. 2002, 124, 4653–4665; j) H. W. Gibson, N. Yamaguchi,
J. W. Jones, J. Am. Chem. Soc. 2003, 125, 3522–3533; k) D. A.
Fulton, S. J. Cantrill, J. F. Stoddart, J. Org. Chem. 2002, 67, 7968–
7981; l) J. N. Lowe, D. A. Fulton, S.-H. Chiu, A. M. Elizarov, S. J.
Cantrill, S. J. Rowan, J. F. Stoddart, J. Org. Chem. 2004, 69, 4390–
4402.


[13] a) P. R. Ashton, P. J. Campbell, E. J. T. Chrystal, P. T. Glink, S.
Menzer, D. Philp, N. Spencer, J. F. Stoddart, P. A. Tasker, D. J. Wil-
liams, Angew. Chem. 1995, 107, 1997–2001; Angew. Chem. Int. Ed.
Engl. 1995, 34, 1865–1869; b) P. R. Ashton, P. J. Campbell, E. J. T.
Chrystal, P. T. Glink, S. Menzer, C. Schiavo, J. F. Stoddart, P. A.
Tasker, D. J. Williams, Angew. Chem. 1995, 107, 2001–2004; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1869–1871; c) P. R. Ashton, E. J. T.
Chrystal, P. T. Glink, S. Menzer, C. Schiavo, N. Spencer, J. F. Stod-
dart, P. A. Tasker, A. J. P. White, D. J. Williams, Chem. Eur. J. 1996,
2, 709–728; d) P. R. Ashton, P. T. Glink, M.-V. MartZnez-DZaz, J. F.
Stoddart, A. J. P. White, D. J. Williams, Angew. Chem. 1996, 108,
2058–2061; Angew. Chem. Int. Ed. Engl. 1996, 35, 1930–1933;
e) P. R. Ashton, M. C. T. Fyfe, M.-V. MartZnez-DZaz, S. Menzer, C.
Schiavo, J. F. Stoddart, A. J. P. White, D. J . Williams, Chem. Eur. J.
1998, 4, 1523–1534; f) P. R. Ashton, M. C. T. Fyfe, P. T. Glink, S.


Menzer, J. F. Stoddart, A. J. P. White, D. J. Williams, J. Am. Chem.
Soc. 1997, 119, 12514–12524; g) P. R. Ashton, S. J. Cantrill, J. A.
Preece, J. F. Stoddart, Z.-H. Wang, A. J. P. White, D. J. Williams,
Org. Lett. 1999, 1, 1917–1920; h) D. G. Amirsakis, M. A. Garcia-
Garibay, S. J. Rowan, J. F. Stoddart, A. J. P. White, D. J. Williams,
Angew. Chem. 2001, 113, 4386–4391; Angew. Chem. Int. Ed. 2001,
40, 4256–4261; i) T. Clifford, A. Abushamleh, D. H. Busch, Proc.
Natl. Acad. Sci. USA 2002, 99, 4830–4836.


[14] a) P. R. Ashton, I. Baxter, S. J. Cantrill, M. C. T. Fyfe, P. T. Glink,
J. F. Stoddart, A. J. P. White, D. J. Williams, Angew. Chem. 1998, 110,
1344–1347; Angew. Chem. Int. Ed. 1998, 37, 1294–1297; b) S. J.
Rowan, S. J. Cantrill, J. F. Stoddart, A. J. P. White, D. J. Williams,
Org. Lett. 2000, 2, 759–762; c) S. J. Cantrill, G. J. Youn, J. F. Stod-
dart, D. J. Williams, J. Org. Chem. 2001, 66, 6857–6872.


[15] a) P. R. Ashton, R. A. Bartsch, S. J. Cantrill, R. E. Hanes, Jr., S. K.
Hickingbottom, J. N. Lowe, J. A. Preece, J. F. Stoddart, V. S. Talanov,
Z.-H. Wang, Tetrahedron Lett. 1999, 40, 3661–3664; b) S. J. Cantrill,
D. A. Fulton, A. M. Heiss, A. R. Pease, J. F. Stoddart, A. J. P. White,
D. J. Williams, Chem. Eur. J. 2000, 6, 2274–2287.


[16] W. S. Bryant, I. A. Guzei, A. L. Rheingold, J. S. Merola, H. W.
Gibson, J. Org. Chem. 1998, 63, 7634–7639.


[17] Pseudorotaxanes are complexes (supermolecules) that resemble ro-
taxanes by virtue of being comprised of wheel-like and axle-like
components, but their components are free to dissociate from each
other, see: a) P. R. Ashton, D. Philp, N. Spencer, J. F. Stoddart, J.
Chem. Soc. Chem. Commun. 1991, 1677–1679; b) S. J. Loeb, J. A.
Wisner, Angew. Chem. 1998, 110, 3010–3013; Angew. Chem. Int.
Ed. 1998, 37, 2838–2840; c) O. A. Matthews, F. M. Raymo, J. F.
Stoddart, A. J. P. White, D. J. Williams, New J. Chem. 1998, 22,
1131–1134; d) G. Doddi, G. Ercolani, S. Franconeri, P. Mencarelli, J.
Org. Chem. 2001, 66, 4950–4953; e) J. A. Wisner, P. D. Beer,
M. G. B. Drew, Angew. Chem. 2001, 113, 3718–3721; Angew. Chem.
Int. Ed. 2001, 40, 3606–3609; f) J. A. Wisner, P. D. Beer, N. G. Berry,
B. Tomapatanget, Proc. Natl. Acad. Sci. USA 2002, 99, 4983–4986;
g) H.-J. Kim, W. S. Heon, Y. H. Ko, K. Kim, Proc. Natl. Acad. Sci.
USA 2002, 99, 5007–5011; h) H.-S. Kim, J.-I. Hong, Chem. Lett.
2002, 336–337; i) L. Avram, Y. Cohen, J. Org. Chem. 2002, 67,
2639–2644; j) D. Tuncel, J. H. G. Steinke, Chem. Commun. 2002,
496–497; k) J. Li, X. P. Ni, K. Leong, Angew. Chem. 2003, 115, 73–
76; Angew. Chem. Int. Ed. 2003, 42, 69–72; l) A. Arduini, F. Calza-
vacca, A. Pochini, A. Secchi, Chem. Eur. J. 2003, 9, 793–799; m) K.
Miyake, S. Yasuda, A. Harada, J. Sumaoka, M. Komiyama, H. Shi-
gekawa, J. Am. Chem. Soc. 2003, 125, 5080–5085; n) S. I. Kawano,
N. Fujita, S. Shinkai, Chem. Commun. 2003, 12, 1352–1353; o) K. S.
Leong, K. J. Chang, Y. J. An, Chem. Commun. 2003, 12, 1450–1451;
p) H. Ritter, O. Sadowski, E. Tepper, Angew. Chem. 2003, 115,
3279–3281; Angew. Chem. Int. Ed. 2003, 42, 3171–3173; q) J. O.
Jeppesen, S. A. Vignon, J. F. Stoddart, Chem. Eur. J. 2003, 9, 4611–
4625; r) M. Clemente-Le\n, F. Marchioni, S. Silvi, A. Credi, Synth.
Met. 2003, 139, 773–777; s) E. Coronado, A. Forment-Aliaga, P.
Gavina, F. M. Romero, Inorg. Chem. 2003, 42, 6959–6961; t) S.-H.
Chiu, K. S. Liao, J. K. Su, Tetrahedron Lett. 2004, 45, 213–216; u) K.
Moon, A. E. Kaifer, Org. Lett. 2004, 6, 185–188.


[18] T. Chang, A. M. Heiss, S. J. Cantrill, M. C. T. Fyfe, A. R. Pease, S. J.
Rowan, J. F. Stoddart, A. J. P. White, D. J. Williams, Org. Lett. 2000,
2, 2947–2950.


[19] P. D. J. Grootenhuis, C. J. van Staveren, H. J. Den Hertog, Jr., D. N.
Reinhoudt, M. Bos, J. W. H. M. Uiterwijk, L. Kruise, S. Harkema, J.
Chem. Soc. Chem. Commun. 1984, 1412–1413.


[20] P. D. J. Grootenhuis, E. J. R. Sudholter, C. J. van Staveren, D. N.
Reinhoudt, J. Chem. Soc. Chem. Commun. 1985, 20, 1426–1428;
b) J. W. H. M. Uiterwijk, C. J. van Staveren, D. N. Reinhoudt, H. J.
Den Hertog, Jr., L. Kruise, S. Harkema, J. Org. Chem. 1986, 51,
1575–1587; c) P. D. J. Grootenhuis, P. D. van der Wal, D. N. Rein-
houdt, Tetrahedron 1987, 43, 397–404.


[21] P. D. J. Groothuis, J. W. H. M. Uiterwijk, D. N. Reinhoudt, C. J. van
Staveren, E. R. J. Sudholter, M. Boss, J. van Erden, W. Y. Klooster,
L. Kruise, S. Harkema, J. Am. Chem. Soc. 1986, 108, 780–788.


[22] C. J. van Staveren, V. M. L. J. Arts, P. D. J. Groothuis, J. van Erden,
S. Harkema, D. N. Reinhoudt, J. Am. Chem. Soc. 1986, 108, 5271–
5276.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5406 – 54215420


FULL PAPER J. F. Stoddart, K. N. Houk, D. J. Williams, et al.



www.chemeurj.org





[23] C. J. van Staveren, V. M. L. J. Arts, P. D. J. Groothuis, W. J. H. Drop-
pers, J. van Erden, S. Harkema, D. N. Reinhoudt, J. Am. Chem. Soc.
1988, 110, 8134–8144.


[24] The slippage methodology was first exploited for rotaxane synthesis
which were conducted in a statistical manner, for examples, see:
a) I. T. Harrison, J. Chem. Soc. Chem. Commun. 1972, 231–232;
b) G. Schill, W. Beckmann, N. Schweikert, H. Fritz, Chem. Ber.
1986, 119, 2647–2655; a successful template-directed synthesis of ro-
taxanes was reported in 1993, see: c) P. R. Ashton, M. Belohradsky,
D. Philp, J. F. Stoddart, J. Chem. Soc. Chem. Commun. 1993, 1269–
1274. For other examples, see: d) P. R. Ashton, M. Belohradsky, D.
Philp, N. Spencer, J. F. Stoddart, J. Chem. Soc. Chem. Commun.
1993, 1274–1277; e) D. B. Amabilino, P. R. Ashton, M. Belohradsky,
F. M. Raymo, J. F. Stoddart, J. Chem. Soc. Chem. Commun. 1995,
751–753; f) M. Asakawa, P. R. Ashton, S. Iqbal, J. F. Stoddart, N. D.
Tinker, A. J. P. White, D. J. Williams, Chem. Commun. 1996, 483–
486; g) P. R. Ashton, R. Ballardini, V. Balzani, M. Belohradsky,
M. T. Gandolfi, D. Philp, L. Prodi, F. M. Raymo, M. V. Reddington,
N. Spencer, J. F. Stoddart, M. Venturi, D. J. Williams, J. Am. Chem.
Soc. 1996, 118, 4931–4951; h) D. H. Macartney, J. Chem. Soc. Perkin
Trans. 2 1996, 2775–2778; i) M. Asakawa, P. R. Ashton, R. Ballardi-
ni, V. Balzani, M. Belohradsky, M. T. Gandolfi, O. Kocian, L. Prodi,
F. M. Raymo, J. F. Stoddart, M. Venturi, J. Am. Chem. Soc. 1997,
119, 302–310; j) P. R. Ashton, S. R. L. Everitt, M. G\mez-L\pez, N.
Jayaraman, J. F. Stoddart, Tetrahedron Lett. 1997, 38, 5691–5694;
k) F. M. Raymo, J. F. Stoddart, Pure Appl. Chem. 1997, 69, 1987–
1997; l) M. HXndel, M. Plevoets, S. Gestermann, F. VWgtle, Angew.
Chem. 1997, 109, 1248–1250; Angew. Chem. Int. Ed. Engl. 1997, 36,
1199–1201; m) P. R. Ashton, I. Baxter, M. C. T. Fyfe, F. M. Raymo,
N. Spencer, J. F. Stoddart, A. J. P. White, D. J. Williams, J. Am.
Chem. Soc. 1998, 120, 2297–2307; n) F. M. Raymo, K. N. Houk, J. F.
Stoddart, J. Am. Chem. Soc. 1998, 120, 9318–9322; o) A. P. Lyon,
N. J. Banton, D. H. Macartney, Can. J. Chem. 1998, 76, 843–850;
p) P. R. Ashton, M. C. T. Fyfe, C. Schiavo, J. F. Stoddart, A. J. P.
White, D. J. Williams, Tetrahedron Lett. 1998, 39, 5455–5458; q) C.
Heim, A. Affeld, M. Nieger, F. VWgtle, Helv. Chim. Acta 1999, 82,
746–759; r) M. C. T. Fyfe, F. M. Raymo, J. F. Stoddart, in Stimulating
Concepts in Chemistry (Eds.: M. Shibasaki, J. F. Stoddart, F. VWgtle)
Wiley-VCH, Weinheim, 2000, pp. 211–220; r) S. J. Cantrill, M. C. T.
Fyfe, A. M. Heiss, J. F. Stoddart, A. J. P. White, D. J. Williams, Org.
Lett. 2000, 2, 61–64; s) G. M. Hubner, G. Nachtseim, Q. Y. Li, C.
Seel, F. VWgtle, Angew. Chem. 2000, 112, 1315–1318; Angew. Chem.
Int. Ed. 2000, 39, 1269–1272; t) S.-H. Chiu, S. J. Rowan, S. J. Can-
trill, P. T. Glink, R. L. Garrell, J. F. Stoddart, Org. Lett. 2000, 2,
3631–3634; u) P. R. Ashton, R. Ballardini, V. Balzani, A. Credi, R.
Dress, E. Ishow, O. Kocian, J. A. Preece, N. Spencer, J. F. Stoddart,
M. Venturi, S. Wenger, Chem. Eur. J. 2000, 6, 3558–3574; v) Y. Fur-
usho, N. Kihara, T. Takata, Chem. Lett. 2001, 774–775; w) A.
Affeld, G. M. Hubner, C. Seel, C. A. Schalley, Eur. J. Org. Chem.
2001, 2877–2890; x) A. M. Elizarov, T. Chang, S.-H. Chiu, J. F. Stod-
dart, Org. Lett. 2002, 4, 3565–3568; y) J. O. Jeppesen, J. Becher, J. F.
Stoddart, Org. Lett. 2002, 4, 557–560; z) P. Linnartz, S. Bitter, C. A.
Schalley, Eur. J. Org. Chem. 2003, 4819–4829.


[25] a) J. C. Andrew, Jr., C. S. Wilcox, J. Am. Chem. Soc. 1991, 113, 678–
680; b) K. Connors Binding Constants: The Measurement of Molecu-


lar Complex Stability ; Wiley-Interscience: New York, 1987; Chap-
ter 5, pp. 189–212.


[26] S. J. Weiner, P. A. Kollman, D. A. Case, V. C. Singh, C. Ghio, G. Ala-
gona, S. Profeta, Jr., P. Weinre, J. Am. Chem. Soc. 1984, 106, 765–
784.


[27] W. C. Still, A. Tempczyk, R. C. Hawler, T. Hendrickson, J. Am.
Chem. Soc. 1990, 112, 6127–6129.


[28] C. J. Cramer, Essentials of Computational Chemistry, Wiley, Chiches-
ter, 2002.


[29] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652; b) C. Lee, W.
Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789.


[30] a) S. Miertus, E. Scrocco, J. Tomasi, Chem. Phys. 1981, 55, 117–129;
b) S. Miertus, J. Tomasi, Chem. Phys. 1982, 65, 239–245.


[31] a) P. T. Glink, A. I. Oliva, J. F. Stoddart, A. J. P. White, D. J. Wil-
liams, Angew. Chem. 2001, 113, 1922–1927; Angew. Chem. Int. Ed.
2001, 40, 1870–1875; b) M. Horn, J. Ihringer, P. T. Glink, J. F. Stod-
dart, Chem. Eur. J. 2003, 9, 4046–4054.


[32] S. J. Rowan, S. Cantrill, G. R. L. Cousins, J. K. M. Sanders, J. F. Stod-
dart, Angew. Chem. 2002, 114, 938–993; Angew. Chem. Int. Ed.
2002, 41, 898–952.


[33] a) J.-M. Lehn, Science 2002, 295, 2400–2403; b) J.-M. Lehn Supra-
molecular Chemistry: Concepts and Perspectives, Wiley-VCH, Wein-
heim, 1995.


[34] a) M. Mammen, S.-K. Choi, G. M. Whitesides, Angew. Chem. 1998,
110, 2908–2953; Angew. Chem. Int. Ed. 1998, 37, 2754–2794;
b) J. E. Gestwicki, C. W. Cairo, L. E. Strong, K. A. Oetjen, L. L.
Kiessling, J. Am. Chem. Soc. 2002, 124, 14922–14933; c) P. I. Kitov,
D. C. Bundle, J. Am. Chem. Soc. 2003, 125, 16271–16284; d) G. Er-
colani, J. Am. Chem. Soc. 2003, 125, 16097–16103.
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Ligand Bite Governs Enantioselectivity: Electronic and Steric Control in Pd-
Catalyzed Allylic Alkylations by Modular Fenchyl Phosphinites (FENOPs)**


Bernd Goldfuss,*[a] Thomas L,schmann,[b] and Frank Rominger[c]


Introduction


Enantioselective, palladium-catalyzed allylic alkylations are
highly valuable tools for stereoselective syntheses.[1] Three
models for the design of highly selective catalysts for allylic
substitutions have proven most successful:[2] “side arm guid-
ance” of nucleophiles,[3] “chiral pockets” generated by
Trost$s C2-symmetric diphosphanes based on 2-(diphenyl-
phosphino)benzoic acid (dppba),[4] and “electronic differen-


tiation“ by different donor atoms, such as in P,N ligands
(e.g., phosphinooxazolines; PHOX).[5]


Phosphinooxazoline catalysts$ enantioselectivities arise
from electronic differentiation between coordinating P and
N atoms, leading to preferential attack of nucleophiles trans
to phosphorus.[6] In addition, enantioselectivities are also a
function of steric differentiation—that is, more stable exo
versus endo Pd-h3-allylic intermediates[7]—which has been
studied by X-ray analyses, NMR investigation, and quan-
tum-chemical computations (Scheme 1).[8]


Electronic differentiation with P,N ligands is also fre-
quently employed with pyridines.[9,10] Pyridine phosphorus li-
gands from chiral terpenes—such as camphor, menthone, pi-
nocarvone, isopinocamphenol, b-pinene, and 3-carene—are
well documented.[11,12,13] However, phosphorus derivatives of
fenchol have been described much less frequently.[14]
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Abstract: Modular fenchyl phosphin-
ites (FENOPs) containing different
aryl units—phenyl (1), 2-anisyl (2), or
2-pyridyl (3)—are efficiently accessible
from (�)-fenchone. For comparison of
the influence of the different aryl units
on enantioselectivities and reactivities,
these FENOPs were employed in Pd-
catalyzed allylic alkylations. The
strongly chelating character of P,N-bi-
dentate 3 is apparent from X-ray struc-
tures with PdCl2 ([Pd(3)Cl2]), and with
allyl–Pd units in ([Pd(3)(h1-allyl)] and
[Pd(3)(h3-allyl)]). FENOP3 gives rise
to a PdL* catalyst of moderate enan-


tioselectivity (42% ee, R product). Sur-
prisingly, higher enantioselectivities are
found for the hemilabile, monodentate
FENOPs 1 (83% ee, S enantiomer)
and 2 (69% ee, S enantiomer). Only
small amounts of 1 or 2 generate selec-
tive PdL* catalysts, while complete
abolition of enantioselectivity appears
with unselective PdL*2 species with


higher FENOP concentrations in the
cases of 1 or 2. Computational transi-
tion structure analyses reveal steric and
electronic origins of enantioselectivi-
ties. The nucleophile is electronically
guided trans to phosphorus. endo-Allyl
arrangements are favored over exo-
allyl orientations for 1 and 2 due to
Pd–p–pyridyl interactions with short
“side-on” Pd-aryl interactions. More
remote “edge-on” Pd–p–aryl interac-
tions in 3 with Pd-N(lp) coordination
favor endo-allyl units slightly more and
explain the switch of enantioselectivity
from 1 (S) and 2 (S) to 3 (R).
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We have recently documented chelating fencholates[15]


that we employed in enantioselective organozinc catalysts[16]


and chiral n-butyllithium aggregates.[17] Here we use modu-
lar fenchyl diphenylphosphinites (FENOPs) in Pd-catalyzed
allylic substitutions. Electronic and steric differentiation
arises from variation of aryl units and, together with compu-
tational analyses of the transition structures, sheds light on
the steric and the electronic origins of enantioselectivities.[18]


Results and Discussion


Modular fenchyl phosphinites (FENOPs) are efficiently ac-
cessible through addition of aryllithium reagents to (�)-fen-


chone and subsequent coupling of the fencholates with
chlorophosphanes (such as Ph2PCl). Because of their differ-
ent characteristics in Pd-coordination, phenyl (1), 2-anisyl
(3), and 2-pyridyl (3) moieties were chosen as representative
aryl groups (Scheme 2).


X-ray analyses of the FENOPs 1–3 show that all aryls are
conformationally constrained between the methyl group and
the methylene bridge at C1 of the fenchane scaffolds (Fig-
ures 1, 2, and 3). Analogous rigidities had previously been


Abstract in German: Modulare Fenchylphosphinite
(FENOPs) mit unterschiedlichen Arylgruppen—d.h. Phenyl
(1), 2-Anisyl (2) oder 2-Pyridyl (3)—sind effizient aus (�)-
Fenchon zug)nglich. Zum Vergleich unterschiedlicher Aryl-
gruppen hinsichtlich der erzielten Enantioselektivit)ten und
Reaktivit)ten, wurden diese FENOPs in Pd-katalysierten al-
lylischen Alkylierungen eingesetzt. Der stark chelatisierende
Charakter des bidentaten P,N-Liganden 3 wird durch R2nt-
genstrukturen mit PdCl2 ([Pd(3)Cl2]), sowie mit Allyleinheit-
en ([Pd(3)(h1-allyl)] und [Pd(3)(h3-allyl)]) deutlich. Der bi-
dentate P,N-Ligand 3 f6hrt zu einem PdL* Katalysator mit
moderater Enantioselektivit)t (42% ee, R Produkt). ;berra-
schenderweise werden f6r die hemilabilen FENOP Liganden
1 (83% ee, S Enantiomer) und 2 (69% ee, S Enantiomer)
h2here Enantioselektivit)ten des anderen Enantiomers gefun-
den. Nur kleinere Mengen von 1 oder 2 bilden selektive
PdL* Katalysatoren, w)hrend mit h2heren FENOP Konzen-
trationen unselektive PdL*2 Spezies die Enantioselektivit)ten
zusammenbrechen lassen. Theoretische Berechnungen an
;bergangszust)nden offenbaren sterische und elektronische
Urspr6nge der Enantioselektivit)ten. Das Nukleophil wird
elektronisch kontrolliert trans zum P-Atom geleitet. F6r 1
und 2 sind endo- gegen6ber exo-Allyl Anordnungen wegen
Pd–p–Pyridyl Wechselwirkungen mit kurzen “side-on” Pd-
Aryl Kontakten bevorzugt. In 3 beg6nstigen mit ihrem gr2-
ßerem Abstand “edge-on” Pd–p–Aryl Wechselwirkungen
durch Pd-N(lp) Koordination die endo-Allyl Anordnungen
etwas mehr und f6hren so zum Wechsel des bevorzugten
Enantiomers von 1 (S) und 2 (S) zu 3 (R).


Scheme 1. Attack of nucleophiles trans to phosphorus in Pd-PHOX allyl
complexes (R: for example, iPr) as a result of electronic differentiation.
Steric effects favor exo over endo allyl arrangements.


Scheme 2. Synthesis of modular fenchyl phosphinites (FENOPs).


Figure 1. X-ray crystal structure of 1. The phenyl group is fixed between
the methyl group and the methylene bridge at C1 of the bicyclo[2.2.1]-
heptane scaffold. The probability of the thermal ellipsoids is 50%.


Figure 2. X-ray crystal structure of 2. The anisyl group is fixed between
the methyl group and the methylene bridge at C1 of the bicyclo[2.2.1]-
heptane scaffold. The probability of the thermal ellipsoids is 50%.
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recognized in aryl fencholates employed in alkylzinc cata-
lysts[16] or in chiral organolithium reagents.[17] The X-ray
structures of palladium complexes of 3—with chloride
([Pd(3)Cl2]; Figure 4), with an h1-allyl unit ([Pd(3)(h1-allyl)] ;
Figure 5), and with an h3-allyl moiety ([Pd(3)(h3-allyl)] ;


Figure 6)—demonstrate the bi-
dentate and chelating character
of 3. A strong trans influence[6]


of phosphorus originating from
electronic differentiation in
P,N-FENOP 3 is apparent
from the Pd�Cl distances in


[Pd(3)Cl2] (trans to P: 2.39 R, versus cis to P: 2.28 R;
Figure 4) and from the Pd�C distances in [Pd(3)(h3-allyl)]
(trans to P: 2.25 R versus cis to P: 2.16 R; Figure 6).


Aryl FENOPs 1–3 were tested in the alkylation of 1,3-di-
phenylallylacetate with sodium dimethylmalonate by Trost$s
bistrimethylsilylacetamide (BSA) procedure (Scheme 3,
Table 1).[19]


Different palladium to ligand (Pd/L*) ratios were em-
ployed in the allylation of malonate to illuminate the role of
catalyst compositions on enantioselectivities (Table 1,
Figure 7) and on reactivities (Table 1, Figure 8). For biden-
tate 3, the palladium to ligand ratio has no significant influ-
ence on the enantioselectivity, and 3 generates the R enan-
tiomer with a nearly constant enantiomeric excess of 35–
42% (Figure 7, Table 1). In contrast to 3, the S enantiomer
is favored with the phenyl and 2-anisyl FENOPs 1 and 2.
Another surprising difference with 3 is that 1 and 2 exhibit
higher enantioselectivities with lower ligand loadings. The
highest enantioselectivities for 1 (83% ee, S) and 2 (69% ee,
S) are seen with Pd/L* ratios of 1:0.5, but enantioselectivi-
ties vanish completely for Pd/L* ratios of 1:2 (Figure 7,
Table 1). Increasing the Pd/L* ratio from 1:1 to 1:2 also in-
creases the reactivities of 1 and 2, while the reactivity of 3
remains constant (Figure 8, Table 1).


Explanations for the similarities of 1 and 2 and their dif-
ferences with 3 can be found in equilibria of palladium cata-
lysts with the FENOP ligands (Scheme 4). The bidentate,
chelating P,N-FENOP 3 has a strong tendency to form the
1:1 catalyst analogue (i.e., PdL*), as in [Pd(3)(h3-allyl)]
(Figure 6). In the case of 3, a PdL* catalyst with constant se-
lectivity and reactivity is formed at all Pd/L* ratios. In con-
trast, catalyst formation with the monodentate or hemilabile
1 and 2 strongly depends on the Pd/L* ratios. Larger
amounts of 1 or 2 favor conformationally flexible, and


Figure 3. X-ray crystal structure of 3. The pyridyl group is fixed between
the methyl group and the methylene bridge at C1 of the bicyclo[2.2.1]-
heptane scaffold. The probability of the thermal ellipsoids is 50%.


Figure 4. X-ray crystal structure of FENOP 3 with palladium chloride
([Pd(3)Cl2]). Hydrogen atoms are omitted for clarity, and the probability
of the thermal ellipsoids is 30%.


Figure 5. X-ray crystal structure of FENOP 3 with palladium h1-allyl
chloride ([Pd(3)(h1-allyl)]). Hydrogen atoms are omitted for clarity, and
the probability of the thermal ellipsoids is 30%.


Figure 6. X-ray crystal structure of 3 with palladium h3-allyl perchlorate
([Pd(3)(h3-allyl)]). Perchlorate is not shown in the ORTEP presentation.
Hydrogen atoms are omitted for clarity, and the probability of the ther-
mal ellipsoids is 30%.


Scheme 3. Allylic alkylation of diphenylallyl acetate by sodium dimethylmalonate with catalysis by Pd-FENOP
complexes.


O 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5422 – 54315424


FULL PAPER B. Goldfuss et al.



www.chemeurj.org





hence unselective, 1:2 catalysts (i.e., PdL*2), while smaller
amounts of FENOP yield the more selective, but less reac-
tive, PdL* catalysts for 1 and 2 (Scheme 4). For one class of
phosphinooxazolines, even a switch in enantioselectivity
from the S to the R enantiomers with a changing Pd/L*
ratio was observed, and was explained in terms of analogous
equilibria.[20]


31P NMR experiments with 1 and palladium allyl chloride
([Pd(C3H5)Cl]2) also support such PdL*QPdL*2 equilibria.
For large FENOP amounts—for a Pd/L* ratio of 1:2, for ex-
ample—the 31P signal (d = 78.1 ppm) is consistent with a
PdL*2 complex (Figure 9). Decreasing amounts of ligand—


for Pd/L* ratios of 1:1.5, 1:1, and finally 1:0.5, for example—
give rise to a new 31P signal (d = 78.8 ppm), which can be
assigned to the corresponding PdL* complex. Although de-
scribed as monodentate, aryl P-ligand units such as 1 and 2
are likely to form Pd�C p-contacts, as is known for, for ex-
ample, the monophosphanes MOP or MAP.[21]


Computational analyses of Pd-h3-allyl complexes have
proven to be very helpful in explaining equilibria and enan-


Table 1. Pd-catalyzed allylic alkylations of diphenylallyacetate with di-
methylmalonate in the presence of different Pd/FENOP ratios.[a]


Ligand Pd/L* ratio Chemical yield [%] % ee (config.)


1 1:0.5 31 83 (S)
1:1 32 81 (S)
1:1.5 39 45 (S)
1:2 74 0


2 1:0.5 29 69 (S)
1:1 30 67 (S)
1:1.5 55 55 (S)
1:2 70 0


3 1:0.5 <10 35 (R)
1:1 >99 42 (R)
1:1.5 >99 41 (R)
1:2 >99 42 (R)


[a] Solvent: CH2Cl2, 24 h, �20 8C, c.f. experimental procedure.


Figure 7. Enantioselectivities of Pd-FENOP-catalyzed allylations of dime-
thylmalonate (CH2Cl2, 24 h, �20 8C) with different palladium to FENOP
ligand (Pd/L*) ratios.


Figure 8. Chemical yields of Pd-FENOP-catalyzed allylations of dime-
thylmalonate (CH2Cl2, 24 h, �20 8C) with different palladium to FENOP-
ligand (Pd/L*) ratios.


Scheme 4. Equilibrium of FENOP palladium complexes. Bidentate 3 (Ar
= 2-pyridyl) forms a permanent PdL* catalyst, while monodentate 1 (Ar
= phenyl) and 2 (Ar = 2-anisyl) give both selective PdL* and unselec-
tive PdL*2 complexes, depending on the FENOP concentrations.


Figure 9. 31P NMR spectra of FENOP 1 with [{Pd(C3H5)Cl}2] at different
palladium to ligand (Pd/L*) ratios (CD2Cl2, 25 8C). The signals at d =


78.1 and 78.8 ppm can be assigned to PdL*2 and PdL* complexes, respec-
tively.
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tioselectivities for PHOX ligands by comparison with h3-al-
lylic intermediates.[6b,8] Thanks to the significance of Curtin–
Hammett conditions,[22] assessments of transition structures
for enantioselective steps are even more revealing.[23] Am-
monia was used as a model to mimic the experimentally
used malonate nucleophile (the suitability of NH3 as a
model nucleophile in Pd-catalyzed allylic substitutions was
demonstrated recently[23]) for such computational ONIOM-
(B3LYP:UFF) transition structure analyses with the
FENOPs 1, 2, and 3. As is apparent from selectivity
(Figure 7) and reactivity (Figure 8) studies, the enantioselec-
tive FENOP catalysts have PdL* compositions. The four
transition structures of PdL* h3-allylic complexes differ in
the exo and endo alignments of the allyl moieties as well as
in the trans or cis attack of the nucleophile relative to phos-
phorus (Scheme 5, Table 2).[24]


Transition structures of 1 and 2 favor endo-aligned allyl
units with attack of the nucleophile trans to phosphorus
(Table 2), yielding S enantiomeric products, in agreement
with experimental results (Table 1).[23] In contrast, bidentate
FENOP 3 slightly favors an exo-aligned allyl moiety
(Table 2), again with attack of the nucleophile trans to phos-
phorus, producing the R enantiomer, as observed experi-
mentally (Table 1).[23]


This kinetic preference for attack trans to phosphorus in
the transition structures of the FENOPs is consistent with


longer (and weaker) allylic Pd�C(trans P) bonds, frequently ob-
served in h3-allyl Pd complexes,[6,8,20a] as in [Pd(3)(h3-allyl)]
(Figure 6). Such a kinetic trans phosphane preference is also
apparent from transition structures of nucleophilic additions
of NH3 to the smaller model complex [Pd(h3-allyl)(pyridi-
ne)(PH3)]


+ (Figure 10). The higher reactivity of the trans
(to P) allylic position is apparent from a longer H3N�Callyl


(2.007 R) and a shorter Pd�Callyl distance (2.787 R) relative
to the cis transition structure (1.939 and 2.784 R respective-
ly, Figure 10). Hence, the more reactive trans attack is earli-
er on the reaction coordinate than the cis addition, in ac-


cordance with the Hammond
postulate.[25] Phosphane, as the
better (s*) acceptor, stabilizes
the developing Pd-nucleofuge
of this SN2(C) step in a trans po-
sition better than it does in a cis
site. Consistently, phosphane
avoids the trans arrangement
relative to more electrophilic al-
lylic positions.[6b] Although 1
and 2 were expected to be mon-
odentate, the transition struc-
tures with 1 and 2 have rather
short Pd�C–p contacts


Scheme 5. Optimized ONIOM (B3LYP (partition in bold):UFF) transition structures (Nu = NH3) for Pd-
FENOP-catalyzed allylic substitutions with exo or endo alignments of diphenylallyl groups and trans or cis
attack of the nucleophile relative to phosphorus, yielding S or R enantiomers.[23]


Table 2. Transition structures of phenyl (1), 2-anisyl (2), and 2-pyridyl (3)
FENOP-Pd-diphenylallyl complexes with NH3.


[a]


Comput. exo-trans (R) endo-trans (S) exo-cis (S) endo-cis (R)


1 TS �651.20519 �651.21001 �651.20660 �651.20488
ZPE, Freq 525.7, i148 525.7, i159 525.7, i175 525.7, i170


Erel +3.0 0.0 +2.1 +3.2
2 TS �765.10237 �765.10785 �765.10039 �765.09965


ZPE, Freq 546.3, i161 546.2, i163 546.5, i172 546.0, i172
Erel +3.5 0.0 +5.0 +4.9


3 TS �667.15780 �667.15767 �667.14917 �667.15472
ZPE, Freq 518.1, i148 518.3, i153 518.4, i168 518.4, i184


Erel 0.0 +0.3 +5.7 +2.2


[a] ONIOM (B3LYP/LanL2DZ (Pd, P), 3–21G (C, H, N, O): UFF) ex-
trapolated total energies of optimized structures [a.u.]. The imaginary (i)
frequencies [cm�1] correspond to the allylic substitution step (C�N bond-
formation) with NH3 as model nucleophile.[23] Zero-point energies [kcal
mol�1] were unscaled considered for relative energies Erel [kcalmol�1].


Figure 10. B3LYP/LanL2DZ(ECP)+d,p (Pd, P)/6–31G*(C,H)/6–31+
G*(N) optimized transition structures of the nucleophilic NH3 addition
to [Pd(h3-allyl)(pyridine)(PH3)]


+ . trans : �557.04144 a.u., ZPE:
142.9 kcalmol�1, i230 cm�1, Erel : 0.0; cis : �557.03801 a.u., ZPE:
143.0 kcalmol�1, i278 cm�1, Erel : + 2.2 kcalmol�1.
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(Figure 11 and 12). This Pd�C p bonding contributes to
electronic differentiation in 1 and 2 and is also observed in
Pd–aryl monophosphane complexes.[21]


In addition to electronic differentiation, the steric bias be-
tween exo- and endo-aligned allyl moieties is crucial for
enantioselectivities. The S enantiomer obtained from 1 and
2 originates from most stable endo-trans transition struc-
tures, which are favored over the exo-trans alignments for
steric reasons, as both exhibit attack trans to P (Table 2). In
exo-trans structures, allylic phenyl groups point to exo-hemi-
spheres and come close to the axial Ph�P(Ph) units as well
as to the aryl groups, which p-coordinate to Pd. This p-coor-
dination is hence significantly hindered in the exo transition
structures, but not in the endo-trans transition structures


with endo-oriented allyl-phenyl groups. As a consequence,
Pd�C p-contacts in the favored endo structures are signifi-
cantly shorter than in the hindered exo structures (Figure 11
and 12). This steric preference, together with electronically
favored trans-(P)-addition, explains the origin of enantiose-
lectivity for 1 and 2.


The switch of enantioselectivity from 1 and 2 (S enan-
tiomer) to 3 (R enantiomer, Table 1) can be explained in
terms of different coordination modes of the FENOP aryls.
The bias of the exo-trans transition structures of 1
(Figure 11) and 2 (Figure 12) due to hindrance of p-aryl
“side-on” coordination to Pd does not appear for 3, which
shows N-lone pair “edge-on” coordination of the pyridine
unit to Pd (Figure 13). This N–Pd contact results in a more
remote pyridyl moiety, which is hence less repulsive for exo-
allylic phenyl groups. The N–Pd coordination also bends the


Figure 11. ONIOM(B3LYP/LanL2DZ(ECP) (Pd, P)/3–21G (C, O, N, H):
UFF) optimized transition structures. The higher stability (3.0 kcalmol�1)
of 1-endo-trans is due to better Pd–Ph p-interaction than in 1-exo-trans,
which is hindered by its exo-phenyl group.


Figure 12. ONIOM(B3LYP/LanL2DZ(ECP) (Pd, P)/3–21G (C, O, N, H):
UFF) optimized transition structures. The higher stability (3.5 kcalmol�1)
of 2-endo-trans is due to better Pd–Ph p-interaction than in 2-exo-trans,
which is hindered by its exo-phenyl group.
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ligand on the endo-hemisphere more to the allylic substrate
(Figure 13) and endo-allylic phenyl groups hence become
less favorable for 3. This explains the slight preference of 3
for the R enantiomer, while 1 and 2 yield S products
(Table 1).


The origins of the different enantioselectivities with 1, 2,
and 3 can hence be explained in terms of electronic and
steric effects, computed in transition structures with PdL*
compositions. Chelate formation, either through p-aryl coor-
dination to Pd as in 1 and 2 or through the N-lp coordina-
tion to Pd as in 3, is crucial for the enantioselectivities.
Complete abolition of enantioselectivity arises for the hemi-
labile FENOPs 1 and 2, apparently due to high conforma-
tional flexibility, with higher ligand loadings and formation
of catalysts with PdL*2 composition.


Conclusions


Applications of modular fenchyl phosphinites (FENOPs)
with different aryl units—phenyl (1), 2-anisyl (2), or 2-pyrid-
yl (3)—in Pd-catalyzed allylic substitutions show how elec-
tronic and steric effects of aryl groups on enantioselectivities
can be differentiated. Strongly chelating 3 gives a PdL* cat-
alyst with moderate enantioselectivity (42% ee, R product),
while hemilabile 1 (83% ee, S) and 2 (69% ee, S), yield
higher enantioselectivities, but only if small amounts of
FENOP are employed. The annihilation of enantioselectivi-
ty at higher FENOP concentrations, suggesting flexible and
unselective PdL*2 catalysts, demonstrates the crucial role of
well defined and rigid chelate structures. Consistently with
previous results and suggestions, nucleophiles guided trans
to phosphorus are preferred electronically. Sterically, endo
or exo arrangements of allylic alkyl groups give rise to re-
pulsive interactions with the ligand moiety. Hence, it is
likely that less demanding groups, such as dimethylallyl,
should give lower enantioselectivities. “Edge-on” pyridine
coordination in 3 vs. “side on” p-aryl coordination in 1 and
2, results in a switch of enantioselectivity from R (3) to S
products (1 and 2). This p-aryl coordination of 1 and 2 can
play a crucial role in controlling enantioselectivity not only
through steric effects but also through electronic P,p-aryl-
differentiation, as is established for P,N ligands. Together
with steric effects, electronic P,p–aryl differentiation might
become an efficient tool for the design of catalysts in vari-
ous kinds of reactions open to electronic differentiation.


Experimental Section


General : The reactions were carried out under argon atmosphere
(Schlenk and needle/septum techniques) with dried and degassed sol-
vents. X-ray crystal analyses were performed on a Bruker Smart CCD
diffractometer with use of MoKa radiation, NMR spectra were recorded
on a Bruker AMX 300 instrument, IR spectra on a Bruker Equinox 55
FT-IR spectrometer, and optical rotations on a Perkin Elmer P241 ma-
chine. GC analyses were carried out on a Chrompack (CP9001) instru-
ment.


CCDC-232671–232676 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 Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


Synthesis of diphenyl-((1R,2R,4S)-1,3,3-trimethyl-2-phenylbicyclo[2.2.1]-
hept-2-yl)-phosphinite (1): Phenylfenchol was synthesized by addition of
phenyllithium to (�)-fenchone and hydrolytic workup.[26] This phenylfen-
chol (5.16 g, 0.022 mol) was dissolved in THF (100 mL), the mixture was
cooled to 0 8C, and n-butyllithium in hexanes (1.6m, 0.022 mol) was
added. Use of an excess of n-butyllithium, apparent from a change from
yellow to orange, should be avoided due to unfavorable side products.
Freshly distilled chlorodiphenyl phosphane (0.022 mol) was added to this
cooled solution, and the reaction mixture was allowed to warm to room
temperature and stirred for two days. The solvent and volatile compo-
nents were removed in vacuum under inert gas conditions, and the ob-
tained yellow oil was dissolved in toluene. Lithium chloride was removed
by filtration over celite, and toluene was removed in vacuum. The yellow
oil was dissolved in diethyl ether and cooled to �20 8C. The resulting
white precipitate was washed with cold (�20 8C) pentane and dried in
vacuum. Yield: 6.47 g (71%).


Analytic and spectroscopic data for 1: m.p. 127–130 8C; [a]21Na = �99.6;
1H NMR (CDCl3, 300 MHz): D = 0.51 (s, 3H; CH3), 0.75 (m, 1H; 6-


Figure 13. ONIOM(B3LYP/LanL2DZ(ECP) (Pd, P)/3-21G (C, O, N, H):
UFF) optimized transition structures. The slightly higher stability
(0.3 kcalmol�1) of 3-exo-trans can be explained in terms of less repulsive
endo-fenchane interactions relative to 3-endo-trans.
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exo), 1.15–1.25 (m, 2H; 7-anti, 5-exo), 1.30 (s, 3H; CH3), 1.45 (s, 3H;
CH3), 1.65–1.8 (m, 3H; CH, 5-endo, 7-syn), 2.35 (m, 1H; 6-endo), 7.0–
7.7 ppm (m, 15Har);


13C{1H,31P} NMR (CDCl3, 75.5 MHz): D = 18.9
(CH3), 21.5 (CH3), 24.1 (CH2), 32.6 (CH3), 33.9 (CH2), 37.9 (CH2), 46.1
(CHq), 48.9 (CH), 52.6 (CHq), 104.9 (CHq), 125.7 (Car), 126.0 (Car), 126.8
(Car), 127.8 (Car/q), 128.1 (Car/q), 128.6 (Car), 128.8 (Car/q), 129.2 (Car), 130.5
(Car), 131.3 (Car), 132.3 (Car), 132.8 ppm (Car);


31P{1H} NMR (CDCl3,
121.5 MHz): D = 88.8 ppm (s); IR (KBr): ñ = 3054, 3014 (Car�H, w),
2928 (Calk�H, m) cm�1; MS (FAB): m/z (%): 414.2 [M]+ , 213.2
[M�OPPh2]


+; elemental analysis calcd (%) for C28H31OP
(414.52 gmol�1): C 81.12, H 7.54, P 7.48; found: C 81.11, H 7.53, P 7.27.


X-ray crystal data for 1: C28H31OP; Mr = 414.50; space group P21/c ;
monoclinic; a = 20.1083(3), b = 12.2746(1), c = 9.3068(1) R, b =


96.446(1)8 ; V = 2282.59(5) R3; Z = 4; T = 200(2) K; m = 0.137 mm�1;
reflections total: 23178, unique: 5214, observed: 4297 (I>2s(I)); R1 =


0.041, wR2 = 0.104; GOF = 1.04.


Synthesis of 2-(2-methoxyphenyl)-1,3,3-trimethylbicyclo[2.2.1]hept-2-yl-
diphenylphosphinite (2): 2-Methoxyfenchol was synthesized by addition
of anisyllithium to (�)-fenchone and hydrolytic workup.[16e,17b] This 2-me-
thoxyfenchol (6.30 g, 0.024 mol) was dissolved in THF (100 mL), the mix-
ture was cooled to 0 8C, and n-butyllithium in hexanes (1.6m, 0.022 mol)
was added. Further reaction and workup and removal of lithium chloride
were performed analogously to the synthesis of 1. The resulting yellow
oil was diluted with acetone (3 mL) and stirred at room temperature.
The obtained colorless precipitate was washed with cold (�20 8C) ace-
tone, recrystallized from diethyl ether, and dried in vacuum. Yield: 6.93 g
(65%).


Analytic and spectroscopic data for 2 : m.p. 103–104 8C; [a]21Na = �45.3;
1H NMR (CDCl3): D = 0.45 (s, 3H; CH3), 1.05 (m, 1H; 6-exo), 1.15–1.2
(m, 2H; 7-anti, 5-exo), 1.20 (s, 3H; CH3), 1.39 (s, 3H; CH3), 1.75–1.85
(m, 3H; CH, 5-endo, 7-syn), 2.25 (m, 1H; 6-endo), 2.9 (s, 3H; OCH3),
6.9–7.65 ppm (m, 14Har);


13C{1H,31P} NMR (CDCl3): d = 19.4 (CH3),
24.2 (CH3), 24.9 (CH2), 29.0 (CH3), 34.3 (CH2), 41.9 (CH2), 46.9 (CHq),
50.4 (CH), 53.2 (OCH3), 53.3 (CHq), 94.5 (CHq), 109.8 (Car), 118.5 (Car),
127.4 (Car), 127.6 (Car), 127.8 (Car), 129.0 (Car), 129.3 (Car), 129.7 (Car),
130.2 (Car), 132.8 (Car), 144.6 (Car), 146.6 (Car), 155.9 (Car), 158.7 ppm
(Car);


31P{1H} NMR (CDCl3): D = 89.6 ppm (s); IR (KBr): ñ = 3057
(Car�H, w), 2984–2876 (Calk�H, m) cm�1; MS (FAB): m/z (%): 444.3
[M]+ , 413.3 [M�OMe]+ ; elemental analysis calcd (%) for C29H33O2P
(444.54 gmol�1): C 78.35, H 7.48, P 6.97; found: C 78.18, H 7.53, P 6.82.


X-ray crystal data for 2 : C29H33O2P; Mr = 444.52; space group P21; mon-
oclinic; a = 8.2728(1), b = 11.6341(2), c = 25.4731(4) R, b = 93.283(1)
; V = 2447.67(6) R3; Z = 4; T = 200(2) K; m = 0.135 mm�1; reflections
total: 15634, unique: 5794, observed: 4995 (I>2s(I)); R1 = 0.080, wR2
= 0.211; GOF = 1.16.


Synthesis of diphenyl-((1R,2R,4S)-1,3,3-trimethyl-2-pyridin-2-ylbicy-
clo[2.2.1]hept-2-yl)phosphinite (3): 2-Pyridinylfenchol was synthesized by
lithiation of 2-bromopyridine, subsequent addition to (�)-fenchone, and
hydrolytic workup.[27] Pyridinylfenchol (10.0 g, 0.043 mol) was dissolved
in THF (100 mL), the mixture was cooled to 0 8C, and n-butyllithium in
hexanes (1.6m, 0.022 mol) was added. Further reaction and workup and
removal of lithium chloride were performed analogously to the synthesis
of 1. The resulting yellow oil was diluted with diethyl ether (3 mL) and
stirred at room temperature. The obtained colorless precipitate was
washed with cold (�20 8C) pentane and dried in vacuum. Yield: 15.8 g
(88%).


Analytical and spectroscopic data for 3 : m.p. 122–123 8C; [a]21Na = �93.5;
1H NMR (CDCl3): D = 0.37 (s, 3H; CH3), 0.72–0.79 (m, 1H; 6-exo), 1.17
(m, 1H; 7-anti), 1.36 (m, 4H; 5-exo, CH3), 1.5 (s, 3H; CH3), 1.65–1.90 (m,
3H; CH, 5-endo, 7-syn), 2.76 (m, 1H; 6-endo), 7.0 (m, 1Har), 7.2 (m,
1Har), 7.3–7.45 (m, 7Har), 7.55–7.75 (m, 4Har), 8.5 ppm (m, 1Har);
13C{1H,31P} NMR (CDCl3): d = 18.4 (CH3), 22.9 (CH3), 24.9 (CH2), 29.2
(CH3), 32.8 (CH2), 43.0 (CH2), 48.5 (Cq), 48.8 (CH), 53.9 (Cq), 94.2 (Cq),
121.1 (Car), 124.2 (Car), 128.2 (Car), 128.4 (Car), 129.1 (Car), 129.3 (Car),
131.5 (Car), 131.7 (Car), 134.7 (Car), 143.2 (Car), 145.2 (Car), 147.1 (Car),
163.0 ppm (Car/q);


31P{1H} NMR (CDCl3): d = 90.8 ppm (s); IR (KBr): ñ
= 3070 (Car�H, w), 2994–2890 (Calk�H, m) cm�1; MS (FAB): m/z (%):
415.5 [M]+ ; elemental analysis calcd (%) for C27H30NOP (415.51 gmol�1):
C 78.05, H 7.28, N 3.37, P 7.45; found: C 77.80, H 7.16, N 3.42, P 7.43.


X-ray crystal data of 3 : (21% oxidized to the PO derivative) C27H30NOP;
Mr = 415.49; space group P212121; orthorhombic; a = 8.9718(1), b =


14.0985(1), c = 18.1265(2) R, b = 93.283(1); V = 2292.80(4) R3; Z = 4;
T = 200(2) K; m = 0.138 mm�1; reflections total: 23918, unique: 5254,
observed: 4270 (I>2s(I)); R1 = 0.039, wR2 = 0.081; GOF = 1.01.


Synthesis and characterization of palladium complexes with [Pd(3)Cl2]:
FENOP 3 (41.6 mg, 0.1 mmol) and [PdCl2(CH3CN)2] (25.9 mg, 0.1 mmol)
were dissolved in CH2Cl2 (2 mL). The mixture was stirred for 1 h at room
temperature. Slow evaporation of the solvent (U-Schlenk tube) yielded
crystals suitable for X-ray analysis. M.p. 185 8C (decomp); 31P{1H} NMR
(CD2Cl2, 121.5 MHz): D = 80.0 ppm (s).


X-ray crystal data for [Pd(3)Cl2]: C27H30Cl2NOPPd; Mr = 592.83; space
group P63; hexagonal; a = 20.9745(1), b = 20.9745(1), c =


13.0226(2) R; V = 4961.48(8) R3; Z = 6; T = 200(2) K; m =


0.793 mm�1; reflections total: 36892, unique: 4769, observed: 3895 (I>
2s(I)); R1 = 0.048, wR2 = 0.128; GOF = 1.07.


[Pd(3)(h1-allyl)]: FENOP 3 (41.6 mg, 0.1 mmol) and [{PdCl(C3H5)}2]
(18.3 mg, 0.05 mmol) were dissolved in CH2Cl2 (1 mL). The mixture was
stirred for 1 h at room temperature. Slow evaporation of the solvent (U-
Schlenk tube) yielded crystals suitable for X-ray analysis. M.p.: 170 8C
(decomposition). In solution, h3-endo/exo isomers (A/B) could be identi-
fied with a ratio of A/B = 0.8:1 at 233 K. endo/exo-isomer A: 1H NMR
(CD2Cl2): D = 0.61 (s, 3H), 1.34 (s, 3H), 1.38 (s, 3H), 1.49 (m, 4H), 1.83
(d, 1H), 2.31 (d, 1H), 2.43 (m, 1H), 2.97 (d, 1Hallyl), 4.08 (dd, 1Hallyl),
4.16 (dd, 1Hallyl), 4.83 (t, 1Hallyl), 6.10 (m, 1Hallyl), 7.1–8.1 (m, 13H; Har),
8.9 ppm (d, 1H; Har);


31P{1H} NMR (CD2Cl2): D = 117.2 ppm (s). endo/
exo-isomer B: 1H NMR (CD2Cl2): D = 0.50 (s, 3H), 1.19 (s, 3H), 1.28 (s,
3H), 1.49 (m, 3H), 1.67 (m, 1H), 1.83 (d, 1H), 2.25 (d, 1H), 2.57 (m,
1H), 3.54 (d, 1Hallyl), 3.76 (d, 1Hallyl), 4.00 (dd, 1Hallyl), 4.88 (t, 1Hallyl),
5.78 (m, 1Hallyl), 7.1–8.1 (m, 13H; Har), 9.14 ppm (d, 1H; Har);


31P{1H}
NMR (CD2Cl2): D = 116.7 ppm (s). exo/endo isomers quickly equilibrate
at room temperature, averaged signals appear: 13C{1H,31P} NMR
(CD2Cl2): D = 19.2 (CH3), 23.9 (CH2), 24.6 (CH3), 28.8 (CH3), 34.1
(CH2), 40.0 (CH2/allyl-cis-P), 41.7 (CH2), 46.7 (Cq), 50.2 (CH), 53.1 (Cq), 93.9
(Cq), 98.2 (CH2/allyl-trans-P), 109.6 (Car), 118.3 (Car), 127.1 (Car/q), 127.3 (Car/


q), 127.7 (Car), 134.5 (CHallyl-central), 128.8 (Car), 129.1 (Car), 129.4 (Car),
130.0 (Car), 132.4 (Car), 143.7 (Car), 146.3 (Car), 158.4 (Car/q) ppm.


X-ray crystal data for [Pd(3)(h1-allyl)]: C32H39Cl5NOPPd; Mr = 768.26;
space group P21; monoclinic; a = 10.0562(1), b = 17.5530(2), c =


10.6376(2) R, b = 110.482(1)8 ; V = 1759.01(4) R3; Z = 2; T =


200(2) K; m = 0.978 mm�1; reflections total: 18268, unique: 8055, ob-
served: 7400 (I>2s(I)); R1 = 0.031, wR2 = 0.079; GOF = 1.03.


[Pd(3)(h3-allyl)]: FENOP 3 (41.6 mg, 0.1 mmol) and [PdCl(C3H5)]2
(18.3 mg, 0.05 mmol) were dissolved in acetone (1 mL). The mixture was
stirred for 1 h at room temperature. Lithium perchlorate (80.3 mg,
0.5 mmol) in acetone (1 mL) was added to this solution. After the mix-
ture had been stirred for 30 min., water (ca. 3 mL) was added until no
further precipitate was formed. Drying of the precipitate and recrystalli-
zation from diethyl ether/acetone yielded crystals suitable for X-ray anal-
ysis. M.p. 165 8C (decomp).
1H NMR (CD2Cl2): D = 0.52 (s, 3H; CH3); 1.25 (s, 3H; CH3); 1.36–1.43
(m, 1H; 6-exo; m, 1H; 7-anti; m, 1H; 5-exo); 1.83 (s, 3H; CH3); 1.92 (m,
1H; CH; m, 1H; 5-endo), 2.11 (m, 1H; 7-syn), 2.29 (m, 1H; Hallyl), 2.60–
2.70 (m, 1H; 6-endo ; m, 1H; Hallyl) ; 4.08 (m, 1H; Hallyl), 4.38 (m, 1H;
Hallyl), 5.95 (m, 1H; Hallyl), 7.00–7.70 (m, 14H; Har), 9.38 (m, 1H;
Har) ppm; 13C{1H,31P} NMR (CD2Cl2): D = 19.2 (CH3), 23.9 (CH2), 24.6
(CH3), 28.8 (CH3), 34.1 (CH2), 40.0 (CH2/allyl-cis-P) 41.7 (CH2), 46.7 (Cq),
50.2 (CH), 53.1 (Cq), 93.9 (Cq), 98.2 (CH2/allyl-trans-P), 109.6 (Car), 118.3
(Car), 127.1 (Car), 127.3 (Car/q), 127.7 (Car/q), 134.5 (CHallyl-central), 128.8
(Car), 129.1 (Car), 129.4 (Car), 130.0 (Car), 132.4 (Car), 143.7 (Car), 146.3
(Car), 158.4 (Car/q) ppm; 31P{1H} NMR (CD2Cl2): D = 119.5 ppm (s).


X-ray crystal data for [Pd(3)(h3-allyl)]: C30H35ClNO5PPd; Mr = 662.41;
space group P21; monoclinic; a = 10.313(4), b = 9.141(3), c =


15.543(7) R, b = 102.40(3)8 ; V = 1431.1(9) R3; Z = 2; T = 200(2) K; m
= 0.838 mm�1; reflections total: 8902, unique: 4100, observed: 3016 (I>
2s(I)); R1 = 0.046, wR2 = 0.093; GOF = 1.00.


General procedure for FENOP-Pd-catalyzed allylic substitutions :
[{PdCl(C3H5)}2] (4.2 mg, 0.011 mmol) and FENOP ligand (0.022 mmol)
were dissolved in CH2Cl2 (1 mL). The yellow solution was stirred for
30 min. at room temperature, diphenylallyl acetate (140 mL) was added,
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and the mixture was stirred for another 30 min and was then cooled to
�20 8C. Dimethyl malonate (280 mL), N,O-bis(trimethyl)acetamide (BSA,
560 mL), and a few crystals of potassium acetate were added.[18] The mix-
ture was stirred for 24 h at �20 8C, and was then hydrolyzed with water
(NH4Cl). The organic phase was filtered on silica gel. The enantiomeric
excess was determined by HPLC on a DAICEL-OD-H column, hexanes/
2-propanol = 99:1, L = 254 nm, tR = 29.9 min (R), 32.5 min (S).


Computational section : All computed structures were fully optimized by
use of GAUSSIAN 98.[28] For ONIOM[29] (B3LYP:[30]UFF[31]) computa-
tions, hydrogen atoms were used as linkers between the layers. The
ONIOM partition is given in Scheme 5. All structures were analyzed by
frequency computations, the imaginary frequencies correspond to C�N
bond formation. For the smaller model systems, LanL2DZ-ECP basis
sets[32] were augmented (+ d,p) with diffuse s-, p- (P, Pd) and d- (Pd)
functions (addition of outermost function multiplied by 0.25) and polari-
zation d-functions for P (exp. 0.34) and a f-function for Pd (exp. 1.472).[33]
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CO2 in Supramolecular Chemistry: Preparation of Switchable
Supramolecular Polymers


Heng Xu and Dmitry M. Rudkevich*[a]


Introduction


In this paper, application of CO2 in supramolecular chemis-
try will be demonstrated. CO2 circulates in the environment
extensively through a number of processes known as the
carbon cycle.[1] The development of novel methods of chem-
ical fixation and utilization of this gas is ongoing,[2] and car-
bamate chemistry offers much potential in this direction.
Generally unreactive, CO2 readily combines with amines at
ordinary temperatures and pressures to form carbamates, in
which two amine molecules are held together by the salt
bridge (Scheme 1).[3] The process is thermally reversible and
can be considered as dynamic, covalent self-assembly.[4]


With this in mind, we employed CO2 as a cross-linking
agent to build supramolecular polymeric materials. Supra-
molecular polymers represent a novel class of macromole-


cules, in which monomeric units are held together by rever-
sible forces.[5]


Supramolecular polymers are self-assembling polymers,
which form and dissipate by means of hydrogen bonds,
metal–ligand interactions, and van der Waals forces. Thus,
they combine features of conventional polymers with prop-
erties resulting from the bonding reversibility. Structural pa-
rameters of supramolecular polymeric materials, in particu-
lar their two- and three-dimensional architectures, can be
switched “on–off” through the main chain assembly–dissoci-
ation processes. On the other hand, their strength and
degree of polymerization relies on how tightly the mono-
meric units are aggregated. In this paper, we introduce a
strategy to build supramolecular polymers that utilize hydro-
gen bonding and take advantage of the dynamic, reversible
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Department of Chemistry & Biochemistry
University of Texas at Arlington
Arlington, TX 76019-0065 (USA)
Fax: (+1)817-272-3808
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Abstract: CO2 gas was used to con-
struct novel types of supramolecular
polymers. Self-assembling nanostruc-
tures 11 and 13 were prepared, which
employ both hydrogen bonding and dy-
namic, thermally reversible carbamate
bonds. As precursors, calixarene ureas
1 and 2 were synthesized, which strong-
ly aggregate/dimerize (KD�106m�1 per
capsule) in apolar solution with the for-
mation of self-assembling capsules 7
and linear polymeric chains 8, respec-
tively, and also possess “CO2-philic”
primary amino groups on the periph-
ery. CO2 effectively reacts with mole-
cules 7 and 8 in apolar solvents and
cross-links them with the formation of


multiple carbamate salt bridges. Oligo-
meric aggregate 11 and three-dimen-
sional polymeric network 13 were pre-
pared and characterized by 1H and
13C NMR spectroscopy. The morpholo-
gy of supramolecular gel 13 was stud-
ied by scanning electron microscopy.
Addition of a competitive solvent de-
stroyed the hydrogen bonding in as-
sembling structures 11 and 13, but did
not influence the carbamate linkers;
carbamate salts 12 and 14, respectively,


were obtained. On the other hand,
thermal release of CO2 from 11 and 13
was easily accomplished (1 h, 100 8C)
while retaining the hydrogen-bonding
capsules. Thus, three-dimensional poly-
meric network 13 was transformed
back to linear polymeric chain 8 with-
out breaking up. Encapsulation and
storage of solvent molecules by 11 and
13 was demonstrated. This opens the
way for switchable materials, which re-
versibly trap, store, and then release
guest molecules. A two-parameter
switch and control over hydrogen
bonding and CO2–amine adducts was
established.


Keywords: calixarenes · carbon
dioxide fixation · self-assembly ·
supramolecular chemistry


Scheme 1. Reversible covalent chemistry between CO2 and amines: self-
assembly of molecular blocks.
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chemistry between CO2 and amines. These polymers are
also functional and possess multiple self-assembling capsules
that may envelop guests. We demonstrate that subtle, two-
parameter control over hydrogen bonding and CO2–amine
chemistry leads to switchable materials, which reversibly
trap, store, and then release guest molecules. And finally,
using CO2, we convert linear supramolecular polymeric
chains into supramolecular, three-dimensional polymeric
networks. These are also switchable and can be transformed
back to the linear chains without breaking up. Indeed, while
supramolecular cross-linked polymers are known,[5] they
break upon dissociation of the noncovalent aggregates, of
which they are composed. Our materials are different in
that they only release CO2 and keep the hydrogen bonding
intact.[6]


Results and Discussion


Design and synthesis : The chemistry between CO2 and
amines is essentially an acid–base equilibrium, and the for-
mation of carbamate salts is thermally reversible.[3] CO2 can
typically be released by simple heating at �80 8C. This
property has been utilized in amine-based, reusable poly-
meric “CO2 scrubbers”.[7] Similarly, CO2 can be trapped by
amine-containing ionic liquids.[8] Thermally reversible carba-
mate chemistry has been recently employed for the prepara-
tion of organogels from long-chain alkyl amines.[9,10]


Our approach is sketched in Schemes 2 and 3 and introdu-
ces two generations of CO2-based self-assembling nanostruc-
tures. Monomeric units were designed, which a) strongly ag-
gregate/dimerize in apolar solution, b) possess “CO2-philic”
primary amino groups on the periphery, and c) form cap-
sules upon self-assembly. For cross-linking, two such mono-
meric units were covalently attached with the appropriate
orientation for linear, noncovalent polymerization
(Scheme 3). The “CO2-philic” amino groups were then in-
troduced perpendicular to the main chain. In apolar sol-
vents, once CO2 is involved, multiple carbamate salt bridges
should form resulting in either linear supramolecular aggre-
gates (Scheme 2) or three-dimensional supramolecular net-


works (Scheme 3). Addition of a competitive solvent breaks
the bonds formed from self-assembly but not the carbamate
linkers. On the other hand, thermal release of CO2 can be
easily accomplished, but it does not influence the noncova-
lent aggregates and the capsules do not dissociate.


In the design of monomeric units, we took advantage of
calixarenes as both self-assembling and cavity-forming mod-
ules.[11] Calix[4]arene tetraurea dimers were specifically
chosen as these are probably the most-studied class of cap-
sules.[11, 12] Discovered almost ten years ago by Rebek[13] and
BIhmer,[14] these capsules form in apolar solution (KD�
106m�1) and are held together by a seam of sixteen intermo-
lecular C=O···H�N hydrogen bonds at the upper rims. This
results in a rigid cavity of about 200 J3, which reversibly en-
capsulates one solvent molecule or a benzene-sized guest.
When two calix[4]arene tetraurea compounds are covalently
linked at their lower rims, hydrogen bonding yields supra-
molecular polymeric capsules.[15,16]


For this study, calix[4]arene tetraurea compounds 1 and 2
were synthesized, which possess “CO2-philic” primary
amino groups on the periphery (Scheme 4). Specifically, ca-
lixarene 1 is functionalized with a hexamethyleneamine
fragment at its lower rim. In biscalix[4]arene 2, two calixar-
ene tetraurea moieties are linked with a dipeptide, di-l-
lysine chain. Calixarenes were attached to the e-NH2 ends
so that the di-lysine module orients them away from each
other, in roughly opposite directions.[17,18] According to ex-
tensive molecular modeling, this also prevents the intramo-
lecular assembly. The hexamethyleneamine chain was then
attached to the carboxylic side of the dipeptide. This and
the a-NH2 group of 2 can react with CO2, providing cross-
linking.


The key building block for the syntheses of 1 and 2 is ca-
lix[4]arene tetraurea acid 3. It was prepared from known ca-
lixarene precursors in five steps starting with the parent tet-
rakis-tert-butyl calix[4]arene (Scheme 5).[15] Calixarene
amine 1 was synthesized (as a TFA-salt; TFA= trifluoroace-
tic acid) from acid 3 and 1-N-Boc-protected 1,6-diaminohex-
ane (N,N’-dicyclohexylcarbidiimide (DCC), 1-hydroxybenzo-
triazole (HOBt), Et3N, DMF, 72%; Boc= tert-butyloxycar-
bonyl), followed by deprotection with TFA (THF, 93%).


Scheme 2. CO2 linking calixarene capsules into a linear supramolecular polymer.
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Biscalix[4]arene diamine 2 was prepared (as a TFA-salt)
from bis-N-Boc-protected dipeptide 4 (THF, TFA, >95%).
Compound 4 was obtained from calix dipeptide methyl ester
5 by basic hydrolysis of the ester (LiOH, H2O/THF, 91%),
followed by reaction with 1-N-Boc-protected 1,6-diamino-
hexane (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDCI), HOBt, DMF, 76%). Dipeptide 5 was
obtained by a conventional peptide coupling procedure
from 2 equivalents of acid 3 and 1 equivalent of di-l-lysine 6
(EDCI, HOBt, DMF, 56%).[17] The amino groups in 1 and 2
were subsequently liberated from TFA by washing with
aqueous NaOH solution.


Self-assembly : As expected,[13–15] calixarene tetraurea 1 di-
merizes in apolar solution (1H NMR, ESI-MS) with the for-
mation of capsule 7 (Scheme 6). Due to the lack of symme-
try in 7, a multiple set of NH urea signals was recorded in
C6D6, CDCl3, and CDCl2CDCl2 between d=6.0 and 8.5 ppm
(for example, Figure 1a). These are characteristically shifted
down field (d�2 ppm), compared with model, non-dimer-
ized ureas, showing the key features[13–15] of the capsule for-
mation. Statistically, both a proximal and a distal regioiso-
mer of 7 form, with respect to the orientation of the acet-
amide OCH2C(O)NH substituents at the lower rims of each
calixarene capsule of 1.[15] Moreover, the circular array of
hydrogen bonds can be arranged either clockwise or count-
erclockwise. Capsule 7 dissociates to form monomeric tet-
raurea 1 in a more competitive solvent, [D6]DMSO. This re-
sults in a much simpler 1H NMR spectrum, reflecting the
presence of a vertical symmetry plane in 1 (Figure 1b). For
example, three ArNHC(O) urea singlets in a ratio of 1:1:2
at d=8.05, 8.00, and 7.85 ppm and apparently three aromat-
ic CH singlets in a ratio of 2:2:4 at d=6.81, 6.79, and
6.61 ppm are clearly seen in the down-field part of the spec-
trum.


Having two calixarene modules for assembly, compound 2
and its immediate precursors 4 and 5 form linear supra-
molecular polymers 8–10 in apolar solution (Scheme 7).


Similar to 7, multiple sets of NH urea signals were seen in
the corresponding 1H NMR spectra in CDCl3 and C6D6.
These were characteristically shifted down field (�2 ppm;
for example, Figure 2a).


With the dimerization constant KD�106m�1 for each ca-
lixarene capsule,[19] an average degree of polymerization
(DP) of at least 102 can be theoretically estimated for struc-
tures 8–10 at the NMR concentration range.[20] During the
experiments, significantly increased viscosities were ob-
served for solutions of biscalixarenes 2, 4, and 5 in CHCl3
compared with the precursor 3. While the relative viscosity


Scheme 3. CO2 cross-links polymeric calixarene chains into a three-dimensional supramolecular network.


Scheme 4. Calixarene building blocks for supramolecular polymers. The
“CO2-philic” sites are marked.


E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5432 – 54425434


FULL PAPER D. M. Rudkevich and H. Xu



www.chemeurj.org





Scheme 5. a) DCC, HOBt, Et3N, DMF, 24 h, 72%. b) TFA, THF, 2 h, 93%. c) EDCI, HOBt, DMF, 24 h, 56%. d) LiOH, H2O, THF, 12 h, 91%. e) EDCI,
HOBt, Et3N, DMF, 24 h, 76%. b) TFA, THF, 4 h, >95%.


Scheme 6. Formation and dissociation of supramolecular aggregate 11.
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of 3 is similar to the solvent and does not apparently change
with changing the concentration, dramatic changes were de-
tected for the biscalixarenes (�5-fold, concentration range
from 5 to 40mm). Solutions of biscalixarene 2 were already
viscous at the NMR concentrations (�5mm) and had to be
diluted for further operations.


Specific viscosities (hsp) of derivatives 1, 3, and 5 were
measured as a function of concentration; the double-loga-
rithmic plots are represented in Figure 3a. As expected, for


calixarenes 1 and 3 the viscosities are low and the plot has a
slope of 1.1�0.1. Such a linear relationship between hsp and
concentration indicates that only small aggregates (e.g., cap-
sules) are formed, which are of constant size and apparently
do not interact with each other. In contrast, the double-loga-
rithmic relationship between hsp and concentration for bisca-
lixarene 5 exhibits a slope of �2; this implies the formation
of reversibly breakable polymers, the size of which increases
with concentration.[21] Due to steric restraints on the design
of dipeptide chains, unimolecular cyclization of two calixar-
ene tetraurea compounds in 2, 4, and 5 is not possible.


Addition of small quantities of calixarene 3 to a solution
of biscalixarene 5 in CHCl3 resulted in a dramatic decrease
in viscosity (Figure 3b). Acting as a chain stopper, 3 may
compete for hydrogen bonding with the calixarene frag-
ments in 5 and its polymeric chains. Based on these viscosity
measurements and using an approach developed by Meijer
and co-workers,[21] the DP value for biscalixarene 5 of
�2.8N102 was estimated at 20mm, which corresponds to the
average molar mass of �7.6N105 gmol�1. When and
2 mol% of stopper 3 were used, the DP values dropped to
1.2N102 and 7.5N101, respectively. These observations once


Figure 1. Downfield fragments of 1H NMR spectra (500 MHz, 295�1 K)
of a) capsule 7 in C6D6, b) calixarene amine 1 in [D6]DMSO, c) salt 12,
prepared upon dissociation of aggregate 11 in [D6]DMSO; for this ex-
periment, 11 was obtained upon bubbling CO2 through a solution of 7 in
benzene and thus entrapping benzene (the benzene signal is shown by an
arrow), and d) aggregate 11, obtained from CO2 and 7 in CHCl3/hexanes,
1:2 solution and redissolved in CDCl3. The residual solvent signals are
marked as *.


Figure 2. Downfield portions of 1H NMR spectra (500 MHz, 295�1 K) of
a) polymeric capsules 10 in CDCl3, b) biscalixarene 5 in [D6]DMSO; this
spectrum was obtained upon dissociation of 10 in [D6]DMSO. The residu-
al solvent signals are marked as *.


Figure 3. Viscosity measurements with calixarenes 3 and 5 in CHCl3 and
1 and 11 in CHCl3/benzene, �2:1 (295�1 K): a) specific viscosities
versus concentration (6–35mm range), a double-logarithmic plot;
b) effect of the addition of 3 (mole fraction x) on the specific viscosity of
5 at 20mm. Viscosities of 1 and 11 in neat CHCl3 (not shown) are similar,
and comparable in value to calixarene 3.


E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5432 – 54425436


FULL PAPER D. M. Rudkevich and H. Xu



www.chemeurj.org





again confirm the reversibility of the described polymeriza-
tion processes, which occur through multiple-capsule forma-
tion. Similar supramolecular polymerization phenomena are
expected for structurally related biscalixarenes 2 and 4.


The interiors of polymeric capsules 8–10 are most proba-
bly filled with solvent. As expected, 8–10 fully dissociate to
monomeric units 2, 4, and 5 in polar [D6]DMSO. Similar to
1, this results in a much simpler 1H NMR spectrum, reflect-
ing the presence of the apparent vertical symmetry planes
(e.g., Figure 2b).


Reactions with CO2—first generation : Bubbling CO2


through a solution of 7 in benzene caused a rapid precipita-


tion of carbamate-linked supramolecular material, 11. This
belongs to the first generation. The chains in 11 are held to-
gether by calixarene hydrogen bonds and carbamate CH2N


+


H3···O
�C(O)NHCH2 salt bridges (Scheme 6). Initially, one


molecule of an amine reacts with CO2 to form the corre-
sponding carbamic acid. It is highly unstable and rapidly
transfers the acidic proton to the second amine molecule,
thus producing a relatively robust carbamate salt.[4] Forma-
tion of the carbamate bridges was confirmed by 1H and
13C NMR spectroscopy. In the 1H NMR spectrum of 1 in
[D6]DMSO, the terminal -CH2NH2 protons were seen as a
triplet at d=2.53 ppm (J=6 Hz). For salt 12, which is
formed upon dissociation of polymer 11 in [D6]DMSO, the


Scheme 7. Formation and dissociation of linear supramolecular polymers 8–10 and cross-linked supramolecular material 13. 8 : R2=H, R3=


NH(CH2)6NH2; 9 : R
2=Boc, R3=NH(CH2)6NHBoc; 10 : R2=Boc, R3=OMe.
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spectrum showed that these protons split in two 1:1 sets
(-CH2N


+H3···O
�C(O)NHCH2-): a triplet at d=2.58 ppm


(J=6.4 Hz) for the first, and an apparent multiplet at d�
2.9 ppm for the second. These were assigned through NMR
experiments with model alkyl amines, COSY, and from the
literature.[4,10] A broad carbamate NH signal was detected at
d�6 ppm (1H NMR, COSY). Resonance at d�160 ppm in
the 13C NMR spectrum of 12 unambiguously identified the
carbamic carbon atom (-HN�C(O)O�). Notably, when
amine 1 was treated with a large excess of CO2 in
[D6]DMSO, the corresponding free carbamic acid formed,
which was studied by 1H, 13C NMR, and COSY spectrosco-
py. For example, the HN�COOH resonance was clearly
seen at d=158 ppm in the 13C NMR spectrum. Free carbam-
ic acids are still rare and elusive.[4,22,23]


Supramolecular material 11 is a colorless solid, soluble in
chlorinated solvents, and insoluble in aromatic solvents. It
was also obtained by the CO2-induced precipitation from
solutions of 7 in CHCl3/hexanes, 1:2. A multiple set of the
down-field NH urea signals of 11, recorded in CDCl3, clearly
indicate the hydrogen-bonding assembly of polymeric chains
(Figure 1d). At the same time, viscosities of capsules 7 and
material 11, obtained after the reaction with CO2, appeared
to be similar (CHCl3 and CHCl3/benzene, 2:1) (Figure 3a).
These viscosities were low, apparently concentration inde-
pendent (5–25mm range), and comparable to relative viscos-
ities of precursor 3. Evidently, 11 is not significantly aggre-
gated under these conditions.


The dimerization constant for each calixarene capsule of
11 is high,[19] and the carbamate–ammonium electrostatic in-
teractions are also very strong in apolar solution.[4,8–10] These
features do not allow the high concentrations of free end
groups in structure 11. On the other hand, carbamate–am-
monium electrostatics is not directional and may offer sig-
nificant flexibility to the resulting structures. We propose
that for 11, oligomeric rings rather than long polymeric
chains are formed upon reaction of 7 with CO2. The double-
logarithmic plots of specific viscosities hsp versus concentra-
tion obtained for monomer 1 and also polymer 11 in CHCl3
are low and show slopes of approximately 1 (Figure 3a).
Such linear relationships indicate that aggregates of constant
size are formed, which do not interact with each other. Due
to the low viscosity, these rings may not be large; we are
currently studying their structure. We also noticed that
chain–ring equilibrium posed a typical problem for supra-
molecular polymers and had been thoroughly analyzed by
Meijer, Sijbesma, and co-workers.[21] The problem does not
exist for preformed, linear supramolecular polymer 8, for
which CO2 serves as a cross-linking agent.


Reactions with CO2—second generation : Bubbling the gas
through a solution of 8 in CHCl3 or benzene yielded materi-
al 13, which is a gel (Scheme 7). The main chains in 13 are
held together by a hydrogen-bonding assembly of capsules
and multiple carbamate -N+H3···O


�C(O)NH- bridges cross-
link these chains. This is clearly a three-dimensional net-
work, as the side amine groups are oriented in all three di-
rections. Moreover, structure 8 possesses two types of amino
group, and several possibilities for the carbamate formation


exist (see for example, Scheme 3). Model experiments with
CO2 and simpler aliphatic amines[4,9,10] and e-N-CBz-protect-
ed lysine (CBz=phenylmethoxycarbonyl) showed that these
reactions readily occur.


Formation of the carbamate bridges was further con-
firmed by 13C NMR spectroscopy. To be certain, we used
13CO2 gas and prepared the 13C-labeled gel 13. In the
13C NMR spectrum of diamine 2 (in [D6]DMSO), prior to
the reaction four C=O carbonyl signals were clearly detect-
ed: three for the amide fragments at d=175.4, 171.7, and
169.4 ppm, and one, intense signal for the upper-rim urea
compounds at d=155.8 ppm (Figure 4a). In the spectrum of


the 13C-labeled salt 14 (which is formed upon dissociation of
the 13C-labeled polymer 13 in [D6]DMSO), in addition to
these signals, two new singlets of high intensity appeared at
d=163.5 and 162.8 ppm (Figure 4b). We attribute these sin-
glets to the carbamate a-HN-13C(O)O� and (CH2)6HN-
13C(O)O� groups. Notably, these two signals disappeared
after heating solution 14 for 1 h at �100 8C and bubbling N2


through it.
The 1H NMR spectra of material 13 is difficult to obtain,


which is clearly due to the cross-linked structure and numer-
ous possibilities for forming carbamic bridges. However, the
same trend as for the simpler oligomer 11 can be clearly ob-
served (compare Figure 5 with Figures 1 and 2). Rather sim-
ilar to capsule 7, multiple sets of NH urea signals were seen
in the corresponding 1H NMR spectra of precursor 2 in
CDCl3; viscous polymer 8 was formed (Figure 5a). These
NH signals were characteristically shifted down field. As ex-
pected, 8 fully dissociated to monomeric 2 in polar
[D6]DMSO (Figure 5b). Similar to 1, this resulted in a sim-
plified 1H NMR spectrum, reflecting the apparent vertical
symmetry plane in the molecule. Being insoluble in apolar
solvents, material 13 readily dissociated in DMSO to form a
mixture of carbamate salts of type 14. The corresponding


Figure 4. Portions of 13C NMR spectra (125 MHz, [D6]DMSO, 295�1 K)
of a) biscalixarene 2, b) carbamate salt 14 obtained upon dissociation of
13C-labeled gel 13. The gel was prepared from 2 and 13CO2 in CHCl3. The
carbamate 13C-labeled signals are marked. For the corresponding
1H NMR spectra, see Figure 5.
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1H NMR spectrum resembles those for carbamate salt 12
(Figure 5c and Figure 1c).


Properties : Self-assembling materials 11 and 13 exhibit
unique properties. They assemble and dissipate in a two-pa-
rameter fashion, upon changing either the solvent polarity
or temperature. The calixarene capsules completely dissoci-
ate in DMSO, so only carbamate salts 12 and 14 can be de-
tected (Figure 1c and Figure 5c, respectively). Salts 12 and
14 most probably undergo further solvolysis generating
loose ion pairs. The carbamate C�N bonds are not broken
under these conditions, however, they can be dismantled
upon heating, thus releasing CO2. In the case of 12, in
apolar solution monomeric capsules of type 7 form, and in
DMSO free amine 1 is regenerated. For 14 in apolar so-
lution, linear hydrogen-bonded polymer 8 forms, and in
DMSO biscalixarene 2 is completely regenerated. In both
cases, carbamate polymers 11 and 13 can be reconstructed
by simply reintroducing CO2.


Another interesting feature of materials 11 and 13 is their
multiple capsules. These are already preformed in apolar
solutions, but then convert into solids/gels upon exposure to
CO2. Upon completing this CO2-initiated polymerization,
they trap guest molecules and transport them to the solid
state; this results in guest storing materials.


In a preliminary test, obtained from benzene and carefully
dried polymer (0.1 mm Hg, RT, 24 h), 11 did not release
benzene when the capsules were intact. In a suspension of
11 in noncompetitive [D10]p-xylene, no trace of benzene was
detected (1H NMR, 500 MHz), but when [D6]DMSO was
used, polymeric capsules of type 11 dissociated and released
visible quantities of benzene, approximately one molecule
per capsule (Figure 1c). We fully expect similar behavior
from gel 13. However, in addition to being encapsulated,
guest/solvent molecules are entrapped within the gelPs
three-dimensional network[24] (see for example, Figure 5c).


So far, CHCl3 and benzene have been gelated, and we are
currently studying other solvents and guests.


To obtain visual insight into the aggregation mode and
morphology in 13, dry samples were prepared for scanning
electron microscopy (SEM) analysis. While its precursor 8
only shows the formation of negligible fibers, a three-dimen-
sional network is obvious for 13. Figure 6 displays typical
pictures obtained from the xerogel of 13.


Conclusion


In summary, CO2 can be used to build supramolecular poly-
mers and polymeric materials. These utilize hydrogen bond-
ing and take advantage of the dynamic, reversible chemistry
of CO2. Subtle, two-parameter control over noncovalent and
covalent forces can be achieved. This leads to switchable
materials. Their dynamics and structural characteristics can
be controlled on a molecular level. These polymers also pos-
sess multiple, self-assembling capsules that may envelop
guests. The most immediate applications are in encapsula-
tion, and we are currently testing the ability of our materials
to entrap, store, and release chemicals into reaction mix-
tures. We are also exploring supramolecular, three-dimen-
sional polymeric networks. Their morphology and mechani-
cal properties can be manipulated by reversible switching to
form the corresponding linear polymeric chains without
breaking hydrogen bonds by the simple thermal release of
CO2.


[25] With synthetic variations of the polymeric chains,
particularly their geometry and stereochemistry and also
side-chain functionalization, more possibilities are open for
the use of CO2 in supramolecular chemistry and nanochem-
istry. Simultaneously, we are looking at supramolecular ap-
plications of other gases.[26]


Experimental Section


General : Melting points were determined on a Mel-Temp apparatus
(Laboratory Devices, Inc.) and are uncorrected. 1H, 13C NMR, and
COSY spectra were recorded at 295�1 8C on a JEOL Eclipse 500 MHz
spectrometer. Chemical shifts were measured relative to residual, non-
deuterated solvent resonances. FTIR spectra were recorded on a Bruker
Vector 22 spectrometer. ESI-MS spectra were obtained on a Finnigan
LCQ Ion Trap apparatus. MALDI-TOF mass spectra were recorded on a
delayed extraction MALDI-TOF mass spectrophotometer Voyager DE


Figure 5. Downfield portions of 1H NMR spectra (500 MHz, 295�1 K) of
a) calixarene 2 in CDCl3 (e.g., polymeric chain 8), b) calixarene 2 in
[D6]DMSO, c) salt 14, prepared upon dissociation of polymeric gel 13 in
[D6]DMSO; for this experiment, polymer 13 was obtained upon bubbling
CO2 through a solution of 2 in CHCl3 (e.g., 8). The CHCl3 signal is
marked as *.


Figure 6. SEM pictures of xerogel 13 obtained upon bubbling CO2


through a solution of 8 in CHCl3(bar 20 mm).
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(Applied Biosystems). HRMS MALDI spectra were obtained on an Ion
Spec Ultima FTMS. Elemental analyses were performed on a Perkin-
Elmer 2400 CHN analyzer. SEM images were obtained by using a JEOL
35C microscope.


All experiments with moisture- and/or air-sensitive compounds were car-
ried out under a dried nitrogen atmosphere. For column chromatography,
Silica Gel 60 J was used (Sorbent Technologies, Inc.; 200–425 mesh).
Parent tetrahydroxycalix[4]arene[27] and other calixarene precursors[15]


were prepared according to the published procedures. Molecular model-
ing was performed using commercial MacroModel 7.1 with Amber*
Force Field.


Calix[4]arene tetraurea acid (3): n-Hexyl isocyanate (1.78 mL,
12.25 mmol) was added to a solution of the previously described tetra-
aminocalix[4]arene[15] (2.0 g, 2.45 mmol) in dry CH2Cl2 (80 mL), and the
reaction mixture was stirred at RT for 4 h. The solvent was removed in
vacuo, and the residue was triturated with hexane to yield the tetraurea
ester as a tan powder (2.72 g, 2.25 mmol, 92%). 1H NMR ([D6]DMSO):
d=8.06 (s, 1H), 8.05 (s, 1H), 7.81 (s, 2H), 6.87 (s, 2H), 6.84 (s, 2H), 6.53
(m, 4H), 5.88 (m, 2H), 5.69 (t, J=5.0 Hz, 2H), 4.71 (s, 2H), 4.50 (d, J=
13.3 Hz, 2H), 4.29 (d, J=12.37 Hz, 2H), 4.12 (q, J=7.3 Hz, 2H), 3.75 (t,
J=7.8 Hz, 2H), 3.68 (t, J=7.8 Hz, 2H), 3.62 (t, J=7.8 Hz, 2H), 3.15–2.90
(m, 12H), 1.92 (m, 2H), 1.82 (m, 4H), 1.5–0.80 ppm (6Nm, 56H).


A mixture of the tetraurea ester (1.5 g, 1.2 mmol) and KOH (0.67 g,
12.0 mmol) in THF/H2O, (5:1, 60 mL) was placed under reflux overnight,
after which H2O (60 mL) was added, and the pH was adjusted to 2 with
aqueous HCl (1m). The product was extracted with CHCl3 (3N60 mL),
the organic layer was dried over Na2SO4, evaporated, and recrystallized
from MeOH to give tetraurea acid 3 as a yellowish powder (1.13 g,
80%). M.p. >300 8C; 1H NMR ([D6]DMSO): d=8.07 (s, 1H), 8.03 (s,
1H), 7.83 (s, 2H), 6.87 (s, 4H), 6.59 (s, 4H), 5.88 (m, 2H), 5.72 (t, J=
5.0 Hz, 2H), 4.56 (s, 2H), 4.43 (d, J=12.6 Hz, 2H), 4.27 (d, J=12.6 Hz,
2H), 3.76 (t, J=7.8 Hz, 2H), 3.69 (t, J=7.8 Hz, 2H), 3.67 (t, J=7.8 Hz,
2H), 3.01 (m, 8H), 2.95 (m, 4H), 1.95–1,75(m, 6H), 1.5–1.1 (m, 32H),
1.0–0.8 ppm (m, 21H); 13C NMR ([D6]DMSO): d=171.5, 155.8, 151.1,
150.4, 150.2, 135.6, 135.3, 135.1, 134.8, 134.3, 134.1, 118.7, 77.5, 77.2, 71.2,
31.7, 30.4, 30.3, 26.7, 23.1, 23.0, 22.7, 14.4, 10.8, 10.5 ppm; FTIR (KBr):
ñ=3376, 3333, 2961, 2931, 2858, 1761, 1654, 1558, 1478, 1213 cm�1;
MALDI-FTMS: m/z : calcd for C67H101N8O10: 1177.7635; found:
1177.7632 [M+H]+ .


Calixarene (1): N-Boc-1,6-diaminohexane (0.38 mL, 1.68 mmol), DCC
(0.35 g, 1.68 mmol), HOBt (0.23 g, 1.68 mmol), and Et3N (0.23 mL,
1.68 mmol) were added to a stirred and ice-cooled solution of 3 (1.0 g,
0.84 mmol) in DMF (30 mL). The mixture was stirred for 30 min at 0 8C
and for 24 h at RT, then filtered, concentrated in vacuo, diluted with
CHCl3, and washed successively with NaHSO4 (1n, 4N100 mL), water
(3N100 mL), NaHCO3 (1n, 4N100 mL), and again with water (3N
100 mL). The organic layer was then dried over anhydrous Na2SO4 and
evaporated. The residue was separated chromatographically on silica gel
eluting with CHCl3/CH3OH (95:5) to afford the N-Boc-protected amine
1 as a colorless solid (0.84 g, 72%). M.p. 185 8C (decomp); 1H NMR
([D6]DMSO): d=8.17 (t, J=5.7 Hz, 1H), 8.02 (br s, 1H), 7.98 (br s, 1H),
7.83 (br s, 2H), 6.81 (s, 2H), 6.79 (s, 2H), 6.76 (t, J=5.5 Hz, 1H), 6.62
(br s, 4H), 5.82 (m, 2H), 5.77 (t, J=5.3 Hz, 2H), 4.35 (s, 2H), 4.33 (d, J=
12.6 Hz, 2H), 4.27 (d, J=12.6 Hz, 2H), 3.76 (t, J=7.3 Hz, 4H), 3.72 (t,
J=7.3 Hz, 2H), 3.24 (m, 2H), 3.00 (m, 12H), 2.91 (m, 2H), 1.36 (s, 9H),
1.9–0.8 ppm (5Nm, 71H); 13C NMR ([D6]DMSO): d=169.2, 156.1,
155.74, 155.7, 151.2, 150.7, 150.3, 135.4, 135.1, 135.0, 134.5, 134.2, 134.1,
118.7, 118.4, 77.8, 77.3, 76.5, 74.8, 31.6, 30.4, 28.83, 28.8, 26.7, 23.0, 22.9,
22.7, 14.5, 10.63, 10.6 ppm; FTIR (KBr): ñ=3329, 2928, 2852, 1628, 1559,
1476, 1213 cm�1.


A solution of the N-Boc-protected 1 (0.5 g, 0.36 mmol) in THF (15 mL)
was treated with TFA (5 mL) and stirred at RT for 2 h. The reaction mix-
ture was concentrated in vacuo to afford the pure TFA salt of 1 (0.47 g,
93%). 1H NMR ([D6]DMSO): d=8.18 (t, J=5.5 Hz, 1H), 8.05 (s, 1H),
7.99 (s, 1H), 7.84 (s, 2H), 6.80 (s, 2H), 6.63 (s, 2H), 6.60 (s, 2H), 5.88 (m,
2H), 5.78 (t, J=5.5 Hz, 2H), 4.37 (s, 2H), 4.32 (d, J=12.8 Hz, 2H), 4.26
(d, J=12.8 Hz, 2H), 3.75 (t, J=7.2 Hz, 4H), 3.71 (t, J=7.2 Hz, 2H), 3.26
(m, 2H), 3.0 (m, 12H), 2.78 (m, 2H), 1.9–0.8 ppm (5Nm, 70H);
13C NMR ([D6]DMSO): d=169.4, 155.8, 151.3, 150.7, 150.4, 135.3, 135.1,
135.0, 135.0, 134.5, 134.2, 134.0, 118.8, 118.54, 118.5, 77.3, 76.6, 74.8, 31.6,


30.4, 27.6, 26.6, 26.2, 22.9, 22.7, 14.5, 10.7, 10.6 ppm; FTIR (KBr): ñ=
3339, 2932, 2859, 1659, 1599, 1562, 1468, 1213 cm�1; ESI-MS: m/z : calcd
for C75H115F3N10O11: 1389; found: 1389.


The TFA salt (0.50 g, 0.36 mmol) in CHCl3 (100 mL) was washed with
aqueous 10% NaOH (2N50 mL), then evaporated and dried in high
vacuo. 1H NMR ([D6]DMSO): d=8.18 (t, J=5 Hz, 1H), 8.05 (br s, 1H),
8.00 (br s, 1H), 7.85 (br s, 2H), 6.80 (2Ns, 4H), 6.61 (s, 4H), 5.88 (m,
2H), 5.80 (t, J=5.5 Hz, 2H), 4.36 (s, 2H), 4.32 (d, J=12.8 Hz, 2H), 4.26
(d, J=12.8 Hz, 2H), 3.76 (t, J=7.8 Hz, 4H), 3.69 (t, J=7.8 Hz, 2H), 3.22
(m, 2H), 2.99 (m, 12H), 2.53 (t, J=6.0 Hz, 2H), 1.9–1.7, 1.6–1.4, 1.4–1.3,
1.3–1.1, 1.0–0.8 ppm (5Nm, 67H); 13C NMR ([D6]DMSO): d=169.3,
155.8, 155.7, 151.2, 150.7, 150.4, 135.4, 135.1, 135.0, 134.5, 134.2, 134.1,
118.8, 118.7, 118.5, 118.47, 77.3, 76.5, 74.8, 31.6, 30.4, 26.7, 22.9, 22.7, 14.5,
10.6 ppm; FTIR (KBr): ñ=3344, 2930, 2858, 1654, 1559, 1475, 1213 cm�1;
ESI MS: m/z : calcd for C73H114N10O9: 1275; found: 1276 [M+H]+ , 2552
[2M+2H]+ .


Di-l-lysine (6):[28,18] To a stirred and ice-cooled solution of N-e-Cbz-l-
lysine TFA salt (1.0 g, 2.45 mmol) in DMF (30 mL), Et3N (0.34 mL,
2.45 mmol) was added. Then, after 15 min, acid N-a-Boc-N-e-Cbz-l-
lysine (0.93 g, 2.45 mmol), HOBt (0.66 g, 4.90 mmol), and DCC (1.01 g,
4.90 mmol) were successively added. The mixture was stirred for 30 min
at 0 8C and for 24 h at RT, then filtered, concentrated under reduced
pressure, diluted with EtOAc (200 mL), and washed successively with
NaHSO4 (1n, 4N50 mL), water (3N50 mL), NaHCO3 (1n, 4N50 mL),
and again with water (3N50 mL). The organic layer was then dried over
anhydrous Na2SO4 and evaporated. The residue was separated chromato-
graphically on silica gel eluting with THF/hexanes (2:3) to afford the de-
sired Cbz-protected dipeptide (1.14 g, 71%). 1H NMR ([D6]DMSO): d=
8.10 (d, J=7.3 Hz, 1H), 7.34 (m, 10H), 7.22 (t, J=5.5 Hz, 2H), 6.78 (d,
J=8.0 Hz, 1H), 4.99 (s, 4H), 4.20 (m, 1H), 3.90 (m, 1H), 3.59 (s, 3H),
2.96 (m, 4H), 1.32 (s, 9H), 1.8–1.1 ppm (4 m, 12H); 13C NMR (CDCl3):
d172.8, 172.7, 156.8, 156.0, 136.7, 136.6, 128.6, 128.57, 128.3, 128.2, 128.2,
80.1, 66.8, 66.7, 54.1, 52.4, 52.1, 40.5, 32.2, 31.6, 29.4, 29.2, 28.4, 22.6,
22.3 ppm; FTIR (KBr): ñ=3359, 3036, 2948, 1699, 1544, 1259 cm�1.


A solution of the Cbz-protected dipeptide (0.2 g, 0.30 mmol) in CH3OH
(10 mL) was treated with 10% Pd/C (20 mg) and stirred under an H2 at-
mosphere for 6 h. The mixture was filtered through Celite and concen-
trated under reduced pressure to give product 6 as an oil (0.11 g, 94%).
1H NMR ([D6]DMSO): d=8.28 (d, J=7.3 Hz, 1H), 6.86 (d, J=8.5 Hz,
1H), 4.22 (m, 1H), 3.93 (m, 1H), 3.62 (s, 3H), 2.72 (t, J=7.1 Hz, 4H),
1.36 (s, 9H), 2.0–1.0 ppm (m, 12H); MALDI-TOF MS: m/z : calcd for
C18H36N4O5: 388.5; found: 388.8 [M]+ .


Biscalixarene (5): Calixarene tetraurea acid 3 (1.0 g, 0.84 mmol), EDCI
(0.32 g, 1.68 mmol), and HOBt (0.23 g, 1.68 mmol) were added to a stir-
red and ice-cooled solution of dipeptide 6 (0.16 g, 0.42 mmol) in DMF
(30 mL). The mixture was stirred for 30 min at 0 8C and for 24 h at RT,
filtered, concentrated, diluted with CHCl3, and washed with water (3N
100 mL). The organic layer was then dried over anhydrous Na2SO4 and
evaporated. The residue was separated chromatographically on silica gel
eluting with CHCl3/CH3OH (9.5:0.5) to afford calix dipeptide 5 (0.64 g,
56%). M.p. >18 8C (decomp); 1H NMR ([D6]DMSO): d=8.19 (m, 2H),
8.12 (d, J=7.8 Hz, 1H), 8.02 (s, 1H), 8.01 (s, 1H), 7.97 (s, 1H), 7.96 (s,
1H), 7.81 (s, 2H), 7.80 (s, 2H), 6.79 (s, 2H), 6.78 (s, 4H), 6.77 (s, 2H),
6.59 (s, 4H), 6.58 (s, 4H), 5.84 (m, 4H), 5.76 (m, 4H), 4.33 (br s, 4H),
4.30 (d, J=12.4 Hz, 4H), 4.23 (d, J=12.4 Hz, 4H), 3.91 (m, 1H), 3.72 (t,
J=6.9 Hz, 8H), 3.68 (t, J=6.9 Hz, 4H), 3.58 (s, 3H), 3.20 (m, 4H), 3.08–
2.90 (m, 24H), 1.34 (s, 9H), 1.9–0.8 ppm (6Nm, 130H); 13C NMR
([D6]DMSO): d=173.0, 172.9, 169.3, 155.74, 155.7, 151.25, 151.2, 150.7,
150.3, 135.3, 135.16, 135.1, 135.0, 134.5, 134.46, 134.2, 134.1, 134.0, 118.8,
118.72, 118.5, 118.4, 78.5, 77.3, 76.5, 74.8, 54.5, 52.3, 32.3, 31.6, 31.4, 31.2,
30.4, 30.1, 29.9, 28.7, 26.7, 23.6, 23.4, 23.0, 22.9, 22.7, 14.5, 10.6 ppm;
FTIR (KBr): ñ=3333, 2931, 2858, 1653, 1559, 1213, 1042, 965 cm�1;
MALDI-FTMS: m/z : calcd for C152H232N20O23Na: 2728.7491; found:
2728.7671 [M+Na]+ ; ESI-MS: m/z : calcd for C152H232N20O23Cl: 2741;
found: 2743 [M+Cl]� .


Biscalixarene (4): A mixture of 5 (2 g, 0.74 mmol), THF (25 mL), and
aqueous LiOH (1n, 10 mL) was stirred overnight at RT, after which H2O
(30 mL) was added, and the pH was adjusted to 6 with aqueous 1m HCl.
The product was extracted with CHCl3 (3N60 mL). The organic layer
was dried over Na2SO4 and evaporated to give the tetraurea acid (1.81 g,
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91%). M.p. >300 8C; 1H NMR ([D6]DMSO): d=8.22 (br s, 2H), 8.09
(br s, 2H), 7.99 (br s, 2H), 7.93 (d, J=7.8 Hz, 1H), 7.83 (br s, 4H), 6.83 (s,
2H), 6.82 (s, 4H), 6.81 (s, 2H), 6.62 (s, 4H), 6.61 (s, 4H), 5.85 (m, 4H),
5.78 (m, 4H), 4.35 (br s, 4H), 4.33 (d, J=13.3 Hz, 4H), 4.22 (d, J=
13.3 Hz, 4H), 4.19 (m, 1H), 3.94 (m, 1H), 3.75 (t, J=6.9 Hz, 8H), 3.69 (t,
J=6.9 Hz, 4H), 3.22 (m, 4H), 3.10–2.90 (m, 24H), 1.34 (s, 9H), 1.9–
0.8 ppm (6Nm, 130H); 13C NMR ([D6]DMSO): d=174.1, 172.7, 169.3,
155.8, 151.3, 151.2, 150.7, 150.3, 135.4, 135.2, 134.9, 134.4, 134.2, 134.0,
118.8, 118.5, 78.5, 77.3, 76.5, 74.8, 67.6, 54.7, 52.2, 31.7, 31.5, 31.2, 30.4,
30.1, 30.0, 28.7, 26.7, 25.7, 23.7, 23.4, 23.0, 22.9, 22.6, 14.4, 10.6 ppm;
FTIR (KBr): ñ=3349, 2930, 1664, 1560, 1472, 1367, 1216 cm�1.


N-Boc-1,6-diaminohexane (0.17 mL, 0.74 mmol), EDCI (0.14 g,
0.74 mmol), HOBt (0.10 g, 0.74 mmol), and Et3N (0.10 mL, 0.74 mmol)
were added to a stirred and ice-cooled solution of the above-mentioned
acid (1.0 g, 0.37 mmol) in DMF (20 mL). The mixture was stirred for
30 min at 0 8C and for 24 h at RT, filtered, concentrated, diluted with
CHCl3, and washed successively with NaHSO4 (1n, 3N80 mL), water (2N
80 mL), NaHCO3 (1n, 3N80 mL), and again with water (3N80 mL). The
organic layer was then dried over anhydrous Na2SO4 and evaporated.
The residue was separated chromatographically on silica gel eluting with
CHCl3/CH3OH (94:6) to afford 4 (0.81 g, 76%). M.p. >185 8C (decomp);
1H NMR ([D6]DMSO): d=8.20 (br s, 2H), 8.04 (br s, 2H), 8.00 (br s, 2H),
7.87 (br s, 1H), 7.82 (s, 4H), 7.73 (d, J=7.8 Hz, 1H), 6.98 (d, J=7.3 Hz,
1H), 6.82 (s, 2H), 6.81 (s, 4H), 6.80 (s, 2H), 6.73 (t, J=7.1 Hz, 1H), 6.61
(s, 4H), 6.60 (s, 4H), 5.87 (m, 4H), 5.78 (m, 4H), 4.35 (s, 4H), 4.32 (d,
J=12.8 Hz, 4H), 4.26 (d, J=12.8 Hz, 4H), 3.87 (m, 1H), 3.74 (t, J=
6.9 Hz, 8H), 3.70 (t, J=6.9 Hz, 4H), 3.21 (m, 4H), 3.00 (m, 24H), 2.86
(m, 4H), 1.36 (s, 9H), 1.34 (s, 9H), 1.9–0.8 ppm (6Nm, 138H); 13C NMR
([D6]DMSO): d=172.4, 171.6, 169.3, 169.29, 156.1, 156.0, 155.8, 151.3,
151.2, 150.7, 150.3, 135.4, 135.2, 135.0, 134.4, 134.2, 134.0, 118.7, 118.5,
118.45, 78.6, 77.7, 77.3, 76.5, 74.8, 55.2, 52.9, 39.2, 39.0, 31.6, 31.5, 30.4,
30.0, 29.5, 28.8, 28.7, 26.7, 26.5, 23.8, 23.3, 23.0, 22.9, 22.7, 14.4, 10.6,
10.57 ppm; FTIR (KBr): ñ=3325, 2929, 2864, 1659, 1556, 1471,
1214 cm�1.


Biscalixarene (2): A solution of 5 (0.2 g, 0.07 mmol) in THF (20 mL) was
treated with TFA (20 mL) and then stirred at RT for 4 h. The reaction
mixture was concentrated in vacuo to afford the pure TFA-salt of 2. The
salt was then dissolved in CHCl3 (60 mL) and washed with 10% NaOH
(2N30 mL). The organic layer was dried over anhydrous Na2SO4 and
evaporated to give free amine 2 (0.18 g, 96%). 1H NMR ([D6]DMSO):
d=8.22 (br s, 4H), 8.17 (br s, 2H), 8.01 (br s, 1H), 7.94 (br s, 5H), 6.82 (s,
2H), 6.81 (s, 4H), 6.80 (s, 2H), 6.56 (s, 4H), 6.55 (s, 4H), 6.07 (br s, 4H),
5.97 (br s, 4H), 4.35 (s, 4H), 4.33–4.19 (m, 8H), 4.14 (m, 1H), 3.80–3.60
(m, 12H), 3.22 (m, 4H), 3.10–2.90 (m, 26H), 1.90–0.80 ppm (5Nm,
138H); 13C NMR ([D6]DMSO): d=175.4, 171.7, 169.4, 155.9, 155.8,
151.3, 150.7, 150.3, 135.4, 135.2, 135.0, 134.4, 134.2, 133.9, 133.89, 118.9,
118.8, 118.6, 77.3, 76.5, 74.8, 55.3, 52.6, 31.6, 30.4, 29.6, 28.7, 26.9, 26.7,
23.3, 23.1, 22.7, 22.6, 14.5, 10.6 ppm; FTIR (KBr): ñ=3340, 2928, 2863,
1657, 1557, 1470, 1213 cm�1; MALDI-TOF: m/z : calcd for
C152H236N20O2ONa: 2712.8; found: 2712.0 [M+Na]+ ; ESI-MS: m/z : calcd
for C152H237N20O20: 2691; found: 2692 [M+H]+ .


Supramolecular oligomer (11) and salt (12): Calixarene 1 (0.50 g,
0.39 mmol) in benzene (6 mL) was placed in a glass tube (13N100 mm)
and dry CO2 was then bubbled through the solution for 5 min at 35 8C.
Oligomer 11 quantitively precipitated, was filtered off, and dried under
vacuum at RT. The experiment was performed at least five times giving
reproducible results. Upon dissolution in DMSO, material 11 dissociated
to give carbamate salt 12. M.p. >140 8C (decomp); 1H NMR
([D6]DMSO): d=8.18 (2Nbrs, 4H), 8.11 (br s, 2H), 7.96 (br s, 4H), 6.89
(2Ns, 8H), 6.66 (s, 8H), 6.00 (br s, 2H), 5.95 (br s, 2H), 5.91 (br s, 4H),
5.80 (br s, 1H), 4.42 (s, 4H), 4.37 (d, J=12.4 Hz, 4H), 4.29 (d, J=
12.4 Hz, 4H), 3.77 (m, 12H), 3.26 (m, 4H), 3.04 (m, 26H), 2.58 (t, J=
6.4 Hz, 2H), 1.9–1.7, 1.7–1.5, 1.4–1.3, 1.3–1.1, 1.0–0.8 ppm (5Nm, 134H);
13C NMR ([D6]DMSO): d=169.3, 159.8, 155.8, 151.3, 150.8, 150.3, 135.5,
135.2, 135.1, 134.5, 134.2, 134.0, 134.0, 118.8, 118.6, 77.3, 76.5, 74.8, 31.7,
31.5, 30.4, 27.1, 26.7, 23.0, 22.9, 22.7, 14.4, 10.6, 10.59 ppm.


Supramolecular polymer (13) and carbamate salts (14): Diamine 2 (0.2 g,
0.07 mmol) in CHCl3 (5 mL) was placed in a glass tube (13N100 mm)
and dry CO2 (


13CO2) was then bubbled through the solution for 3 min at
RT. Material 13 formed as a gel, which was then dried under high
vacuum at RT. The experiment was performed at least five times giving


reproducible results. Upon dissolution in DMSO, material 13 dissociated
to form carbamate salts of type 14. 1H NMR ([D6]DMSO): d=8.27 (br s),
8.22 (br s), 8.12–7.90 (br s), 6.90–6.70 (br s), 6.70–6.50 (br s), 6.14 (br s),
6.02 (br s), 4.36 (br s), 4.25 (m), 3.90–3.60 (m), 3.50–3.30 (m), 3.22 (m),
3.15–2.85 (m), 1.85–1.70 (m), 1.59–1.53 (m), 1.33 (m), 1.23 (m), 0.95–
0.85 ppm (m); 13C NMR ([D6]DMSO): d=175.5, 171.8, 169.4, 163.3,
162.9, 155.9, 151.4, 150.8, 150.3, 135.4, 135.2, 134.9, 134.4, 134.1, 133.8,
118.9, 118.6, 77.4, 76.3, 74.5, 31.6, 30.4, 26.7, 23.4, 23.1, 22.9, 22.7, 14.5,
10.6 ppm.


SEM : Samples of 8 and 13 were prepared by a conventional procedure,
previously described by Shinkai and co-workers.[29] The gel was placed in
a flask and frozen in liquid nitrogen. The frozen specimen was dried in
vacuo for 24 h and then coated with palladium-gold.


Viscosity : Viscosity measurements for calixarenes 1–5, 7, and 11 in
CHCl3 and CHCl3/benzene were performed in a standard glass viscome-
ter using conventional protocols.[30] All experiments were performed at
least twice showing good reproducibility. The DP values for biscalixarene
5 in the presence of chain stopper 3 were estimated using an earlier-de-
rived equation (see below),[21a] assuming that the dimerization constant
KD for a calixarene tetraurea capsule[19] was 106m�1:


DP ¼ 2ð½5� þ ½3�Þ


½3�� 1
4KD


½1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8KDð½3� þ 2 ½5�Þ


p
�
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Vinyl Sulfoxides as Stereochemical Controllers in Intermolecular Pauson–
Khand Reactions: Applications to the Enantioselective Synthesis of Natural
Cyclopentanoids


Marta Rodr!guez Rivero, In%s Alonso, and Juan C. Carretero*[a]


Introduction


Over the last two decades, transition-metal-mediated reac-
tions have acquired a prominent and ever-increasing role in
improving organic synthesis efficiency.[1] One such emblem-
atic reaction is the cobalt-mediated formal [2+2+1] cycload-
dition of an alkyne, an alkene, and CO, known as the
Pauson–Khand (PK) reaction, which involves the formation
of three C�C bonds in a single step. Due to this inherent
synthetic efficiency, it is hardly surprising that the PK reac-
tion has become one of the most powerful tools in current
cyclopentenone synthesis.[2] Since the first PK reactions


were described in the early 1970s as involving heating stoi-
chiometric amounts of dicobaltoctacarbonyl, alkyne, and
alkene,[3] huge progress has been made. Among the key ad-
vances in this reaction, those worthy of notice are the dis-
covery of efficient promoters that allow the process to be
performed under mild conditions (for instance, tertiary
amine N-oxides,[4] secondary amines,[5] thioethers,[6] silica
gel,[7] and molecular sieves[8]), the development of catalytic
cobalt procedures,[9] the extension of the reaction to other
metal mediators, such as rhodium,[10] ruthenium,[11] titani-
um[12] and iridium,[13] the application of the reaction to the
synthesis of complex natural products,[2,14] the deep theoreti-
cal study of the mechanistic aspects of the reaction,[15] and
the development of highly efficient diastereoselective and
asymmetric versions of PK reactions.[16]


Despite this impressive progress, however, some impor-
tant limitations still remain. One is that these improvements
deal mainly with the intramolecular version of the PK reac-
tion, essentially the cyclization of 1,6- and 1,7-enynes to pro-
vide bicyclic [3.3.0]- and [4.3.0]-fused cyclopentenones, while
the thermodynamically less favorable intermolecular process
has been left out of most of these advances. If we focus on
the asymmetric version of the PK reaction,[2,16] as far as we


[a] M. Rodr6guez Rivero, I. Alonso, Prof. J. C. Carretero
Departamento de Qu6mica Org9nica
Facultad de Ciencias
Universidad Aut<noma de Madrid, 28049 Madrid (Spain)
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Supporting information for this article (containing experimental pro-
cedures and characterization data of all starting vinyl sulfoxides,
NMR spectra (PDF) and Cartesian coordinates of all optimized struc-
tures described in the article) is available on the WWW under http://
www.chemeurj.org/ or from the author.


Abstract: The use of sulfoxides as
chiral auxiliaries in asymmetric inter-
molecular Pauson–Khand reactions is
described. After screening a wide vari-
ety of substituents on the sulfur atom
in a,b-unsaturated sulfoxides, the read-
ily available o-(N,N-dimethylamino)-
phenyl vinyl sulfoxide (1 i) has proved
to be highly reactive with substituted
terminal alkynes under N-oxide-pro-
moted conditions (CH3CN, 0 8C). In ad-
dition, these Pauson–Khand reactions
occurred with complete regioselectivity
and very high diastereoselectivity (de=
86–>96%, (S,RS) diastereomer). Ex-
perimental studies suggest that the
high reactivity exhibited by the vinyl


sulfoxide 1 i relies on the ability of the
amine group to act as a soft ligand on
the alkyne dicobalt complex prior to
the generation of the cobaltacycle in-
termediate. On the other hand, both
theoretical and experimental studies
show that the high stereoselectivity of
the process is due to the easy thermo-
dynamic epimerization at the C5 center
in the resulting 5-sulfinyl-2-cyclopente-
none adducts. When it is taken into ac-


count that the known asymmetric inter-
molecular Pauson–Khand reactions are
limited to the use of highly reactive bi-
cyclic alkenes, mainly norbornene and
norbornadiene, this novel procedure
constitutes the first asymmetric version
with unstrained acyclic alkenes. As a
demonstration of the synthetic interest
of this sulfoxide-based methodology in
the enantioselective preparation of
stereochemically complex cyclopenta-
noids, we have developed very short
and efficient syntheses of the antibiotic
(�)-pentenomycin I and the (�)-ami-
nocyclopentitol moiety of a hopane tri-
terpenoid.


Keywords: asymmetric synthesis ·
cyclopentenones · natural products ·
Pauson–Khand reactions · vinyl
sulfoxides
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are aware, all the reported studies on intermolecular proc-
esses are limited to the use of a few highly reactive strained
bicyclic alkenes, specifically norbornene, norbornadiene, and
bicyclo[3.2.0]hept-6-ene. This important drawback can be
easily understood by considering the low reactivity and re-
gioselectivity usually displayed by simple unstrained alkenes.
For instance, the reaction of 1-octene with the dicobalthexa-
carbonyl complex of phenylacetylene in refluxing toluene
gives a 1:1 mixture of the 2,4- and 2,5-disubstituted cyclo-
pentenone PK adducts in a poor yield of 18%.[17] Among
the most remarkable results described up to now in asym-
metric intermolecular PK reactions are the studies of Peri-
cKs and co-workers with either a chiral auxiliary bonded to
the alkyne[18] (for example, the OppolzerLs sultam[18a] in
Scheme 1) or a chiral ligand on the cobalt,[19] and with nor-
bornadiene or norbornene as the reactive alkene. By also
using norbornene, Shibata et al. have recently reported the
first example of a catalytic asymmetric intermolecular PK


reaction, with an iridium-promoted procedure applied in
this case [13a] (Scheme 2).


Therefore, paradoxically, the direct enantioselective syn-
thesis of a simple chiral nonfused cyclopentenone remains a
challenging target in this field. Taking into account our pre-
vious work on the behavior of the tert-butylsulfinyl group as
an efficient chiral auxiliary in intramolecular PK reactions
of 1,6-enynes (Scheme 3),[20] and keeping in mind the results
described first by Krafft et al. (Scheme 4)[21] and more re-
cently by Yoshida and co-workers (Scheme 5)[11c] regarding


the use of achiral alkenes with nitrogen- or sulfur-tethered
substituents as controlling metal-chelating groups in regiose-
lective intermolecular PK reactions, we envisaged that a
possible alternative to the asymmetric synthesis of substitut-
ed nonfused cyclopentenones could rely on the use of ap-


Abstract in Spanish: Se ha estudiado la utilizaci�n de sulf�-
xidos como auxiliares quirales en reacciones de Pauson–
Khand intermoleculares. Tras considerar una amplia varie-
dad de vinil sulf�xidos diferentemente sustituidos en el %tomo
de azufre, se ha encontrado que el o-(N,N-dimetilamino)fenil
sulf�xido (1i) presenta una elevada reactividad frente a al-
quinos terminales en reacciones de Pauson–Khand. Adem%s,
estas reacciones transcurren con regioselectividades comple-
tas y diastereoselectividades muy elevadas (ed=86–>96%).
Estudios te�ricos y experimentales sugieren que la gran reac-
tividad mostrada por el vinil sulf�xido 1i se debe a la capaci-
dad del grupo amino para coordinarse al complejo de dico-
balto del alquino, favoreciendo as1 la posterior formaci�n del
cobaltaciclo intermedio. Por otro lado, estudios tanto te�ricos
como experimentales han demostrado que la elevada diaste-
reoselectividad del proceso es consecuencia de la f%cil epime-
rizaci�n termodin%mica en la posici�n C-5 de las 5-sulfinil-2-
ciclopentenonas finales. Teniendo en cuenta que hasta el mo-
mento la reacci�n de Pauson–Khand intermolecular estaba li-
mitada al empleo de alquenos bic1clicos muy reactivos, prin-
cipalmente norborneno y norbornadieno, este nuevo procedi-
miento constituye la primera versi�n asim4trica con alquenos
ac1clicos no tensionados. Como demostraci�n de la utilidad
sint4tica de esta nueva metodolog1a en la preparaci�n enan-
tioselectiva de sistemas ciclopent%nicos complejos, se han de-
sarrollado s1ntesis muy eficaces del antibi�tico (�)-penteno-
micina I y de la unidad de aminociclopentitol de un triperpe-
noide.


Scheme 1. Relevant example of an asymmetric intermolecular PK reac-
tion with a chiral auxiliary bonded to the alkyne, reported by PericKs
et al.


Scheme 2. Catalytic iridium-promoted asymmetric intermolecular PK re-
actions reported by Shibata et al.


Scheme 3. The tert-butylsulfinyl group as an efficient chiral auxiliary in
intramolecular PK reactions of 1,6-enynes. BOC= tert-butoxycarbonyl.


Scheme 4. Relevant examples of regioselective intermolecular PK reac-
tions reported by Krafft et al.[21]


Scheme 5. Relevant examples of regioselective intermolecular PK reac-
tions reported by Yoshida et al.[11c]
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propriately substituted vinyl sulfoxides as unstrained chiral
alkene partners. Particularly, we thought that by using a suit-
able potentially cobalt-coordinating group tethered to the
sulfoxide, thereby giving a pseudointramolecular character
to the reaction, the sulfinyl chiral auxiliary group could si-
multaneously improve the reactivity and control the regiose-
lectivity and stereoselectivity of the process. In addition, as
illustrated in Scheme 6, the chemical versatility offered by


the enone moiety and the sulfinyl group in the expected 5-
sulfinyl-2-cyclopentenone product (I) turns this type of PK
adduct into a very appealing synthetic intermediate for
asymmetric synthesis, especially for the enantioselective syn-
thesis of stereochemically complex cyclopentanoids. Herein,
we describe in detail the scope and limitations of sulfoxides
as stereochemical controllers in intermolecular PK reac-
tions[22] and the application of this new methodology to the
efficient enantioselective synthesis of two natural cyclopen-
tanols: the antibiotic (�)-pentenomycin I and the (�)-ami-
nocyclopentitol moiety of the hopanoid of Zymomonas mo-
bilis (II, Scheme 7).


Results and Discussion


Synthesis of the racemic sulfoxides : First, to check the via-
bility of vinyl sulfoxides as alkenes in intermolecular PK re-
actions, a variety of substrates with different steric and elec-


tronic environments around the sulfur atom were synthe-
sized. The racemic sulfoxides 1a–i were readily prepared by
one of the following straightforward methods (Scheme 8):


a) reaction of vinyl magnesium bromide with the corre-
sponding disulfide and further MCPBA oxidation; b) con-
densation of the starting methyl sulfoxide with formalde-
hyde, followed by mesylation (Et3N/MsCl) and basic elimi-
nation with DBU; or c) direct sulfinylation of vinyl magnesi-
um bromide with tert-butylthiosulfinate (for the synthesis of
the tert-butylsulfoxide 1e).


PK reaction of vinyl sulfoxides 1a–i with the dicobalthexa-
carbonyl complex of 1-hexyne : In the pioneering study of
Khand and Pauson on the thermal reaction of alkyne dico-
balt complexes with electron-deficient alkenes,[23] such as
ethyl acrylate or acrylonitrile, it was reported that this type
of alkenes afforded the 1,3-diene product, instead of the ex-
pected cyclopentenone PK adduct, as a result of a competi-
tive fast b-H elimination step after formation of the key co-
baltacycle intermediate. These early results are most likely
the origin of the extensive belief of the unsuitability of elec-
tron-deficient olefins in PK reactions. In contrast to this gen-
eral assumption, Cazes and co-workers reported in 1999 that
certain sterically uncongested electron-poor alkenes, such as
methyl acrylate and phenyl vinyl sulfone, gave good yields


Scheme 6. Proposed enantioselective synthesis of substituted cyclopenta-
noids based on the intermolecular asymmetric PK reaction of vinyl sulf-
oxides.


Scheme 7. Structure of the natural product pentenomycin I and the ami-
nocyclopentitol moiety of the hopanoid of Zymomonas mobilis.


Scheme 8. Synthesis of compounds of type 1. THF= tetrahydrofuran,
MCPBA=meta-chloroperoxybenzoic acid, Tol= tolyl, Py=pyridyl,
LDA= lithium diisopropylamide, Ms=mesyl=methane sulfonyl, DBU=


1,8-diazabicyclo[5.4.0]undec-7-ene.
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of PK adducts when the reac-
tions were carried out in the
presence of NMO as the pro-
moter.[24] Our recent work on 1-
sulfinyl-1,6-enynes[20] and 1-sul-
fonyl-1,6-enynes[25] in intramo-
lecular PK reactions proved
that, under appropriate experi-
mental conditions, both a,b-un-
saturated sulfoxides and a,b-un-
saturated sulfones can be excel-
lent substrates in this kind of
process.[26]


Taking into account all these
precedents, we first explored
the thermal reaction of vinyl
sulfoxides 1 with the cobalt
complex of 1-hexyne. However,
regardless of the substrate (1a
or 1 i) and solvent used (toluene
or acetonitrile at 80 8C), we ob-
tained a complex mixture of
products in which neither the PK cyclopentenone nor the
1,3-diene could be detected. A similar result was also ob-
served when the reaction was carried out in the presence of
cyclohexylamine as the promoter[5] in toluene at 90 8C. As
these disappointing results could be due, at least partially, to
the low thermal stability of the sulfinyl group, we turned to
PK reactions promoted by amine N-oxides, which usually in-
volve the use of very mild reaction conditions (usually 0 8C
or room temperature). However, under the conditions re-
ported by Cazes and co-workers (excess of NMO, CH2Cl2/
THF, RT),[24,27] a sluggish reaction was observed, with the
slow metal decomplexation of the alkyne dicobalt complex
and recovery of the starting vinyl sulfoxide being the main
result. To our delight a much faster reaction occurred when
acetonitrile was used as the solvent. The reaction of 1a with
the dicobalt complex of 1-hexyne under these conditions
(6 equivalents of NMO·H2O,


[28] acetonitrile, RT) was com-
pleted within 2 h and occurred with complete chemoselectiv-
ity (the possible competitive formation of the 1,3-diene
product was not detected) and regioselectivity (only the 2,5-
disubstituted cyclopentenone was formed). After filtration
of the cobalt byproducts and standard silica gel purification,
the cyclopentenone 2a was isolated in 68% yield as a 74:26
mixture of diastereomers.
The most relevant results obtained by using the set of


vinyl sulfoxides 1 in the PK reactions with 1-hexyne, under
these optimized experimental conditions, are shown in
Table 1.
In contrast to the very high alkyne regioselectivity but


low alkene regioselectivity usually described in the PK reac-
tions of monosubstituted unfunctionalized alkenes with ter-
minal alkynes,[17,29] in the case of vinyl sulfoxides 1 all of the
reactions were completely regioselective with regard to both
alkyne and alkene components, thereby affording exclusive-
ly the 2,5-disubstituted cyclopentenones. The same type of
PK regioisomer has been previously reported from ethyl ac-
rylate, acrylonitrile, and phenyl vinyl sulfone,[24] a fact sug-


gesting that this 2,5-regioselectivity is a general trend for
electron-deficient alkenes.[30]


Interestingly, both the reactivity and the stereoselectivity
proved to be highly dependent on the substitution at the
sulfur center. In the series of noncoordinating sulfoxides
(1a–e) a correlation between the steric bulk of the sulfoxide
and the reactivity was observed. Thus, in contrast to the rel-
atively high reactivity of the p-tolyl sulfoxide 1a (entry 1),
whose PK reaction was completed in less than 2 h, the
ortho-substituted sulfoxides 1b and 1c (entries 2 and 3) and,
particularly, the very bulky triisopropylphenylsulfoxide 1d
(entry 4) and tert-butylsulfoxide 1e (entry 5), gave incom-
plete conversions after 24 h, even in the presence of a large
excess of the cobalt complex (3-fold excess). Consequently,
from these hindered substrates, the corresponding cyclopen-
tenones were isolated in poor yields (20–30%). With regard
to the stereoselectivity of the reaction, a qualitative correla-
tion with the bulkiness of the sulfoxide may also be deduced
from the data of Table 1: the greater the steric bulk of the
sulfoxide, the higher the stereoselectivity, with complete
stereocontrol reached in the case of the tert-butylsulfoxide
1e (A :B ratio: >98:<2, entry 5).
A much more varied outcome was observed in the case of


the potentially cobalt-coordinating sulfoxides 1 f–i. Thus, un-
expectedly, the methyl thioether 1 f did not react at all[31]


(entry 6), whereas the ortho-aminophenyl derivative 1h
(entry 8) evolved completely but with formation of a com-
plex mixture of products.[32] In the case of the pyridinyl sulf-
oxide 1g (entry 7), the PK adduct 2g could be isolated after
purification, albeit in only 19% yield. This poor yield is in
contrast with the good results described by Yoshida and co-
workers in intermolecular ruthenium-catalyzed PK reactions
of a,b-unsaturated pyridinylsilanes.[11c] In our series of vinyl
sulfoxides, the most synthetically interesting result was, by
far, the one obtained from the ortho-dimethylaminophenyl
sulfoxide 1 i, which was the most reactive alkene and afford-
ed the PK adduct 2 i with high diastereoselectivity (entry 9).


Table 1. N-Oxide-promoted intermolecular PK reactions of 1-hexyne dicobalt complex with racemic vinyl sulf-
oxides 1.


Entry[a] R 1 t [h] Conversion 2 A :B ratio[b] Yield [%][c]


1 p-Tol 1a 2 >99 2a 74:26 68
2[d] o-Tol 1b 24 70 2b 90:10 28
3[d] o-BrC6H4 1c 24 73 2c 86:14 30
4[d] 2,4,6-(iPr)3C6H2 1d 24 60 2d 94:6 24
5[d] tBu 1e 24 65 2e >98:<2 20
6[d] o-MeSC6H4 1 f 24 <1 2 f – –
7 o-Py 1g 1 >99 2g 73:27 19
8[d] o-(H2N)C6H4 1h 24 >99 2h - -
9 o-(Me2N)C6H4 1 i 1 >99 2 i 92:8 63
10[e] o-(Me2N)C6H4 1 i 4 >99 2 i 93:7 74


[a] Reaction conditions: cobalt complex (1.5 equiv), alkene 1 (1.0 equiv), NMO·H2O (6.0 equiv), CH3CN, RT.
[b] Determined by 1H NMR spectroscopy on the crude mixtures after filtration of the cobalt byproducts.
[c] Pure adducts after chromatography. [d] 3 equivalents of dicobalt complex were used. [e] Reaction run at
0 8C.
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This unstrained alkene is reactive enough to perform the re-
action at 0 8C, thereby giving rise to the cyclopentenone 2 i
in 74% yield as a 93:7 mixture of diastereomers (entry 10).
At this point it is important to mention that in our previ-


ously reported studies on asymmetric Heck reactions with
sulfoxides as stereochemical controllers, the o-dimethylami-
nophenylsulfinyl group also provided the best results in
terms of reactivity and stereoselectivity,[33] a result suggest-
ing the broad applicability of this sulfoxide-based chiral aux-
iliary in transition-metal-mediated reactions.


Scope of the reaction : Having found a highly reactive and
stereoselective vinyl sulfoxide for the model PK reaction,
we next explored the structural scope of this process with
regard to the substitution at the alkyne. The results obtained
in the PK reactions of the optimal vinyl sulfoxide 1 i with a
variety of alkyne dicobalt complexes under the optimized
N-oxide-promoted conditions (NMO·H2O, CH3CN, 0 8C) are
summarized in Table 2.


Interestingly, reasonable yields of isolated pure adducts
(49–74%), complete regioselectivities, and high to complete
diastereoselectivities (de=86–>96%) were obtained from
all terminal alkynes, including primary, benzyl, and tertiary
alkyl substituted ones (entries 1–3), aryl acetylenes
(entry 4), silylated acetylenes (entry 5), and functionalized
alkynes (entries 6–8). Interestingly, the reaction conditions
are so mild that even alkynes with a primary bromoalkyl
chain can be successfully used (entry 8). As expected, the al-
kynes substituted with the bulkiest groups, especially tert-
butyl and TMS (entries 2 and 5), reacted more slowly. In
these cases the temperature of the reaction was raised to
room temperature and an excess of the alkyne dicobalt com-
plex was used (3-fold excess) in order to assure complete
conversion of the starting alkene. In agreement with the


high sensitivity of the process to the steric environment
around the C�C triple bond, no reaction at all occurred in
the case of an internal alkyne such as 2-butyne (entry 9).
This drawback could be partially solved by performing the
reaction at high pressure[34] (10 Kbar) and room temperature
for 48 h. Under these conditions the reaction occurred
cleanly, albeit with incomplete conversion (30% of 1 i was
recovered), to afford the adducts 10 with high stereoselec-
tivity (entry 10) and in 33% yield (47% in converted
product).


Configurational assignment of the PK adducts and mecha-
nistic considerations : In the case of the p-tolylsulfoxide 2a
the (S*,RS


*) configuration of the major diastereomer A and,
consequently, the (R*,RS


*) configuration of the minor dia-
stereomer B were assigned by comparison of the NMR
spectroscopy data with those previously reported for struc-
turally very similar p-tolylsulfinyl cyclopentenones (for ex-
ample, 3-ethoxy-5-(p-tolylsulfinyl)cyclopent-2-en-1-one).[35]


To support this tentative stereochemical assignment, we ob-
tained suitable crystals of the 2-tert-butylcyclopentenone
3A, which was one of the few solid PK adducts among
those depicted in Tables 1 and 2. The unequivocal (S*,RS


*)
configuration of this compound is shown in Figure 1. With


regard to the conformation around the C�S bond in the
crystal, it is interesting to note that the sulfinylic oxygen
atom and the aryl group are oriented in such a way as to
minimize the steric and electronic interactions with the cy-
clopentenone ring (dihedral angles: O�S�C5�C1=74.77(10)8
and C(aryl)�S�C5�C1=�176.44(9)8). Related to this confor-
mational preference, we noticed a general trend in the
chemical shifts of the H5 and Me2N signals in the 1H NMR
spectra of the diastereomers A and B. Thus, both the H5


atom and the Me2N group always appear significantly more
deshielded in the dominant isomer A than in the minor
isomer B (Scheme 9). This very simple spectroscopic criteria
can be used for the stereochemical assignment of all the PK
adducts obtained from the optimal vinyl sulfoxide 1 i.
Since the keto–enol tautomerism in the sulfinyl cyclopen-


tenones 2 is expected to be a very favorable process because
of the acidity of the hydrogen atom at the C5 position, we
wondered if the stereoselectivity of the PK reaction would
not simply reflect the thermodynamic equilibria between
the A and B epimers. As described below, both theoretical


Table 2. PK reaction of vinyl sulfoxide 1 i with substituted alkynes.


Entry[a] R R’ t [h] Adduct A :B ratio[b] Yield [%][c]


1 nBu H 4 2 i 93:7 74
2[d][e] tBu H 26 3 >98:<2 55
3[d] Bn H 14 4 93:7 58
4 p-Tol H 12 5 93:7 49
5[e] TMS H 16 6 >98:<2 59
6 CH2OTIPS H 2 7 93:7 62
7 CH2CH2OTIPS H 7 8 >98:<2 66
8 CH2CH2CH2Br H 6 9 >98:<2 68
9 Me Me 24 10 – –
10[f] Me Me 48 10 92:8 33


[a] Reaction conditions: dicobalt complex (1.5 equiv), alkene 1
(1.0 equiv), NMO·H2O (6.0 equiv), CH3CN, 0 8C. [b] Determined by
1H NMR spectroscopy on the crude mixtures after filtration of the cobalt
byproducts. [c] Pure adducts after chromatography. [d] 3 equivalents of
dicobalt complex were used. [e] Reaction run at RT. [f] Reaction run at
10 Kbar.


Figure 1. X-ray crystal structure of 3A.
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and experimental studies unequivocally proved that this
thermodynamic factor is indeed the origin of the stereose-
lectivity.
First, we found an excellent agreement between the ob-


served stereoselectivity of the PK reactions and the differ-
ence in energy content of both A and B epimers calculated
by theoretical methods. In the interest of time economy, cal-
culations were made with a methyl group located on the
double bond of the cyclopentenone ring instead of an n-
butyl one. Conformation analyses of these 2,5-disubstituted
cyclopentenones were performed by using the semiempirical
PM3(tm)[36] procedure, as implemented in Hyper-
Chem 6.02.[37] Then, the low-energy structures were reopti-
mized by using hybrid DFT (B3LYP)[38] and the 6-31G*[39]


basis set, as implemented in the Gaussian 03[40] program
package. Frequencies were also computed at the same level
of theory/basis and zero-point energy (ZPE) correction was
included. The results are summarized in Table 3. The final
optimized structures for the modeled A and B cyclopente-
none epimers with the o-(N,N-dimethylamino)phenyl sub-
stituent (2 i’) are shown in Figure 2.


Structure A in Figure 2 shows a conformation (dihedral
angles: O�S�C5�C1=84.6358 and C(Ar)�S�C5�C1=
�166.7418) quite similar to the one adopted by 3A in the
solid state (see Figure 1). In the minor diastereomer B the
sulfinylic oxygen atom and the aryl group are again oriented
in a way that minimizes the steric and electronic interactions
with the cyclopentenone ring. The relative orientation be-
tween the H5 atom and the sulfinyl group is almost anti in
both diastereomers (dihedral angles: A : O�S�C5�H5=


�158.3848 ; B : O�S�C5�H5=166.1148). Thus, the observed
trend in the chemical shifts of the H5 signals in the 1H NMR


spectra for these epimers (Scheme 9) could be associated to
the anisotropic effect exerted by the carbonyl group, which
causes a shielding in that proton in diastereomer B with re-
spect to A (dihedral angles: A : O�C1�C5�H5=�57.5338 ; B :
O�C1�C5�H5=39.7658). This effect can be extended to the
Me2N group, which is nearer to the carbonyl group in dia-
stereomer B (distance: CO···H3CN=2.586 T) than in dia-
stereomer A (distance: CO···H3CN=4.067 T).
Among the experimental evidence on the easy epimeriza-


tion process at the C5 position, we observed that an NMR
spectroscopy sample of pure 7A (obtained from the initial
93:7 diastereomeric mixture by trituration with cold hexane)
isomerized again to the 93:7 isomeric ratio in 16 h in
[D6]acetone, in 3 h in CD3CN (the solvent of the PK reac-
tion), and instantaneously in [D6]DMSO or CD3OD. This
fast thermodynamic equilibration in polar solvents, even in
the absence of any added base, could explain why we failed
in all our attempts to separate the A/B mixtures by silica gel
chromatography.
As a third piece of evidence, the behavior of the disubsti-


tuted a,b-unsaturated sulfoxides cis-11 and trans-11 was also
conclusive. These compounds were readily prepared by reac-
tion of a cis/trans mixture of propenyl lithium (generated in
situ by treatment of 1-bromo-1-propene with tBuLi) with o-
dimethylaminophenyl disulfide, sulfide-to-sulfoxide oxida-
tion with MCPBA, and final silica gel separation of both iso-
mers. In this way, trans-11 and cis-11 were isolated in 11%
and 56% overall yields, respectively (Scheme 10). Unlike


the behavior of the parent vinyl sulfoxide 1 i, the sterically
more demanding disubstituted alkenes cis-11 and trans-11
failed to react with the dicobalt complex of 1-hexyne under
the standard N-oxide-promoted conditions. Gratifyingly, as


Scheme 9. Significant 1H NMR spectroscopy data of diastereomers A and
B (in CDCl3).


Table 3. Theoretical calculations on the relative stability of the A and B
epimers.


R DEAB
[a] Calculated A/B


ratio[b] (R’=Me)
Experimental A/B
ratio (R’=nBu)


p-Tol 0.7 77:23 74:26
tBu 2.5 99:1 >98:<2
o-(Me2N)C6H4 1.9 96:4 92:8


[a] DE B3LYP/6–31G*+ZPE [kcalmol�1]. [b] At 25 8C.


Figure 2. B3LYP/6-31G* optimized structures for cyclopentenones 2 i’A
and 2 i’B.


Scheme 10. Synthesis of disubstituted a,b-unsaturated sulfoxides trans-11
and cis-11.
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in the case of the PK reaction of disubstituted alkynes, the
reaction occurred cleanly under high-pressure conditions
(10 Kbar), albeit with incomplete conversions (40–55% of
starting alkene 11 was recovered), to provide the expected
regioisomer 12 in 22–31% yield after chromatography (49–
52% yield in converted product). This reaction is stereo-
chemically quite relevant because the same 70:30 mixture of
trans-12A and trans-12B isomers was isolated regardless of
the starting cis or trans configuration of the alkene 11
(Scheme 11). This stereochemical convergence can only be


explained by assuming an easy epimerization at the C5


center. The trans relative configuration at C4/C5 in both 12
products was assigned from the low value of the J4,5 coupling
constant (2.4 and 2.8 Hz for trans-12A and trans-12B, re-
spectively), which is in full agreement with typical values in
known related trans-cyclopentenones.[41] On the other hand,
the relative configuration at the sulfur and C5 centers was
established following the spectroscopic rule shown in
Scheme 9.
Another very relevant issue of the PK reactions of the


vinyl sulfoxides 1 is the mechanistic origin of the high reac-
tivity exhibited by the o-dimethylaminophenyl derivative 1 i.
To estimate more accurately the magnitude of this effect, we
carried out the competitive kinetic experiment shown in
Scheme 12, involving two very different ortho-substituted
phenyl sulfoxides. The reaction of equimolecular amounts of
o-tolylsulfoxide 1b, o-(dimethylamino)phenyl sulfoxide 1 i,
and the dicobaltcarbonyl complex of 1-hexyne under the op-
timal PK reaction conditions (NMO, CH3CN, 0 8C, 60 min)
led to an 11:89 mixture of the corresponding PK adducts 2b
and 2 i. This result clearly shows that substrate 1 i, despite
the higher steric bulk of the o-dimethylamino group relative
to the methyl group in 1b, is nearly one order of magnitude
more reactive than 1b. The higher reactivity of 1 i suggests
that the o-dimethylamino group could be acting as a het-
eroatomic coordinating group at the cobalt center, thus
favoring the further coordination of the alkene to the cobalt


complex; this coordination is supposed to be the rate-deter-
mining step in the PK reaction.[15]


To gain more insight into the subtle contribution of both
steric and coordinating effects to the reactivity of vinyl sulf-
oxide 1 i in the PK reactions, we performed a second com-
petitive experiment with two similar amino-substituted teth-
ered sulfoxides: the optimal o-dimethylamino substrate 1 i
and the somewhat bulkier o-diethylamino derivative 1 j (pre-
pared by following the same method described for 1 i). Equi-
molecular amounts of 1 i, 1 j, and the dicobaltcarbonyl com-
plex were treated as usual (NMO, CH3CN, 0 8C, 60 min) and
gave rise to an 85:15 mixture of the corresponding PK ad-
ducts 2 i and 2 j (Scheme 13). This sizeable selectivity indi-


cates that a moderate increase in the steric environment
around the nitrogen atom has a deeply detrimental effect on
the reactivity; this result is in full agreement with the pre-
sumed role of the nitrogen atom as a cobalt-coordinating
heteroatom in the formation of the key sterically congested
alkene–dicobalt complex intermediate III (Scheme 14).
When the four-bond separation between the C�C double
bond and the amine moiety is taken into account, it is ex-


Scheme 11. PK reactions of isomers trans-11 and cis-11 under high pres-
sure.


Scheme 12. Competitive kinetic experiment involving two very different
ortho-substituted phenyl sulfoxides.


Scheme 13. Competitive kinetic experiment involving two similar ortho-
substituted phenyl sulfoxides.
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pected that both groups will coordinate the same cobalt
atom on the dicobalt complex. A similar kind of coordina-
tion has been proposed in the case of PK reactions of achi-
ral tethered aminoalkenes.[21]


To shed some light to this point, we performed some theo-
retical calculations by using, as simplified substrates, the o-
aminophenyl vinyl sulfoxide as an olefin model and propyne
as an alkyne model. In the elucidation of the possible com-
petence of homonuclear coordination (nitrogen and olefin
coordinating the same cobalt atom) versus binuclear coordi-
nation (nitrogen and olefin coordinating different cobalt
atoms), we decided to analyze the relative stability of the
starting olefin complexes III and their resulting products IV.
Complexes III and cobaltacycles IV were fully optimized by
semiempirical (PM3[36]) and DFT (B3LYP[38]) methods. In
this case, the effective core potential LANL2DZ[42] was used
for Co and S, and the STO-3G*[43] basis set was used for C,
H, N, and O. Frequencies were calculated at the same level
of theory/basis and ZPE correction was included. The opti-
mized structures found for homonuclear (IIIa) and binuclear
(IIIb) complexes and their corresponding cobaltacycles are
shown in Figure 3. Distances and energy differences are col-
lected in Table 4.
As can be seen in Table 4, there are significant differences


in the optimized interatomic distances. For instance, the C1�
C3 distance is shorter in IIIa than in IIIb but the opposite is
observed for the Co�N distances.[44] However, the most in-
teresting outcome of this theoretical study concerns the rela-
tive optimized energies: not only is the homonuclear com-
plex IIIa more stable than IIIb (DErelat) but its reaction is
much more exothermic (DEreact), a fact strongly supporting
the theory that the homonuclear coordination is the prefer-
red path for this step.


Applications in enantioselective synthesis : Any application
of the synthetic potential of this regio- and diastereoselec-
tive intermolecular PK methodology to the enantioselective
synthesis of polysubstituted cyclopentanoids required, first,
the preparation of enantiomerically pure vinyl sulfoxide 1 i.
Initially, we applied the sulfite-based method of synthesis of


chiral sulfoxides developed by Kagan and co-workers
(Scheme 15).[45] The ring opening of the commercially avail-
able enantiopure sulfite 13 with o-(N,N-dimethylamino)phen-


Scheme 14. Presumed intermediates III and IV in the formation of 2 i.


Figure 3. Optimized calculated structures for olefin complexes III and
their cobaltacycles IV.


Table 4. Significant distances [T] in complexes III, relative energies
(DErelat) between IIIa and IIIb [Kcalmol�1], and energy differences
(DEreact) between complexes III and cobaltacycles IV [Kcalmol


�1].


IIIa IIIb


Co(1)�C(1) 2.121 2.179
Co(1)�C(2) 2.050 2.100
Co�N 2.129 2.077
C(1)�C(2) 1.418 1.414
C(1)�C(3) 2.625 2.762
DErelat


[a] 0.0 3.6
DEreact


[a] �31.5 �22.6


[a] ZPE correction included.


Scheme 15. Synthesis of chiral sulfoxide (R)-1 i. Ts= tosyl= toluene-4-sul-
fonyl.
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yllithium (generated in situ by treatment of the correspond-
ing iodide with nBuLi) in THF at �78 8C gave the diastereo-
merically pure sulfinate 14 as the major regioisomer (61%
yield). Disappointingly, the further reaction of 14 with mag-
nesium vinyl bromide (2 equivalents) under the same reac-
tion conditions (THF, �78 8C) provided the expected vinyl
sulfoxide (R)-1 i in low yield (21%) and with incomplete
enantioselectivity (95.5% ee, as determined by HPLC with a
Chiralcel OD column). The use of a higher amount of the
Grignard reagent (4 equivalents) resulted in a more severely
detrimental effect on the enantioselectivity (77% ee), there-
by showing that this sulfinylation reaction occurs with par-
tial racemization at the sulfur center.
Next, we turned out to the asymmetric synthesis of sulfox-


ides recently reported by Senanayake and co-workers.[46]


The initial enantiopure sulfinylating reagent, the N-tosyl-
1,2,3-oxathiazolidine 15, was prepared in one step from the
readily available and inexpensive (1R,2S)-N-tosylnorephe-
drine. The reaction of 15 with a stoichiometric amount of o-
(N,N-dimethylamino)phenyl magnesium iodide occurred
under mild conditions in THF at �78 8C with selective cleav-
age of the S�N bond to give rise to sulfinate 16, which re-
sults from the inversion of configuration at the sulfur atom,
in nearly quantitative yield (99%). To our delight, the reac-
tion of 16 with vinyl magnesium bromide (3 equivalents) in
THF at �78 8C provided the desired sulfoxide (R)-1 i in
66% yield and with complete enantioselectivity
(Scheme 15), thereby demonstrating that this second substi-
tution at the sulfur atom also took place with complete in-
version of configuration.
To highlight the synthetic interest of our novel asymmet-


ric intermolecular version of the PK reaction, we selected
two natural cyclopentanoids as synthetic objectives: the anti-
biotic (�)-pentenomycin I, with a 4,5,5-trisubstituted cyclo-
pentenone structure, and the (�)-aminocyclopentitol moiety
of the hopanoid of Zymomonas mobilis, which displays a
stereochemically complex 1,1,2,3,4,5-hexasubstituted cyclo-
pentane framework (Scheme 7).
(�)-Pentenomycin I was isolated in 1973 from the culture


broths of Streptomyces eurythermus[47] and has proved to be
moderately active against Gram-positive and Gram-negative
bacteria.[48] To the best of our knowledge, five asymmetric
syntheses of this compound have been reported to date,[49]


with four of them requiring carbohydrates as starting mate-
rials; this implies the use of long and lineal synthetic se-
quences (10–20 chemical steps). A very efficient enantiose-
lective four-step synthesis of (�)-pentenomycin I from the
vinyl sulfoxide (R)-1 i, taking advantage of the convergent
formation of the cyclopentenone ring by a PK reaction, is
shown in Scheme 16. After the PK reaction, the rest of the
synthetic steps are straightforward: dihydroxylation of the
C�C double bond, generation of the enone moiety by sulf-
oxide pyrolysis, and deprotection of the hydroxy groups.
Treatment of the cobalt complex of the TIPS derivative of


propargylic alcohol with enantiopure (R)-1 i (NMO, CH3CN,
0 8C) afforded the adduct 7 in a 93:7 isomer ratio (62%
yield). Trituration of this mixture with cold hexane provided
the pure major diastereomer (S,RS)-7A. The optical purity
of this compound proved to be as high as that of the starting


vinyl sulfoxide (>99% ee, as determined by HPLC with a
Chiralcel OD column), thereby proving that the PK reaction
took place without any racemization at the sulfur center.[50]


This is an interesting point since it has been reported that
the intermolecular PK reaction of norbornene with acetylen-
ic sulfoxides occurs with partial racemization at the sulfur
atom.[18d] Since the dihydroxylation of (S,RS)-7 with OsO4


under normal catalytic conditions (3 mol% OsO4, NMO,
CH2Cl2, 0 8C) gave a mixture of stereoisomers, we turned to
the procedure of Donohoe et al. for dihydroxylation of al-
kenes with the stoichiometric pair OsO4/TMEDA under ex-
tremely mild reaction conditions.[51] In CH2Cl2 at �78 8C the
reaction was highly stereoselective in favor of dihydroxyla-
tion on the expectedly less hindered face of the double
bond, that opposite to the sulfinyl group at the C5 atom.
This reaction provided the stable osmate diester 17 in 81%
yield; the (2S,3S,5S) configuration of the product could be
established by NOESY experiments (see the Supporting In-
formation for details). Compound 17 suffered a clean sulfox-
ide pyrolysis in refluxing toluene to afford the enone–
osmate diester 18 in 72% yield. Final acid hydrolysis of the
hydroxy-protecting groups (2m HCl) provided the natural
(�)-(2S,3S)-pentenomycin I (19), whose absolute rotary
power was in full agreement with literature data ([a]D=�32
(c=0.2, EtOH); literature value:[42] [a]D=�32 (c=0.3,
EtOH)). Alternatively, its very high optical purity was un-
equivocally confirmed by HPLC analysis of the triacetate
derivative (>99% e.e, as determined by HPLC with a Chir-
alpak AD column).
Bacteriohopanetetrol ether II (Scheme 7) is an abundant


triterpenoid of the hopane family, found in the membrane
of several bacteria, such as Methylobacterium organophy-
lum, Rhodopseudomonas acidophila, and Zymomonas mobi-
lis.[52] To our knowledge, to date, only a total synthesis of its
aminocyclopentitol unit has been reported, which required
d-glucosamine as a commercially available starting materi-
al.[53] An eight-step stereodirected synthesis of the (�) enan-
tiomer of this aminocyclopentitol, from the same PK adduct
(S,RS)-7A, is shown in Scheme 17.
Stereoselective hydride reduction of the ketone 7A with


DIBALH in THF at �78 8C provided a single alcohol, which
was protected as the TBDMS derivative 20 (TBDMSCl, imi-
dazole, CH3CN; 95% overall yield from 7). The trans ster-


Scheme 16. Synthesis of (�)-pentenomycin. a) NMO, CH3CN, 0 8C;
b) OsO4, TMEDA, CH2Cl2, �78 8C; c) toluene, reflux; d) 2m HCl, RT.
TIPS= triisopropylsilyl, TMEDA=N,N,N’,N’-tetramethylethylenedia-
mine.
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eochemistry of 20 was inferred from the well-known stereo-
chemical behavior of b-ketosulfoxides with reducing hydride
reagents.[35] The dihydroxylation of 20 under standard OsO4


catalytic conditions (3 mol% OsO4, NMO, THF/H2O, RT)
occurred mainly from the alkene face opposite to the bulky
allylic substituent, thereby providing an inseparable 90:10
mixture of both cis-diols 21 and 21’ (83% yield). Sulfoxide
pyrolysis of this mixture by heating in toluene at 110 8C and
further silica gel chromatographic separation afforded the
cyclopentenediol 22 in 78% yield, along with 8% of its dia-
stereomer 22’.[54] As expected from both steric and hydro-
gen-bond considerations, the epoxidation of 22 with
MCPBA (CH2Cl2, RT) was completely stereoselective and
occurred on the same side of the allylic hydroxy group (op-
posite face to the bulky silylated ether) to give a single ep-
oxide 23. Due to the very different steric environment of
both epoxidic carbon atoms, the trans opening of 23 with
NaN3 in DMF at 100 8C was completely regioselective in
favor of attack at the least hindered position (C3) to provide
exclusively the azide 24 (76% yield). Once the configuration
of the five stereogenic carbon centers had been controlled,
the final hydrogenation of the azide moiety (H2, Pd/C), fol-
lowed by hydroxy deprotection in acid media (HCl,
MeOH), afforded the (�)-aminocyclopentitol 25 ([a]D=�6
(c=0.3, MeOH); literature value for the enantiomer:[53]


[a]D=++6.2 (c=1.2, MeOH)). The 1H and 13C NMR spectro-
scopy data of this compound were identical to those descri-
bed in the literature for the (+) enantiomer,[53] thereby


proving unequivocally the (1R,2R,3S,4S,5R) configuration
and, therefore, the stereochemistry of its synthetic precur-
sors.


Conclusion


We have demonstrated that, under appropriate conditions,
a,b-unsaturated sulfoxides behave as efficient acyclic olefin-
ic partners in asymmetric intermolecular PK reactions, to
provide substituted 5-sulfinyl-2-cyclopentenones with com-
plete regiocontrol and high stereoselectivity. Among the va-
riety of screened sulfoxides, the cobalt-chelating o-(N,N-di-
methylamino)phenyl vinyl sulfoxide (1 i) gave the best re-
sults in terms of reactivity and stereoselectivity with a wide
variety of substituted terminal alkynes. With the readily
available sulfoxide (R)-1 i, this methodology opens a new
access to the enantioselective synthesis of cyclopentanoids.
This synthetic interest has been illustrated by developing ef-
ficient stereoselective syntheses of (�)-pentenomycin I and
a stereochemically complex aminocyclopentitol. Efforts to
further apply the metal-coordinating ability of the o-dime-
thylaminophenyl sulfinyl group as a chiral auxiliary in other
stereoselective transition-metal-mediated reactions are un-
derway.


Experimental Section


General : All reagents were obtained from commercial suppliers and
were used without further purification except NMO·H2O, which was puri-
fied by precipitation from acetone before use. THF, Et2O, and CH2Cl2
were dried over microwave-activated 4 T molecular sieves. Reactions
were monitored by thin-layer chromatography carried out on 0.25 mm
Merck silica gel plates (Merck-60 230–400 mesh). Merck-60 230–
400 mesh silica gel was used for flash column chromatography. NMR
spectra were recorded on Bruker AC-200 or AC-300 instruments in
CDCl3 (calibrated at d=7.26 and 77.0 ppm for 1H and 13C experiments,
respectively), CD3OD (d=3.31 and 49.0 ppm) or D2O (d=4.70 ppm).
Mass spectra and high-resolution mass spectra were determined on a
Hewlett–Packard HP-5985 mass spectrometer at 70 eV ionising voltage
(EI) or under fast atom bombardment (FAB) conditions. Melting points
were determined in open-end capillary tubes on a GallenKamp appara-
tus. Optical rotations were measured on a Perkin-Elmer 241C polarime-
ter. HPLC was conducted on an Agilent 1100 instrument, with Daicel
Chiralpak AD and Chiralcel OD columns. High-pressure reactions were
conducted under 10 Kbar pressure by using a Hofer HP 14 apparatus.


2-n-Butyl-5-(p-tolylsulfinyl)-2-cyclopentenone (2a): A solution of 1-
hexyne (26 mL, 0.23 mmol) and [Co2(CO)8] (77 mg, 0.23 mmol) in
CH3CN (1 mL) was stirred at RT under an argon atmosphere. After 1 h,
N-methylmorpholine N-oxide (106 mg, 0.90 mmol) and a solution of 1a
(25 mg, 0.15 mmol) in CH3CN (1 mL) were added and the resulting so-
lution was stirred for 2 h. The reaction mixture was diluted with CH2Cl2,
treated with trimethylamine N-oxide (50 mg) to remove the remaining
cobalt complex and stirred for 10 min at RT. After removal of the sol-
vent, the crude product was dissolved in diethyl ether and filtered
through a pad of celite, which was washed with diethyl ether. The com-
bined organic solvents were evaporated and the residue was purified by
chromatography (hexane/ethyl acetate 3:1) to afford 2aA and 2aB as a
74:26 diastereomeric mixture (28 mg, 68%, colorless oil). A : 1H NMR
(300 MHz, CDCl3): d=7.52–7.21 (m, 5H; Ar, H-3), 3.49 (dd, J=2.2,
6.5 Hz, 1H; H-5), 3.04–2.89 (m, 1H; H-4), 2.41 (s, 3H; ArCH3), 2.40–2.26
(m, 1H; H-4), 2.18 (m, 2H; H-1’), 1.51–1.09 (m, 4H; H-2’, H-3’),
0.88 ppm (t, J=7.0 Hz, 3H; H-4’); 13C NMR (75 MHz, CDCl3): d=201.7,
201.0, 157.7, 156.9, 147.0, 146.8, 142.1, 141.6, 139.1, 135.4, 129.9, 129.5,


Scheme 17. Synthesis of the (�)-aminocyclopentitol moiety. a) DIBALH,
THF, �78 8C; b) TBDMSCl, imidazole, CH3CN, RT; c) OsO4, NMO,
THF/H2O 10:1, RT; d) NaHCO3, toluene, reflux, then SiO2 purification;
e) MCPBA, CH2Cl2, RT; f) NaN3, NH4Cl, DMF, 100 8C; g) H2, Pd/C
(10%), MeOH; h) HCl/MeOH, RT. TBDMS= tert-butyldimethylsilyl,
DIBALH=diisobutylaluminum hydride, DMF=N,N-dimethylforma-
mide.
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125.0, 124.0, 68.1, 66.0, 29.6, 29.5, 29.3, 25.5, 24.7, 24.2, 23.9, 22.3, 22.1,
21.4, 13.8, 13.7 ppm; HRMS (FAB+ ): calcd for (C16H20O2S) [M]


+ :
276.1184; found: 276.1177; B : 1H NMR (300 MHz, CDCl3; significant sig-
nals): d=7.03 (m, 1H; H-3), 4.20 (dd, J=2.2, 6.5 Hz, 1H; H-5), 2.85–2.70
(m, 1H; H-4), 2.36 (s, 3H; ArCH3), 1.91 ppm (m, 2H; H-1’).


2-n-Butyl-5-(o-tolylsulfinyl)-2-cyclopentenone (2b): A solution of 1-
hexyne (52 mL, 0.45 mmol) and [Co2(CO)8] (154 mg, 0.45 mmol) in
CH3CN (2 mL) was stirred under an argon atmosphere at RT. After 1 h,
N-methylmorpholine N-oxide (211 mg, 1.80 mmol) and a solution of 1b
(50 mg, 0.30 mmol) in CH3CN (2 mL) were added. After 10 h at RT, an-
other 1.5 equivalents of the cobalt complex were added and the resulting
solution was stirred for 14 h at RT. The reaction mixture was diluted with
CH2Cl2, treated with trimethylamine N-oxide (200 mg), and stirred for
10 min at RT. After removal of the solvent, the crude product was dis-
solved in diethyl ether and filtered through a pad of celite. The combined
organic solvents were evaporated and the residue was purified by chro-
matography (hexane/ethyl acetate 5:1) to afford 2bA and 2bB as a 90:10
diastereomeric mixture (23 mg, 28%, colorless oil). A : 1H NMR
(300 MHz, CDCl3): d=7.82 (dd, J=2.8, 7.3 Hz, 1H; Ar), 7.44–7.35 (m,
3H; Ar, H-3), 7.21 (dd, J=2.4, 6.1 Hz, 1H; Ar), 3.53 (dd, J=2.4, 6.9 Hz,
1H; H-5), 3.06–2.97 (m, 1H; H-4), 2.42 (s, 3H; ArCH3), 2.33–2.17 (m,
3H; H-4, H-1’), 1.51–1.23 (m, 4H; H-2’, H-3’), 0.89 ppm (t, J=7.3 Hz,
3H; H-4’); 13C NMR (75 MHz, CDCl3): d=202.0, 158.0, 155.9, 146.9,
140.4, 134.2, 130.9, 126.9, 124.1, 65.0, 29.5, 24.7, 23.2, 22.3, 18.0, 13.7 ppm;
HRMS (EI+ ): calcd for (C16H20O2S) [M]


+ : 276.1184; found: 276.1182;
B : 1H NMR (300 MHz, CDCl3; significant signals): d=3.94 (dd, J=1.6,
6.9 Hz, 1H; H-5), 2.36 ppm (s, 3H; ArCH3).


2-n-Butyl-5-(2-bromophenylsulfinyl)-2-cyclopentenone (2c): A solution
of 1-hexyne (22 mL, 0.19 mmol) and [Co2(CO)8] (67 mg, 0.19 mmol) in
CH3CN (1 mL) was stirred under an argon atmosphere at RT. After 1 h,
N-methylmorpholine N-oxide (91 mg, 0.78 mmol) and a solution of 1c
(30 mg, 0.13 mmol) in CH3CN (1 mL) were added. After 12 h at RT, an-
other 1.5 equivalents of the cobalt complex were added and the resulting
solution was stirred for 12 h at RT. The reaction mixture was diluted with
CH2Cl2, treated with trimethylamine N-oxide (90 mg), and stirred for
10 min at RT. After removal of the solvent, the crude product was dis-
solved in diethyl ether and filtered through a pad of celite. The combined
organic solvents were evaporated and the residue was purified by chro-
matography (hexane/ethyl acetate 3:1) to afford 2cA and 2cB as an
86:14 diastereomeric mixture (15 mg, 30%, colorless oil). A : 1H NMR
(300 MHz, CDCl3): d=7.82 (dd, J=1.6, 7.5 Hz, 1H; Ar), 7.57 (t, J=
7.5 Hz, 2H; Ar), 7.39 (m, 2H; H-3, Ar), 4.09 (dd, J=2.7, 7.0 Hz, 1H; H-
5), 2.89 (m, 1H; H-4), 2.21 (m, 3H; H-1’, H-4), 1.56–1.21 (m, 4H; H-2’,
H-3’), 0.90 ppm (t, J=7.0 Hz, 3H; H-4’); 13C NMR (75 MHz, CDCl3): d=
201.7, 157.7, 147.1, 141.6, 133.2, 132.5, 128.3, 127.1, 118.7, 63.9, 29.5, 24.8,
23.3, 22.4, 13.8 ppm; HRMS (EI+ ): calcd for (C15H17O2SBr) [M]


+ :
340.0133; found: 340.0132; B : 1H NMR (300 MHz, CDCl3; significant sig-
nals): d=3.97 (m, 1H; H-5), 3.19 ppm (m, 1H; H-4).


2-n-Butyl-5-(2,4,6-triisopropylphenylsulfinyl)-2-cyclopentenone (2d): A
solution of 1-hexyne (19 mL, 0.16 mmol) and [Co2(CO)8] (55 mg,
0.16 mmol) in CH3CN (1 mL) was stirred under an argon atmosphere at
RT. After 1 h, N-methylmorpholine N-oxide (76 mg, 0.65 mmol) and a
solution of 1d (30 mg, 0.11 mmol) in CH3CN (1 mL) were added. After
12 h at RT, another 1.5 equivalents of the cobalt complex were added
and the resulting solution was stirred for 12 h. The reaction mixture was
diluted with CH2Cl2, treated with trimethylamine N-oxide (70 mg), and
stirred for 10 min at RT. After removal of the solvent, the crude product
was dissolved in diethyl ether and filtered through a pad of celite. The
combined organic solvents were evaporated and the residue was purified
by chromatography (hexane/ethyl acetate 5:1) to afford 2dA and 2dB as
a 94:6 diastereomeric mixture (10 mg, 24%, colorless oil). A : 1H NMR
(300 MHz, CDCl3): d=7.41 (m, 1H; H-3), 7.08 (s, 2H; Ar), 4.18 (dd, J=
1.6, 6.5 Hz, 1H; H-5), 3.73 (m, 2H; CH(CH3)2), 3.39 (m, 1H; H-4), 2.95
(m, 1H; H-4), 2.90 (m, 1H; CH(CH3)2), 2.16 (m, 2H; H-1’), 1.51–1.20
(m, 22H; H-2’, H-3’, CH(CH3)2), 0.89 ppm (t, J=7.3 Hz, 3H; H-4’);
13C NMR (75 MHz, CDCl3): d=201.6, 156.1, 152.7, 150.1, 146.4, 134.0,
123.0, 66.3, 34.3, 29.6, 28.3, 28.1, 24.6, 23.7, 23.6, 22.3, 13.7 ppm; HRMS
(EI+ ): calcd for (C24H36O2S) [M]+ : 388.2436; found: 388.2438; B :
1H NMR (300 MHz, CDCl3; significant signal): d=4.12 ppm (m, 1H;
H-5).


2-n-Butyl-5-(tert-butylsulfinyl)-2-cyclopentenone (2e): A solution of 1-
hexyne (39 mL, 0.34 mmol) and [Co2(CO)8] (116 mg, 0.34 mmol) in
CH3CN (1 mL) was stirred under an argon atmosphere at RT. After 1 h,
N-methylmorpholine N-oxide (162 mg, 1.38 mmol) and a solution of 1e
(30 mg, 0.23 mmol) in CH3CN (1 mL) were added. After 12 h at RT, an-
other 1.5 equivalents of the cobalt complex were added and the resulting
solution was stirred for 12 h. The reaction mixture was diluted with
CH2Cl2, treated with trimethylamine N-oxide (150 mg), and stirred for
10 min at RT. After removal of the solvent, the crude product was dis-
solved in diethyl ether and filtered through a pad of celite. The combined
organic solvents were evaporated and the residue was purified by chro-
matography (hexane/ethyl acetate 3:2) to afford 2eA (10 mg, 20%, color-
less oil). 1H NMR (300 MHz, CDCl3): d=7.38 (m, 1H; H-3), 4.29 (dd,
J=2.0, 6.9 Hz, 1H; H-5), 3.25 (m, 1H; H-4), 2.54 (m, 1H; H-4), 2.18 (m,
2H; H-1’), 1.45 (m, 2H; H-2’), 1.31 (m, 2H; H-3’), 1.27 (s, 9H; C(CH3)3),
0.89 ppm (t, J=7.3 Hz, 3H; H-4’); 13C NMR (75 MHz, CDCl3): d=204.7,
158.2, 145.9, 58.1, 55.1, 29.5, 24.6, 23.7, 23.4, 22.3, 13.8 ppm; HRMS
(EI+ ): calcd for (C9H14O2S) [M�tBu]+: 186.0715; found: 186.0717.


2-n-Butyl-5-(2-pyridylsulfinyl)-2-cyclopentenone (2g): A solution of 1-
hexyne (29 mL, 0.25 mmol) and [Co2(CO)8] (87 mg, 0.25 mmol) in
CH3CN (1 mL) was stirred under an argon atmosphere at RT. After 1 h,
N-methylmorpholine N-oxide (138 mg, 1.17 mmol) and a solution of 1g
(30 mg, 0.20 mmol) in CH3CN (1 mL) were added and the resulting so-
lution was stirred for 1 h. The reaction mixture was diluted with CH2Cl2,
treated with trimethylamine N-oxide, and stirred for 10 min at RT. After
removal of the solvent, the crude product was dissolved in diethyl ether
and filtered through a pad of celite. The combined organic solvents were
evaporated and the residue was purified by chromatography (aluminum
oxide neutral; hexane/ethyl acetate 2:1) to afford 2gA and 2gB as a
73:27 diastereomeric mixture (10 mg, 19%, colorless oil). A : 1H NMR
(200 MHz, CDCl3): d=8.63 (m, 1H; Ar), 7.95 (m, 2H; Ar), 7.45–7.26 (m,
2H; Ar, H-3), 4.09 (dd, J=2.7, 6.5 Hz, 1H; H-5), 2.90–2.61 (m, 1H; H-
4), 2.48–2.26 (m, 1H; H-4), 2.21 (m, 2H; H-1’), 1.54–1.18 (m, 4H; H-2’,
H-3’), 0.90 ppm (t, J=7.0 Hz, 3H; H-4’); 13C NMR (75 MHz, CDCl3): d=
202.0, 199.8, 163.4, 161.8, 157.4, 155.5, 149.7, 149.3, 148.0, 147.1, 137.9,
137.5, 124.7, 121.3, 120.6, 65.6, 62.8, 29.5, 29.1, 24.7, 24.6, 23.7, 22.3, 13.8,
13.7 ppm; HRMS (FAB+ ): calcd for (C14H17NO2S) [M]


+ : 263.0980;
found: 263.0975; B : 1H NMR (200 MHz, CDCl3; significant signals): d=
4.08 (m, 1H; H-5), 3.09 (m, 1H; H-4), 2.61 (m, 1H; H-4), 2.09 ppm (m,
2H; H-1’).


2-n-Butyl-5-[2-(N,N-dimethylamino)phenylsulfinyl]-2-cyclopentenone
(2 i): A solution of 1-hexyne (23 mL, 0.20 mmol) and [Co2(CO)8] (68 mg,
0.20 mmol) in CH3CN (1 mL) was stirred under an argon atmosphere at
RT. After 1 h, N-methylmorpholine N-oxide (108 mg, 0.92 mmol) and a
solution of 1 i (30 mg, 0.15 mmol) in CH3CN (1 mL) were added at 0 8C
and the resulting solution was stirred for 4 h at this temperature. The re-
action mixture was diluted with CH2Cl2, treated with trimethylamine N-
oxide (50 mg), and stirred for 10 min at RT. After removal of the solvent,
the crude product was dissolved in diethyl ether and filtered through a
pad of celite. The combined organic solvents were evaporated and the
residue was purified by chromatography (Et3N-pretreated SiO2; hexane/
ethyl acetate 3:1) to afford 2 iA and 2 iB as a 93:7 diastereomeric mixture
(34 mg, 74%, colorless oil). A : 1H NMR (200 MHz, CDCl3): d=7.79 (dd,
J=1.6, 7.7 Hz, 1H; Ar), 7.42 (dt, J=1.6, 7.7 Hz, 1H; Ar), 7.30 (m, 1H;
H-3), 7.24 (dt, J=1.2, 7.3 Hz, 1H; Ar), 7.09 (dd, J=1.2, 8.1 Hz, 1H; Ar),
4.29 (dd, J=2.4, 6.9 Hz, 1H; H-5), 2.77 (s, 6H; N(CH3)2), 2.63 (m, 1H;
H-4), 2.18 (m, 2H; H-1’), 2.03 (m, 1H; H-4), 1.50–1.24 (m, 4H; H-2’, H-
3’), 0.88 ppm (t, J=7.3 Hz, 3H; H-4’); 13C NMR (75 MHz, CDCl3): d=
203.2, 158.0, 150.3, 146.9, 135.4, 131.6, 125.6, 123.7, 119.3, 63.0, 44.6, 29.5,
24.7, 23.6, 22.3, 13.8 ppm; HRMS (FAB+ ): calcd for (C17H24NO2S)
[M+H]+ : 306.1528; found: 306.1532; B : 1H NMR (200 MHz, CDCl3; sig-
nificant signals): d=4.05 (m, 1H; H-5), 2.68 ppm (s, 6H; N(CH3)2).


2-tert-Butyl-5-[2-(N,N-dimethylamino)phenylsulfinyl]-2-cyclopentenone
(3): A solution of 3,3-dimethyl-1-butyne (28 mL, 0.23 mmol) and
[Co2(CO)8] (79 mg, 0.23 mmol) in CH3CN (1 mL) was stirred under an
argon atmosphere at RT. After 1 h, N-methylmorpholine N-oxide
(108 mg, 0.92 mmol) and a solution of 1 i (30 mg, 0.15 mmol) in CH3CN
(1 mL) were added at RT. After 12 h, another 1.5 equivalents of the
cobalt complex were added and the resulting solution was stirred for
14 h. The reaction mixture was diluted with CH2Cl2, treated with trime-
thylamine N-oxide (100 mg), and stirred for 10 min at RT. After removal
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of the solvent, the crude product was dissolved in diethyl ether and fil-
tered through a pad of celite. The combined organic solvents were evapo-
rated and the residue was purified by chromatography (Et3N-pretreated
SiO2; hexane/ethyl acetate 4:1) to afford 3A (26 mg, 55%, white solid).
M.p. 133–136 8C; 1H NMR (300 MHz, CDCl3): d=7.80 (dd, J=1.6,
7.7 Hz, 1H; Ar), 7.43 (dt, J=1.6, 7.3 Hz, 1H; Ar), 7.30 (t, J=2.8 Hz, 1H;
H-3), 7.25 (dt, J=1.2, 7.7 Hz, 1H; Ar), 7.10 (dd, J=1.2, 8.1 Hz, 1H; Ar),
4.27 (dd, J=2.4, 6.9 Hz, 1H; H-5), 2.78 (s, 6H; N(CH3)2), 2.60 (td, J=
2.8, 19.0 Hz, 1H; H-4), 1.99 (ddd, J=2.8, 6.9, 19.4 Hz, 1H; H-4),
1.19 ppm (s, 9H; C(CH3)3);


13C NMR (75 MHz, CDCl3): d=202.5, 156.6,
154.4, 150.4, 135.5, 131.6, 125.7, 123.7, 119.2, 64.1, 44.6, 32.1, 28.1,
22.8 ppm; HRMS (FAB+ ): calcd for (C17H24NO2S) [M+H]+ : 306.1528;
found: 306.1536.


2-Benzyl-5-[2-(N,N-dimethylamino)phenylsulfinyl]-2-cyclopentenone (4):
A solution of 3-phenyl-1-propyne (19 mL, 0.15 mmol) and [Co2(CO)8]
(53 mg, 0.15 mmol) in CH3CN (1 mL) was stirred under an argon atmos-
phere at RT. After 1 h, N-methylmorpholine N-oxide (72 mg, 0.61 mmol)
and a solution of 1 i (20 mg, 0.10 mmol) in CH3CN (1 mL) were added at
0 8C. After 5 h, another 1.5 equivalents of the cobalt complex were added
and the resulting solution was stirred for 9 h at 0 8C. The reaction mixture
was diluted with CH2Cl2, treated with trimethylamine N-oxide (70 mg),
and stirred for 10 min at RT. After removal of the solvent, the crude
product was dissolved in diethyl ether and filtered through a pad of
celite. The combined organic solvents were evaporated and the residue
was purified by chromatography (Et3N-pretreated SiO2; hexane/ethyl
acetate 4:1) to afford 4A and 4B as a 93:7 diastereomeric mixture
(20 mg, 58%, colorless oil). A : 1H NMR (200 MHz, CDCl3): d=7.81 (dd,
J=1.6, 7.5 Hz, 1H; Ar), 7.44 (dt, J=1.6, 7.5 Hz, 1H; Ar), 7.34–7.07 (m,
8H; H-3, Ar), 4.36 (dd, J=2.7, 7.0 Hz, 1H; H-5), 3.53 (m, 2H; CH2),
2.78 (s, 6H; N(CH3)2), 2.66 (m, 1H; H-4), 2.01 ppm (m, 1H; H-4);
13C NMR (75 MHz, CDCl3): d=202.4, 159.4, 150.4, 146.4, 138.1, 135.4,
131.7, 129.0, 128.5, 126.4, 125.7, 123.8, 119.3, 63.2, 44.6, 31.5, 23.6 ppm;
HRMS (FAB+ ): calcd for (C20H22NO2S) [M+H]+ : 340.1371; found:
340.1376; B : 1H NMR (200 MHz, CDCl3; significant signals): d=4.11 (m,
1H; H-5), 2.70 ppm (s, 6H; N(CH3)2).


5-[2-(N,N-Dimethylamino)phenylsulfinyl]-2-p-tolyl-2-cyclopentenone (5):
A solution of 4-ethynyltoluene (29 mL, 0.23 mmol) and [Co2(CO)8]
(79 mg, 0.23 mmol) in CH3CN (1 mL) was stirred under an argon atmos-
phere at RT. After 1 h, N-methylmorpholine N-oxide (108 mg,
0.92 mmol) and a solution of 1 i (30 mg, 0.15 mmol) in CH3CN (1 mL)
were added at 0 8C and the resulting solution was stirred for 12 h at this
temperature. The reaction mixture was diluted with CH2Cl2, treated with
trimethylamine N-oxide (50 mg), and stirred for 10 min at RT. After re-
moval of the solvent, the crude product was dissolved in diethyl ether
and filtered through a pad of celite. The combined organic solvents were
evaporated and the residue was purified by chromatography (Et3N-pre-
treated SiO2; hexane/ethyl acetate 3:1) to afford 5A and 5B as a 93:7 di-
astereomeric mixture (26 mg, 49%, colorless oil). A : 1H NMR (300 MHz,
CDCl3): d=7.85 (dd, J=1.6, 7.7 Hz, 1H; Ar), 7.80 (t, J=2.8 Hz, 1H; H-
3), 7.62 (d, J=8.1 Hz, 2H; p-Tol), 7.46 (dt, J=1.6, 7.7 Hz, 1H; Ar), 7.30
(dd, J=1.2, 7.3 Hz, 1H; Ar), 7.18 (d, J=8.5 Hz, 2H; p-Tol), 7.13 (dd, J=
1.2, 8.1 Hz, 1H; Ar), 4.48 (dd, J=2.8, 6.7 Hz, 1H; H-5), 2.83 (td, J=3.2,
19.8 Hz, 1H; H-4), 2.81 (s, 6H; N(CH3)2), 2.35 (s, 3H; ArCH3), 2.19 ppm
(ddd, J=2.8, 6.9, 19.8 Hz, 1H; H-4); 13C NMR (75 MHz, CDCl3): d=
201.3, 158.3, 150.4, 143.5, 138.6, 135.4, 131.7, 129.1, 128.1, 126.9, 125.7,
123.8, 119.3, 64.4, 44.6, 23.2, 21.3 ppm; HRMS (EI+ ): calcd for
(C20H21NO2S) [M]


+ : 339.1293; found: 339.1302; B : 1H NMR (300 MHz,
CDCl3; significant signals): d=4.24 (dd, J=2.4, 6.1 Hz, 1H; H-5), 2.59 (s,
6H; N(CH3)2), 2.32 ppm (s, 3H; ArCH3).


5-[2-(N,N-Dimethylamino)phenylsulfinyl]-2-trimethylsilyl-2-cyclopente-
none (6): A solution of trimethylsilylacetylene (43 mL, 0.31 mmol) and
[Co2(CO)8] (105 mg, 0.31 mmol) in CH3CN (1 mL) was stirred under an
argon atmosphere at RT. After 1 h, N-methylmorpholine N-oxide (72 mg,
0.62 mmol) and a solution of 1 i (30 mg, 0.15 mmol) in CH3CN (1 mL)
were added at RT and the resulting solution was stirred for 16 h at this
temperature. The reaction mixture was diluted with CH2Cl2, treated with
trimethylamine N-oxide (70 mg), and stirred for 10 min at RT. After re-
moval of the solvent, the crude product was dissolved in diethyl ether
and filtered through a pad of celite. The combined organic solvents were
evaporated and the residue was purified by chromatography (Et3N-pre-
treated SiO2; hexane/ethyl acetate 4:1) to afford 6A (29 mg, 59%, white


solid). M.p. 133–135 8C; 1H NMR (300 MHz, CDCl3): d=7.82–7.79 (m,
2H; Ar, H-3), 7.44 (dt, J=1.6, 7.3 Hz, 1H; Ar), 7.26 (t, J=1.2, 7.7 Hz,
1H; Ar), 7.10 (dt, J=1.2, 7.7 Hz, 1H; Ar), 4.28 (dd, J=2.8, 6.9 Hz, 1H;
H-5), 2.81 (dt, J=3.2, 19.4 Hz, 1H; H-4), 2.79 (s, 6H; N(CH3)2), 2.16
(ddd, J=2.4, 6.9, 19.8 Hz, 1H; H-4), 0.19 ppm (s, 9H; Si(CH3)3);
13C NMR (75 MHz, CDCl3): d=206.8, 172.6, 150.3, 147.7, 135.7, 131.6,
125.5, 123.7, 119.2, 63.6, 44.5, 27.2, �2.0 ppm; HRMS (EI+ ): calcd for
(C16H23NO2SiS) [M]


+ : 321.1219; found: 321.1221.


5-[2-(N,N-Dimethylamino)phenylsulfinyl]-2-(triisopropylsilyloxy)methyl-
2-cyclopentenone (7): A solution of 3-(triisopropylsilyloxy)-1-propyne
(244 mg, 1.15 mmol) and [Co2(CO)8] (394 mg, 1.15 mmol) in CH3CN
(3 mL) was stirred under an argon atmosphere at RT. After 1 h, N-meth-
ylmorpholine N-oxide (540 mg, 4.61 mmol) and a solution of 1 i (150 mg,
0.77 mmol) in CH3CN (2 mL) were added at 0 8C and the resulting so-
lution was stirred for 2 h at this temperature. The reaction mixture was
diluted with CH2Cl2, treated with trimethylamine N-oxide (250 mg), and
stirred for 10 min at RT. After removal of the solvent, the crude product
was dissolved in diethyl ether and filtered through a pad of celite. The
combined organic solvents were evaporated and the residue was purified
by chromatography (Et3N-pretreated SiO2; hexane/ethyl acetate 6:1) to
afford 7A and 7B (207 mg, 62%, white solid) as a 93:7 diastereomeric
mixture. The mixture was triturated with cold hexane to afford diastereo-
merically pure 7A (176 mg, 53% overall yield). A : M.p. 87–88 8C;
1H NMR (300 MHz, CDCl3): d=7.83 (dd, J=1.6, 7.7 Hz, 1H; Ar), 7.60
(m, 1H; H-3), 7.45 (dt, J=1.6, 7.7 Hz, 1H; Ar), 7.27 (dt, J=1.2, 7.7 Hz,
1H; Ar), 7.11 (dd, J=1.2, 8.1 Hz, 1H; Ar), 4.47 (m, 2H; H-1’), 4.36 (dd,
J=2.4, 6.9 Hz, 1H; H-5), 2.78 (s, 6H; N(CH3)2), 2.78–2.67 (m, 1H; H-4),
2.17–2.04 (m, 1H; H-4), 1.05 ppm (m, 21H; TIPS); 13C NMR (75 MHz,
CDCl3): d=201.6, 158.5, 150.4, 147.0, 135.4, 131.7, 125.7, 123.8, 119.3,
64.0, 58.5, 44.6, 23.9, 17.9, 11.8 ppm; HRMS (FAB+ ): calcd for
(C23H38NO3SiS) [M+H]+ : 436.2342; found: 436.2338; B : 1H NMR
(300 MHz, CDCl3; significant signals): d=4.11 (dd, J=4.0, 4.9 Hz, 1H;
H-5), 2.68 ppm (s, 6H; N(CH3)2).


Compound (5S, SR)-7A was obtained from (R)-1 i : [a]D=++470 (c=0.2,
CHCl3); HPLC: ee>99% (Daicel Chiralcel OD column, hexane/isopro-
panol 98:2 at 0.5 mLmin�1, l=220 nm; tR=24.2 min (5S,SR) and
30.1 min (5R,SS)).


5-[2-(N,N-Dimethylamino)phenylsulfinyl]-2-[2-(triisopropylsilyloxy)eth-
yl)]-2-cyclopentenone (8): A solution of 4-(triisopropylsilyloxy)-1-butyne
(35 mg, 0.15 mmol) and [Co2(CO)8] (53 mg, 0.15 mmol) in CH3CN
(1 mL) was stirred under an argon atmosphere at RT. After 1 h, N-meth-
ylmorpholine N-oxide (72 mg, 0.61 mmol) and a solution of 1 i (20 mg,
0.10 mmol) in CH3CN (1 mL) were added at 0 8C and the resulting so-
lution was stirred for 7 h at this temperature. The reaction mixture was
diluted with CH2Cl2, treated with trimethylamine N-oxide (40 mg), and
stirred for 10 min at RT. After removal of the solvent, the crude product
was dissolved in diethyl ether and filtered through a pad of celite. The
combined organic solvents were evaporated and the residue was purified
by chromatography (Et3N-pretreated SiO2; hexane/ethyl acetate 5:1) to
afford 8A (30 mg, 66%, white solid). M.p. 82–83 8C; 1H NMR (200 MHz,
CDCl3): d=7.81 (dd, J=1.6, 7.7 Hz, 1H; Ar), 7.49 (m, 1H; H-3), 7.44
(dt, J=1.6, 7.7 Hz, 1H; Ar), 7.26 (dt, J=1.2, 7.7 Hz, 1H; Ar), 7.11 (dd,
J=1.2, 7.7 Hz, 1H; Ar), 4.30 (dd, J=2.8, 6.9 Hz, 1H; H-5), 3.80 (m, 2H;
H-2’), 2.78 (s, 6H; N(CH3)2), 2.70 (m, 1H; H-4), 2.47 (m, 2H; H-1’), 2.05
(m, 1H; H-4), 1.03 ppm (m, 21H; TIPS); 13C NMR (75 MHz, CDCl3):
d=203.0, 160.1, 150.4, 143.8, 135.6, 131.6, 125.7, 123.8, 119.3, 63.0, 61.2,
44.6, 28.7, 23.8, 18.0, 11.9 ppm; HRMS (FAB+ ): calcd for
(C24H40NO3SiS) [M+H]+ : 450.2498; found: 450.2497.


Compound (5S,SR)-8A was obtained from (R)-1 i : [a]D=++290 (c=0.3,
CHCl3); HPLC: ee>99% (Daicel Chiralcel OD column, hexane/isopro-
panol 98:2 at 0.5 mLmin�1, l=230 nm; tR=39.8 min (5S,SR) and
53.4 min (5R,SS)).


2-(3-Bromopropyl)-5-[2-(N,N-dimethylamino)phenylsulfinyl]-2-cyclopen-
tenone (9): A solution of 5-bromo-1-pentyne (79 mg, 0.54 mmol) and
[Co2(CO)8] (184 mg, 0.54 mmol) in CH3CN (3 mL) was stirred under an
argon atmosphere at RT. After 1 h, N-methylmorpholine N-oxide
(252 mg, 2.15 mmol) and a solution of 1 i (70 mg, 0.36 mmol) in CH3CN
(2 mL) were added at 0 8C and the resulting solution was stirred for 6 h
at this temperature. The reaction mixture was diluted with CH2Cl2, treat-
ed with trimethylamine N-oxide (120 mg), and stirred for 10 min at RT.
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After removal of the solvent, the crude product was dissolved in diethyl
ether and filtered through a pad of celite. The combined organic solvents
were evaporated and the residue was purified by chromatography (Et3N-
pretreated SiO2; hexane/ethyl acetate 3:1) to afford 9A (90 mg, 68%,
white solid). M.p. 97–99 8C; 1H NMR (300 MHz, CDCl3): d=7.81 (dd,
J=1.6, 7.7 Hz, 1H; Ar), 7.45 (dt, J=1.6, 7.6 Hz, 1H; Ar), 7.41 (m, 1H;
H-3), 7.27 (dt, J=1.2, 7.7 Hz, 1H; Ar), 7.11 (dd, J=1.2, 7.7 Hz, 1H; Ar),
4.33 (dd, J=2.4, 6.9 Hz, 1H; H-5), 3.39 (t, J=6.9 Hz, 2H; H-3’), 2.79 (s,
6H; N(CH3)2), 2.67 (m, 1H; H-4), 2.40 (m, 2H; H-1’), 2.13–2.00 ppm (m,
3H; H-4, H-2’); 13C NMR (50 MHz, CDCl3): d=202.8, 159.2, 150.3,
144.7, 135.2, 131.6, 125.5, 123.7, 119.3, 62.9, 44.5, 32.8, 30.0, 23.7,
23.6 ppm; HRMS (FAB+ ): calcd for (C16H21NO2SBr) [M+H]+ :
370.0476; found: 370.0470.


2,3-Dimethyl-5-[2-(N,N-dimethylamino)phenylsulfinyl]-2-cyclopentenone
(10): A solution of 2-butyne (18 mL, 0.23 mmol) and [Co2(CO)8] (79 mg,
0.23 mmol) in CH3CN (1 mL) was stirred under an argon atmosphere at
0 8C. After 1 h, N-methylmorpholine N-oxide (54 mg, 0.46 mmol) and a
solution of 1 i (15 mg, 0.08 mmol) in CH3CN (0.5 mL) were added at 0 8C.
The solution was placed in a teflon reaction vessel and allowed to react
at 10 Kbar and RT for 48 h. The reaction mixture was diluted with
CH2Cl2, treated with trimethylamine N-oxide (50 mg), and stirred for
10 min at RT. After removal of the solvent, the crude product was dis-
solved in diethyl ether and filtered through a pad of celite. The combined
organic solvents were evaporated and the residue was purified by chro-
matography (Et3N-pretreated SiO2; hexane/ethyl acetate 2:1) to afford
10A and 10B as a 92:8 diastereomeric mixture (7 mg, 33%, conversion=
70%, colorless oil). A : 1H NMR (200 MHz, CDCl3): d=7.81 (dd, J=1.6,
7.7 Hz, 1H; Ar), 7.43 (dt, J=1.6, 7.3 Hz, 1H; Ar), 7.26 (t, J=7.7 Hz, 1H;
Ar), 7.10 (d, J=8.1 Hz, 1H; Ar), 4.28 (dd, J=2.8, 7.3 Hz, 1H; H-5), 2.78
(s, 6H; N(CH3)2), 2.65–2.56 (m, 1H; H-4), 2.01 (s, 3H; CH3), 1.97–1.81
(m, 1H; H-4), 1.72 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=
202.6, 171.1, 150.4, 137.0, 135.7, 131.5, 125.7, 123.7, 119.2, 62.8, 44.6, 28.2,
17.3, 8.1 ppm; HRMS (EI+ ): calcd for (C15H19NO2S) [M]


+ : 277.1137;
found: 277.1150; B : 1H NMR (200 MHz, CDCl3; significant signals): d=
4.06 (dd, J=3.2, 4.9 Hz, 1H; H-5), 2.68 ppm (s, 6H; N(CH3)2).


2-n-Butyl-5-[2-(N,N-dimethylamino)phenylsulfinyl]-4-methyl-2-cyclopen-
tenone (12): A solution of 1-hexyne (33 mL, 0.29 mmol) and [Co2(CO)8]
(98 mg, 0.29 mmol) in CH3CN (1.5 mL) was stirred under an argon at-
mosphere at RT. After 1 h, N-methylmorpholine N-oxide (67 mg,
0.57 mmol) and a solution of (Z)-11 (20 mg, 0.10 mmol) in CH3CN
(1 mL) were added. The solution was placed in a teflon reaction vessel
and allowed to react at 10 Kbar and RT for 48 h. The reaction mixture
was diluted with CH2Cl2, treated with trimethylamine N-oxide (50 mg),
and stirred for 10 min at RT. After removal of the solvent, the crude
product was dissolved in diethyl ether and filtered through a pad of
celite. The combined organic solvents were evaporated and the residue
was purified by chromatography (Et3N-pretreated SiO2; hexane/ethyl
acetate 5:1) to afford trans-12A (7 mg, 22%, conversion=60%, colorless
oil) and trans-12B (3 mg, 9%, colorless oil).


By following the same procedure, (E)-11 (20 mg, 0.10 mmol) afforded
trans-12A (5 mg, 16%, conversion=45%) and trans-12B (2 mg, 6%).


trans-12A : 1H NMR (300 MHz, CDCl3): d=7.85 (dd, J=1.6, 7.7 Hz, 1H;
Ar), 7.45 (dt, J=1.6, 7.3 Hz, 1H; Ar), 7.28 (dt, J=1.2, 7.7 Hz, 1H; Ar),
7.13 (m, 1H; H-3), 7.09 (dd, J=1.2, 7.7 Hz, 1H; Ar), 3.92 (d, J=2.8 Hz,
1H; H-5), 2.92 (m, 1H; H-4), 2.78 (s, 6H; N(CH3)2), 2.18 (m, 2H; H-1’),
1.50–1.24 (m, 4H; H-2’, H-3’), 0.89 (t, J=7.3 Hz, 3H; H-4’), 0.44 ppm (d,
J=7.3 Hz, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=203.0, 163.2, 150.6,
145.7, 135.0, 131.6, 125.6, 124.0, 118.9, 69.7, 44.6, 30.7, 29.5, 24.5, 22.4,
18.6, 13.8 ppm; HRMS (EI+ ): calcd for C18H25NO2S [M]+ : 319.1606;
found: 319.1620.


trans-12B : 1H NMR (300 MHz, CDCl3): d=7.81 (dd, J=1.6, 7.7 Hz, 1H;
Ar), 7.49 (dt, J=1.6, 7.3 Hz, 1H; Ar), 7.33 (dt, J=1.2, 7.7 Hz, 1H; Ar),
7.18 (dd, J=1.2, 7.7 Hz, 1H; Ar), 7.16 (m, 1H; H-3), 3.65 (d, J=2.4 Hz,
1H; H-5), 3.37 (m, 1H; H-4), 2.71 (s, 6H; N(CH3)2), 2.09 (m, 2H; H-1’),
1.50–1.24 (m, 4H; H-2’, H-3’), 1.30 (d, J=7.3 Hz, 3H; CH3), 0.87 ppm (t,
J=7.3 Hz, 3H; H-4’); 13C NMR (75 MHz, CDCl3): d=199.6, 160.1, 150.8,
146.8, 135.0, 131.8, 126.5, 124.4, 119.6, 69.5, 44.8, 37.1, 29.6, 24.4, 22.4,
19.9, 13.8 ppm; HRMS (EI+ ): calcd for C18H25NO2S [M]+ : 319.1606;
found: 319.1617.


2-n-Butyl-5-[2-(N,N-diethylamino)phenylsulfinyl]-2-cyclopentenone (2 j):
A : 1H NMR (200 MHz, CDCl3): d=7.82 (dd, J=1.6, 7.5 Hz, 1H; Ar),
7.43 (dt, J=1.6, 7.5 Hz, 1H; Ar), 7.30 (m, 2H; H-3, Ar), 7.12 (dd, J=1.6,
7.5 Hz, 1H; Ar), 4.47 (dd, J=2.7, 7.0 Hz, 1H; H-5), 3.10 (q, J=7.0 Hz,
4H; N(CH2CH3)2), 2.75–2.60 (m, 1H; H-4), 2.17 (m, 2H; H-1’), 2.12–1.94
(m, 1H; H-4), 1.60–1.22 (m, 4H; H-2’, H-3’), 1.06 (t, J=7.0 Hz, 6H;
N(CH2CH3)2), 0.90 ppm (t, J=7.0 Hz, 3H; H-4’); 13C NMR (75 MHz,
CDCl3): d=203.1, 157.9, 147.8, 147.1, 137.6, 131.1, 125.9, 124.2, 122.0,
62.9, 47.7, 29.6, 24.7, 23.7, 22.4, 13.8, 12.1 ppm; HRMS (MALDI-TOF):
calcd for C19H28NO2S [M+H]+ : 334.1835; found: 334.1827; B : 1H NMR
(200 MHz, CDCl3; significant signal): d=4.15 ppm (dd, J=2.7, 7.0 Hz,
1H; H-5).


(1R,2S)-2-(p-Tolylsulfonylamino)-1-phenylpropyl (S)-2-(N,N-dimethyla-
mino)phenyl sulfinate (16): A solution of N,N-dimethyl-2-iodoaniline
(1.02 g, 4.13 mmol) and I2 in dry Et2O (4 mL) was added to a flask con-
taining Mg (150 mg, 6.19 mmol) at RT under an argon atmosphere. The
reaction mixture was heated until complete formation of the magnesium
iodide. It was then diluted with dry THF (15 mL) and cooled to �78 8C.
A solution of 15[46] (725 mg, 2.06 mmol) in dry THF (10 mL) was added.
The solution was stirred at �78 8C for 1 h and saturated aqueous NH4Cl
(20 mL) was then added. The mixture was extracted with ethyl acetate
(2U15 mL) and the combined organic layers were dried (Na2SO4) and
evaporated. The crude product was purified by flash chromatography
(hexane/ethyl acetate 4:1) to afford 16 (975 mg, 99%, colorless oil).
[a]D=�147 (c=1.2, CHCl3); 1H NMR (200 MHz, CDCl3): d=7.99 (dd,
J=1.6, 8.1 Hz, 1H; Ar), 7.83 (d, J=8.1 Hz, 2H; Ar), 7.51 (dt, J=1.6,
7.5 Hz, 1H; Ar), 7.35–7.20 (m, 6H; Ar), 7.09 (m, 3H; Ar), 5.70 (d, J=
9.7 Hz, 1H; H-1), 5.11 (d, J=2.7 Hz, 1H; NH), 3.64 (m, 1H; H-2), 2.62
(s, 6H; N(CH3)2), 2.43 (s, 3H; ArCH3), 0.93 ppm (d, J=7.0 Hz, 3H; H-
3); 13C NMR (75 MHz, CDCl3): d=152.4, 143.2, 138.6, 138.3, 137.5, 133.5,
129.6, 128.2, 127.9, 127.1, 125.9, 125.0, 123.2, 119.7, 84.1, 54.3, 45.1, 21.5,
14.7 ppm; HRMS (FAB+ ): calcd for (C24H29N2O4S2) [M+H]+ : 473.1569;
found: 473.1573.


(R)-2-(N,N-Dimethylamino)phenyl vinyl sulfoxide [(R)-1 i]: Vinyl magne-
sium bromide (1m in THF, 5.24 mL, 5.24 mmol) was added to a solution
of sulfinate 16 (825 mg, 1.75 mmol) in THF (15 mL) at �78 8C. The so-
lution was stirred at �78 8C for 2 h and saturated aqueous NH4Cl
(20 mL) was then added. The mixture was extracted with ethyl acetate
(2U15 mL) and the combined organic layers were dried (Na2SO4) and
evaporated. The crude product was purified by flash chromatography
(hexane/diethyl ether 1:1) to afford the sulfoxide (R)-1 i (225 mg, 66%,
colorless oil). The spectral data were identical to those described for
(� )-1 i. [a]D=++551 (c=1.0, CHCl3); HPLC: ee>99% (Daicel Chiralpak
AD column, hexane/isopropanol 95:5 at 0.5 mLmin�1, l=254 nm; tR=
19.5 min (S) and 21.4 min (R)).


(2S,3S,5S,SR)-[5-[2-(N,N-Dimethylamino)phenylsulfinyl]-2,3-osmadioxy-
2-(triisopropylsilyloxy)methylcyclopentan-1-one]-[N,N,N’,N’-tetramethy-
lethylenediamine] osmate diester (17): A solution of OsO4 (71 mg,
0.28 mmol) in CH2Cl2 (2 mL) was added to a solution of cyclopentenone
(5S,SR)-7A (110 mg, 0.25 mmol) and TMEDA (42 mL, 0.28 mmol) in
CH2Cl2 (3 mL) cooled to �78 8C under an argon atmosphere. After being
stirred at �78 8C for 1 h, the reaction mixture was treated with saturated
aqueous Na2SO3 (5 mL) and stirred for 2 h at RT. The mixture was ex-
tracted with AcOEt (5U10 mL) and the combined organic layers were
dried (Na2SO4) and evaporated. The crude product was triturated with
hexane and filtered to afford 17 (165 mg, 81%, brown solid). M.p. >


140 8C (decomp); [a]D=�99 (c=0.2, CHCl3);
1H NMR (300 MHz,


CDCl3): d=7.83 (dd, J=1.6, 7.7 Hz, 1H; Ar), 7.39 (dt, J=1.6, 7.7 Hz,
1H; Ar), 7.25 (dt, J=1.2, 7.3 Hz, 1H; Ar), 7.06 (dd, J=1.2, 7.7 Hz, 1H;
Ar), 5.03 (dd, J=1.6, 4.4 Hz, 1H; H-3), 4.36 (dd, J=8.9, 11.3 Hz, 1H; H-
5), 4.23/4.02 (AB system, J=10.9 Hz, 2H; H-1’), 3.02 (m, 4H;
NCH2CH2N), 2.84 (s, 3H; N(CH3)2), 2.83 (s, 3H; N(CH3)2), 2.82 (m, 1H;
H-4), 2.80 (s, 3H; N(CH3)2), 2.73 (s, 3H; N(CH3)2), 2.68 (s, 6H;
N(CH3)2), 1.76 (m, 1H; H-4), 1.13 ppm (m, 21H; TIPS); 13C NMR
(75 MHz, CDCl3): d=212.5, 150.3, 136.5, 131.0, 125.7, 123.8, 119.3, 99.7,
88.7, 65.7, 64.3, 64.0, 61.8, 51.7, 51.4, 51.3, 46.0, 44.5, 23.8, 17.9, 11.8 ppm;
HRMS (FAB+ ): calcd for (C29H54N3O7SiSOs) [M+H]+ : 808.3067;
found: 808.3066.


(2S,3S)-[2,3-Osmadioxy-2-(triisopropylsilyloxy)methyl-4-cyclopente-
none]-[N,N,N’,N’-tetramethylethylenediamine] osmate diester (18): A so-
lution of sulfoxide 17 (110 mg, 0.14 mmol) in toluene (5 mL) was heated
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to reflux for 1 h. The mixture was then cooled to RT, the solvent was
evaporated under reduced pressure, and the residue was purified by chro-
matography (CH3CN) to afford 18 (64 mg, 72%, brown solid). M.p.
>200 8C (decomp); [a]D=++245 (c=0.1, CHCl3);


1H NMR (300 MHz,
CDCl3): d=7.61 (dd, J=2.0, 5.7 Hz, 1H; H-3), 6.26 (dd, J=1.2, 6.1 Hz,
1H; H-2), 5.58 (dd, J=1.2, 2.4 Hz, 1H; H-4), 4.23/4.00 (AB system, J=
8.9 Hz, 2H; H-1’), 3.05 (m, 4H; NCH2CH2N), 2.86 (s, 3H; N(CH3)2), 2.84
(s, 3H; N(CH3)2), 2.83 (s, 3H; N(CH3)2), 2.75 (s, 3H; N(CH3)2), 1.02 ppm
(m, 21H; TIPS); 13C NMR (50 MHz, CDCl3): d=206.7, 162.9, 133.2, 94.1,
64.4, 62.3, 52.1, 51.6, 17.9, 11.9 ppm; HRMS (FAB+ ): calcd for
(C21H43N2O6SiOs) [M+H]+ : 639.2505; found: 639.2487.


(�)-Pentenomycin I (19):[48] A solution of cyclopentenone 18 (64 mg,
0.10 mmol) in 2m HCl (4 mL) was stirred at RT for 6 h. The mixture was
washed with CH2Cl2 (3U5 mL) and the aqueous layer was concentrated.
The residue was purified by chromatography (ethyl acetate/methanol
10:1) to afford (�)-(2S,3S)-pentenomycin (11 mg, 76%, colorless oil).
[a]D=�32 (c=0.2, EtOH) (natural product:[48] [a]21D=�32 (c=0.3,
EtOH)); 1H NMR (300 MHz, D2O): d=7.78 (dd, J=2.4, 6.1 Hz, 1H; H-
3), 6.39 (dd, J=1.2, 6.1 Hz, 1H; H-2), 4.78 (dd, J=1.2, 2.8 Hz, 1H; H-4),
3.77/3.71 ppm (AB system, J=11.3 Hz, 2H; H-6); 13C NMR (75 MHz,
D2O): d=213.3, 168.0, 136.9, 79.8, 75.1, 66.8 ppm.


(�)-Pentenomycin I triacetate :[55] Acetic anhydride (101 mL, 1.07 mmol)
was added to a solution of pentenomycin (11 mg, 0.08 mmol) in ice-cold
pyridine (204 mL, 2.52 mmol) under an argon atmosphere. After 24 h at
RT, water (5 mL) was added and the mixture was extracted with ethyl
acetate (3U5 mL). The combined organic solvents were evaporated and
the residue was purified by chromatography (hexane/ethyl acetate 2:1) to
afford (�)-pentenomycin triacetate (13 mg, 63%, white solid). M.p. 111–
112 8C (literature value:[55] m.p. 112–114 8C); [a]D=�8 (c=0.2, EtOH)
(literature value:[55] [a]D=�8 (c=0.5, EtOH)); 1H NMR (300 MHz,
CDCl3): d=7.45 (dd, J=2.8, 6.1 Hz, 1H; H-3), 6.51 (dd, J=1.6, 6.5 Hz,
1H; H-2), 5.81 (dd, J=1.6, 2.8 Hz, 1H; H-4), 4.36 (s, 2H; H-6), 2.10 (s,
3H; Ac), 2.08 (s, 3H; Ac), 2.05 ppm (s, 3H; Ac); 13C NMR (75 MHz,
CDCl3): d=199.7, 170.0, 169.5, 168.6, 154.3, 135.8, 77.2, 72.1, 64.3, 20.6,
20.4, 20.1 ppm; HPLC: ee>99% (Daicel Chiralpak AD column, hexane/
isopropanol 95:5 at 0.5 mLmin�1, l=220 nm; tR=33.0 min (2S,3S) and
36.5 min (2R,3R)).


(1S,5S,SR)-5-[2-(N,N-Dimethylamino)phenylsulfinyl]-2-(triisopropylsily-
loxy)methyl-2-cyclopenten-1-ol : DIBALH (1.0m in THF, 1.89 mL,
1.89 mmol) was added to a solution of cyclopentenone (5S,SR)-7A
(275 mg, 0.63 mmol) in dry THF (10 mL) cooled to �78 8C under argon
atmosphere. After being stirred at this temperature for 1 h, the mixture
was poured into an Erlenmeyer flask containing saturated aqueous potas-
sium–sodium tartrate (25 mL) and AcOEt (25 mL). The two layers were
stirred at RT for 30 min and separated. The aqueous layer was extracted
with AcOEt (4U15 mL) and the combined organic layers were dried
(Na2SO4) and evaporated. The residue was purified by flash chromatog-
raphy (Et3N-pretreated SiO2; hexane/ethyl acetate 3:1) to afford the al-
cohol (265 mg, 96%, colorless oil). [a]D=++250 (c=1.0, CHCl3);
1H NMR (200 MHz, CDCl3): d=7.80 (d, J=8.1 Hz, 1H; Ar), 7.41 (t, J=
7.5 Hz, 1H; Ar), 7.23 (t, J=7.5 Hz, 1H; Ar), 7.10 (d, J=8.1 Hz, 1H;
Ar), 5.63 (s, 1H; H-3), 5.37 (m, 1H; H-1), 4.44 (m, 2H; H-1’), 3.84 (m,
1H; H-5), 3.47 (d, J=2.7 Hz, 1H; OH), 2.75 (s, 6H; N(CH3)2), 2.56–2.42
(m, 1H; H-4), 1.90 (dd, J=8.6, 17.8 Hz, 1H; H-4), 1.08 ppm (m, 21H;
TIPS); 13C NMR (50 MHz, CDCl3): d=150.6, 142.9, 136.1, 131.3, 126.8,
125.5, 123.7, 119.3, 78.6, 66.4, 61.9, 44.5, 26.5, 17.9, 11.7 ppm; HRMS
(FAB+ ): calcd for C23H40NO3SiS [M+H]+ : 438.2498; found: 438.2487.


(3S,4S,SR)-3-(tert-Butyldimethylsilyloxy)-4-[2-(N,N-dimethylamino)phe-
nylsulfinyl]-2-(triisopropylsilyloxy)methylcyclopentene (20): TBDMSCl
(456 mg, 3.03 mmol) was added to a solution of the alcohol (265 mg,
0.61 mmol) and imidazole (124 mg, 1.82 mmol) in dry CH3CN (8 mL)
under an argon atmosphere. After 14 h at RT, water (5 mL) was added.
The organic layer was separated, the aqueous layer was extracted with
AcOEt (2U10 mL), and the combined organic layers were dried
(Na2SO4) and evaporated. The residue was purified by flash chromatog-
raphy (Et3N-pretreated SiO2; hexane/ethyl acetate 8:1) to afford 20
(330 mg, 99%, white solid). M.p. 78–80 8C; [a]D=++166 (c=1.0, CHCl3);
1H NMR (300 MHz, CDCl3): d=7.80 (dd, J=1.6, 7.5 Hz, 1H; Ar), 7.44
(dt, J=1.6, 7.5 Hz, 1H; Ar), 7.25 (dt, J=1.6, 7.5 Hz, 1H; Ar), 7.15 (dd,
J=1.1, 7.5 Hz, 1H; Ar), 5.66 (m, 1H; H-5), 5.23 (m, 1H; H-2), 4.26 (m,
2H; H-1’), 3.76 (m, 1H; H-3), 2.69 (s, 6H; N(CH3)2), 2.55–2.41 (m, 1H;


H-4), 1.75–1.60 (m, 1H; H-4), 1.05 (m, 21H; TIPS), 0.95 (s, 9H; tBuSi),
0.26 (s, 3H; CH3Si), 0.17 ppm (s, 3H; CH3Si);


13C NMR (75 MHz,
CDCl3): d=150.8, 144.9, 137.4, 131.3, 125.6, 124.5, 124.4, 119.9, 77.6, 67.9,
60.7, 45.0, 25.7, 18.0, 11.9, �4.4, �4.6 ppm; HRMS (MALDI-TOF): calcd
for C29H54NO3Si2S [M+H]+ : 552.3358; found: 552.3373; HPLC: ee>99%
(Daicel Chiralcel OD column, hexane/isopropanol 99.3:0.7 at
0.5 mLmin�1, l=245 nm; tR=18.3 min (2S,3S,SR) and 22.2 min
(2R,3R,SS)).


3-(tert-Butyldimethylsilyloxy)-4-[2-(N,N-dimethylamino)phenylsulfinyl]-
2-(triisopropylsilyloxy)methyl-1,2-cyclopentanediol (21 and 21’): OsO4


(2.5% in tBuOH, 126 mL, 0.01 mmol) was added to a solution of 20
(230 mg, 0.42 mmol) and NMO (98 mg, 0.83 mmol) in THF/H2O 10:1
(22 mL). After being stirred at RT for 7 h, the reaction mixture was treat-
ed with saturated aqueous Na2SO3 (10 mL) and stirred for 30 min at RT.
The organic layer was separated, the aqueous layer was extracted with
AcOEt (4U10 mL), and the combined organic layers were dried
(Na2SO4) and evaporated. The residue was purified by flash chromatog-
raphy (Et3N-pretreated SiO2; hexane/ethyl acetate 6:1) to afford
(1R,2S,3S,4S,SR)-21 and (1S,2S,3S,4S,SR)-21’ as an inseparable mixture
(90:10) (203 mg, 83%, colorless oil). (1R,2S,3S,4S,SR)-21: 1H NMR
(300 MHz, CDCl3): d=7.74 (dd, J=1.6, 7.7 Hz, 1H; Ar), 7.42 (dt, J=1.6,
7.7 Hz, 1H; Ar), 7.28 (dt, J=1.2, 7.3 Hz, 1H; Ar), 7.14 (dd, J=1.2,
7.7 Hz, 1H; Ar), 4.45 (dd, J=5.3 Hz, 1H; H-2), 3.96–3.91 (m, 1H; H-3),
3.81 (s, 2H; H-1’), 3.54 (ddd, J=4.9, 9.7, 12.1 Hz, 1H; H-5), 3.50 (s, 1H;
OH), 3.06 (d, J=12.9 Hz, 1H; OH), 2.68 (s, 6H; N(CH3)2), 1.87 (ddd, J=
5.7, 10.5, 15.8 Hz, 1H; H-4), 1.64 (ddd, J=3.2, 4.9, 15.4 Hz, 1H; H-4),
1.04 (m, 21H; TIPS), 0.94 (s, 9H; tBuSi), 0.22 (s, 3H; CH3Si), 0.19 ppm
(s, 3H; CH3Si);


13C NMR (75 MHz, CDCl3): d=151.0, 135.5, 131.9, 126.2,
124.8, 120.1, 82.8, 79.6, 72.6, 65.3, 64.7, 45.0, 27.1, 25.7, 18.0, 11.9, �4.4,
�4.9 ppm; HRMS (MALDI-TOF): calcd for C29H56NO5Si2S [M+H]+ :
586.3412; found: 586.3402; (1S,2S,3S,4S,SR)-21’: 1H NMR (300 MHz,
CDCl3; significant signals): d=4.49 (d, J=7.7 Hz, 1H; H-2), 2.66 ppm (s,
6H; N(CH3)2).


5-(tert-Butyldimethylsilyloxy)-1-(triisopropylsilyloxy)methyl-3-cyclopen-
tene-1,2-diol (22): A two-necked round-bottomed flask, equipped with a
stirrer and a reflux condenser and containing NaHCO3 (1.15 g,
13.65 mmol), was flame-dried in an argon stream. A solution of the sulf-
oxides 21 and 21’ (200 mg, 0.34 mmol) in toluene (8 mL) was added
through a cannula and the mixture was stirred vigorously and heated at
reflux for 16 h. The mixture was cooled to RT and filtered over celite.
The residue was purified by flash chromatography (Et3N-pretreated
SiO2; hexane/ethyl acetate 10:1) to afford (1R,2R,5R)-22 (111 mg, 78%,
colorless oil) and (1S,2S,5R)-22’ (11 mg, 8%, colorless oil). (1R,2R,5R)-
22 : [a]D=�84 (c=1.0, CHCl3); 1H NMR (200 MHz, CDCl3): d=5.93 (m,
1H; H-3), 5.86 (m, 1H; H-4), 4.69 (s, 1H; H-5), 4.63 (m, 1H; H-2), 3.97/
3.74 (AB system, J=9.7 Hz, 2H; H-1’), 3.22 (s, 1H; OH), 2.56 (d, J=
5.4 Hz, 1H; OH), 1.09 (m, 21H; TIPS), 0.87 (s, 9H; tBuSi), 0.08 (s, 3H;
CH3Si), 0.06 ppm (s, 3H; CH3Si);


13C NMR (50 MHz, CDCl3): d=135.8,
134.5, 80.9, 79.9, 77.3, 65.5, 25.8, 17.9, 11.9, �4.6, �4.9 ppm; HRMS
(MALDI-TOF): calcd for C21H44O4Si2Na [M+Na]+ : 439.2670; found:
439.2674; (1S,2S,5R)-22’: [a]D=++3 (c=1.0, CHCl3);


1H NMR (300 MHz,
CDCl3): d=5.88 (dt, J=1.6, 6.1 Hz, 1H; H-3), 5.65 (dt, J=1.6, 6.1 Hz,
1H; H-4), 4.78 (c, J=1.6 Hz, 1H; H-5), 4.55 (dq, J=1.6, 10.1 Hz, 1H; H-
2), 3.78/3.60 (AB system, J=9.7 Hz, 2H; H-1’), 3.56 (s, 1H; OH), 2.89 (d,
J=9.7 Hz, 1H; OH), 1.06 (m, 21H; TIPS), 0.92 (s, 9H; tBuSi), 0.15 (s,
3H; CH3Si), 0.14 ppm (s, 3H; CH3Si);


13C NMR (75 MHz, CDCl3): d=
135.9, 132.0, 79.4, 75.2, 74.8, 63.3, 25.7, 18.0, 12.0, �4.4, �4.8 ppm.
(1S,2R,3R,4R,5S)-4-(tert-Butyldimethylsilyloxy)-3-(triisopropylsilyloxy)-
methyl-6-oxabicyclo[3.1.0]hexane-2,3-diol (23): A solution of MCPBA
(70%, 222 mg, 0.90 mmol) in CH2Cl2 (10 mL) was added to a solution of
22 (125 mg, 0.30 mmol) in CH2Cl2 (5 mL). After 3 days at RT, saturated
aqueous Na2SO3 (5 mL) was added, followed by saturated aqueous
NaHCO3 (20 mL). The organic layer was separated and the aqueous
layer was extracted with CH2Cl2 (2U10 mL). The combined organic
layers were dried (Na2SO4) and evaporated. The residue was purified by
flash chromatography (hexane/ethyl acetate 4:1) to afford 23 (120 mg,
92%, colorless oil). [a]D=�49 (c=1.0, CHCl3);


1H NMR (300 MHz,
CDCl3): d=4.25 (m, 1H; H-2), 4.07 (s, 1H; H-4), 3.85/3.78 (AB system,
J=9.7 Hz, 2H; H-1’), 3.66 (m, 1H; H-1), 3.37 (d, J=2.7 Hz, 1H; H-5),
2.96 (br s, 1H; OH), 2.73 (br s, 1H; OH), 1.05 (m, 21H; TIPS), 0.87 (s,
9H; tBuSi), 0.10 (s, 3H; CH3Si), 0.08 ppm (s, 3H; CH3Si);


13C NMR
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(75 MHz, CDCl3): d=78.0, 76.2, 74.8, 66.7, 58.8, 56.2, 25.6, 17.9, 11.8,
�4.8, �5.2 ppm; HRMS (MALDI-TOF): calcd for C21H44O5NaSi2
[M+Na]+ : 445.2619; found: 445.2612.


(1R,2R,3S,4S,5R)-3-Azido-5-(tert-butyldimethylsilyloxy)-1-(triisopropylsi-
lyloxy)methyl-1,2,4-cyclopentanetriol (24): A solution of epoxide 23
(70 mg, 0.16 mmol) in DMF (7 mL) was added to a mixture of NH4Cl
(104 mg, 1.94 mmol) and NaN3 (126 mg, 1.94 mmol) in DMF (7 mL)
under an argon atmosphere. The reaction mixture was stirred at 100 8C
for 20 h and water (10 mL) was then added. The organic layer was sepa-
rated and the aqueous layer was extracted with AcOEt (2U10 mL). The
combined organic layers were dried (Na2SO4) and evaporated. The resi-
due was purified by flash chromatography (hexane/ethyl acetate 10:1) to
afford 24 (58 mg, 76%, white solid). M.p. 49–50 8C; [a]D=�12 (c=1.0,
CHCl3);


1H NMR (300 MHz, CDCl3): d=4.01 (dd, J=4.5, 7.7 Hz, 1H;
H-2), 3.87 (m, 1H; H-5), 3.86/3.82 (AB system, J=10.1 Hz, 2H; H-1’),
3.71 (m, 1H; H-3), 3.67 (m, 1H; H-4), 3.35 (s, 1H; OH), 2.67 (d, J=
4.5 Hz, 1H; OH), 2.46 (d, J=7.7 Hz, 1H; OH), 1.08 (m, 21H; TIPS),
0.88 (s, 9H; tBuSi), 0.11 (s, 3H; CH3Si), 0.09 ppm (s, 3H; CH3Si);
13C NMR (75 MHz, CDCl3): d=80.9, 80.6, 78.8, 78.0, 71.5, 66.9, 25.6,
17.9, 11.7, �4.6, �5.1 ppm; HRMS (MALDI-TOF): calcd for C21H45N3O5-
Si2Na [M+Na]+ : 498.2790; found: 498.2805.


(1R,2R,3S,4S,5R)-3-Amino-5-(tert-butyldimethylsilyloxy)-1-(triisopropyl-
silyloxy)methyl-1,2,4-cyclopentanetriol : 10% Pd/C (7 mg) was added to a
solution of azide 24 (35 mg, 0.07 mmol) in MeOH (3 mL) and the result-
ing suspension was stirred under an H2 atmosphere for 1 h. The solution
was filtered over celite, the filter cake was rinsed with methanol, and the
combined filtrate was evaporated to afford the amine (33 mg, 99%, col-
orless oil). [a]D=++1 (c=0.8, CH3OH);


1H NMR (300 MHz, CD3OD):
d=3.82 (d, J=7.3 Hz, 1H; H-5), 3.77 (s, 2H; H-1’), 3.67 (d, J=8.5 Hz,
1H; H-2), 3.39 (dd, J=7.3, 8.3 Hz, 1H; H-4), 2.85 (t, J=8.9 Hz, 1H; H-
3), 1.12 (m, 21H; TIPS), 0.92 (s, 9H; tBuSi), 0.13 ppm (s, 6H; CH3Si);
13C NMR (75 MHz, CD3OD): d=84.9, 80.6, 78.0, 77.8, 68.9, 61.7, 26.5,
18.6, 13.2, �4.2, �4.6 ppm; HRMS (MALDI-TOF): calcd for
C21H48NO5Si2 [M+H]+ : 450.3066; found: 450.3074.


(1R,2R,3S,4S,5R)-4-Amino-1-hydroxymethyl-1,2,3,5-cyclopentanetetrol
hydrochloride (25):[53] A solution of the amine (35 mg, 0.07 mmol) in
MeOH/HCl (1 mL) was stirred at RT for 4 h. The solvent was evaporated
and the resulting residue was washed with dry diethyl ether to afford 25
as a highly hygroscopic white solid (14 mg, 97%). [a]D=�6 (c=0.3,
CH3OH) (literature value for the enantiomer:[53] [a]D=++6.2 (c=1.2,
CH3OH));


1H NMR (300 MHz, CD3OD): d=3.94 (d, J=9.7 Hz, 1H; H-
5), 3.81 (d, J=6.1 Hz, 1H; H-2), 3.71 (dd, J=6.1, 8.9 Hz, 1H; H-3), 3.67/
3.56 (AB system, J=10.9 Hz, 2H; H-1’), 3.22 ppm (t, J=9.3 Hz, 1H; H-
4); 13C NMR (75 MHz, CD3OD): d=84.1, 78.2, 77.5, 72.7, 64.7, 60.9 ppm.
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Phase-Transfer Agents as Catalysts for a Nucleophilic Substitution Reaction
in Microemulsions


Maria H�ger*[a, c] and Krister Holmberg[b]


Introduction


For a chemical reaction to proceed it is necessary that the
reacting species can enter into intimate contact. Most reac-
tions are therefore carried out in homogeneous solutions.
However, when the solubility characteristics of the reactants
are very different, it may be difficult to find a common sol-
vent for the reacting species. This is, for instance, often the
case when ionic species are to react with nonpolar organic
compounds. For such and many other cases, polar aprotic


solvents, such as DMSO and DMF, offer a simple and effi-
cient solution to the incompatibility. Not only are these liq-
uids excellent solvents, the reactivity when it comes to reac-
tions involving a nucleophilic attack is often high, because
the ionic reactant is only slightly solvated in these solvents
and consequently obtains a high nucleophilicity. However,
for toxicity and price reasons these solvents are unsuitable
for large-scale operations. An alternative approach is to use
a two-phase system consisting of water and a water-immisci-
ble organic solvent. The incompatible reactants dissolve in
the different phases, that is, the ionic reactant in the aque-
ous phase and the organic compound in the organic phase,
and the reaction can take place at the interface between the
two phases. The disadvantage with this approach is that the
interface is small, which usually causes low reaction rate.
Phase-transfer catalysis (PTC) can dramatically improve the
situation. In PTC a phase-transfer agent (PTA), usually a
quaternary ammonium or phosphonium salt (Q salt) or a
crown ether, is added to the two-phase system. These PTAs
have the ability to carry the ionic reactant into the organic
phase. Once in the organic phase, the reactant becomes
highly reactive because the degree of solvation is low; thus,
the anion behaves like a ,naked, ion. The choice of organic
solvent is often crucial for good extraction efficiency and
high nucleophilicity. The best solvents for PTC are those
that are aprotic and slightly polar. Chlorinated hydrocar-
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Abstract: The reaction between 4-tert-
butylbenzyl bromide and potassium
iodide was carried out in microemul-
sions based on different nonionic sur-
factants, and the reaction rates were
compared with those obtained in two-
phase systems with added phase-trans-
fer agent, either a quaternary ammoni-
um salt or a crown ether. The reactions
were relatively fast in the microemul-
sions and extremely sluggish in the
two-phase systems without additional
phase-transfer agent. Addition of a
phase-transfer agent did not accelerate
the reaction when a hydrocarbon was


used as organic solvent, neither in the
two-phase system nor in the micro-
emulsion. When a chlorinated hydro-
carbon was used as solvent, phase-
transfer catalysis became effective and
the rate obtained in the two-phase
system with an equimolar amount of
phase-transfer agent added was higher
than that obtained in the microemul-
sion. When a catalytic amount of


phase-transfer agent was used, the rate
in the two-phase system was about the
same as the rate obtained in the micro-
emulsion without the phase-transfer
agent. The combined approach, that is,
use of a microemulsion as the reaction
medium and addition of a phase-trans-
fer agent, gave the highest reaction
rate. The quaternary ammonium salt
(tetrabutylammonium hydrogen sul-
fate) was a more efficient catalyst in
the microemulsion system than the
crown ether ([18]crown-6).


Keywords: kinetics · microemul-
sion · nucleophilic substitution ·
phase-transfer catalysis
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bons, such as dichloromethane and chloroform, are com-
monly used for this purpose.
Use of a microemulsion as the reaction medium consti-


tutes an alternative to PTC.[1–7] A microemulsion is a ther-
modynamically stable mixture of water, oil (organic solvent)
and surfactant, with the surfactant forming a monolayer that
separates the oil and water domains. The curvature of the
surfactant film depends on various parameters, such as com-
ponent (water, oil and surfactant) ratio, temperature and
salt concentration. A microemulsion may consist of closed
oil domains in water or closed water domains in oil, or it
may be bicontinuous, that is, it may contain at the same
time continuous oil and water domains. All interfaces are
covered by surfactant. The domains are very small, in the
nanometer range, which leads to a very large total interfa-
cial area at which the reactants can collide and react.
The use of a two-phase system with added PTA and the


use of a microemulsion are two alternatives to overcome re-
agent incompatibility problems in organic synthesis. Both
routes have proven useful, but on entirely different ac-
counts. In PTC, the ionic reactant is carried into the organic
phase, in which it becomes highly reactive. In the micro-
emulsion approach there is no transfer of reactant from one
environment to another; the method relies on the creation
of the very large oil–water interface at which the reaction
occurs.
In this paper we report results from an attempt to com-


bine the two approaches, that is, using a microemulsion as
reaction medium in presence of a PTA. There are only a
few reports in the literature on the use of PTAs in combina-
tion with microemulsions and none of these have dealt with
the issue in a systematic way.[8–9] However, the effect of
PTAs in micelles and macroemulsions have been studied in
some detail by Battal and co-workers.[10–11] We here show
that PTC can indeed be used to accelerate microemulsion-
based reactions and we believe that the results presented
offer great promise for use of the combined approach in
preparative organic chemistry.


Results


The reaction : The reaction studied is a typical nucleophilic
substitution involving a lipophilic organic compound and an
inorganic salt: the reaction between 4-tert-butylbenzyl bro-
mide (4-TBBB) and potassium iodide (KI) (Scheme 1). We
have previously investigated this reaction in some detail
using both microemulsions and surfactant liquid crystals as
reaction media, and we have shown that the reaction pro-
ceeds well in such microheterogeneous systems.[12–13] We
have also performed the reaction in a range of organic sol-
vents with different polarity (and without surfactant), and
by comparing the reaction rates obtained in the different
solvents we have been able to establish that the mechanism
is that of a second-order nucleophilic substitution reaction.


Phase behaviour : The ternary system D2O/decane/C12E5 has
previously been thoroughly investigated by Olsson and co-
workers.[14–18] An L1 phase (oil-in-water microemulsion)


exists between 23 and 29 8C. Below 23 8C there is a two-
phase area with an L1 phase coexisting with oil (a so-called
Winsor I system). Above 29 8C a lamellar liquid crystalline
phase (La) appears. Addition of the organic reactant, 4-
TBBB, moves the L1 region to lower temperatures, as is
shown in Figure 1. On the other hand, adding KI or a PTA
moves the L1 region to slightly higher temperatures, which
is shown in Figure 2.


Scheme 1. Top: Nucleophilic substitution reaction between 4-TBBB and
KI. Bottom: Structures of TBAB (X=Br), TBAHS (X=HSO4) and
[18]crown-6.


Figure 1. Phase diagram of the ternary D2O/C12E5/decane system in pres-
ence of 4-TBBB. The weight ratio between oil and surfactant is 48/52 and
the total weight fraction of oil+ surfactant is 0.2. Raising the temperature
gives a transition from an oil-in-water microemulsion in equilibrium with
excess oil (L1+O phase) to an oil-in-water microemulsion (L1 phase)
and on to a lamellar liquid crystalline phase (La phase). The arrow indi-
cates the reaction composition (RC).


Figure 2. Phase diagram of the ternary D2O/C12E5/decane system in pres-
ence of KI (*), TBAHS (&) and [18]crown-6 (^). The weight ratio be-
tween oil and surfactant is 48/52 and the total weight fraction of oil+ sur-
factant is 0.2. Raising the temperature gives a transition from an oil-in-
water microemulsion in equilibrium with excess oil (L1+O phase) to an
oil-in-water microemulsion (L1 phase) and on to a lamellar liquid crystal-
line phase (La phase). The arrow indicates the reaction composition
(RC). Addition of the second reactant, 4-TBBB induces a downward
slope of both the upper and the lower phase boundary curves (see
Figure 1). Thus, the reaction composition lies within the one-phase
region in all cases.
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The phase behaviour of the system D2O/C12E5/cyclohex-
ane was characterised and a partial phase diagram is shown
in Figure 3. An L2 phase (water-in-oil microemulsion) was
found in the oil-rich corner of the ternary phase diagram at
23 8C.


The ternary system D2O/dichloromethane/C8G1 at a con-
stant volume fraction of oil based on oil and water (0.5) has
been investigated by Egger and co-workers.[19] The phase di-
agram is dominated by a large bicontinuous microemulsion
region, starting at a surfactant weight fraction of 0.2, as is il-
lustrated in Figure 4. The phase diagram was not markedly
affected by addition of the two reactants or of a PTA.


Reaction kinetics : The reaction was monitored by 1H NMR
spectroscopy, following the rise of the �CH2I signal and the
decay of the �CH2Br signal, as described in the Experimen-
tal Section and illustrated by Figure 5. The reaction profiles
for the reactions in the D2O/C12E5/decane microemulsion


and in the D2O/decane two-phase system are shown in
Figure 6. As can be seen, the reaction runs well in the mi-
croemulsion, while in the two-phase system almost no prod-


uct was formed after 24 h reaction. Addition of an equimo-
lar amount of PTA (tetrabutylammonium hydrogen sulphate
(TBAHS), tetrabutylammonium bromide (TBAB) or
[18]crown-6) gave no effect, neither on the two-phase reac-
tion nor on the reaction in microemulsion.
Decane was replaced by cyclohexane in order to enhance


the solubilizing power of the organic phase. In doing so, the
microemulsion had to be reformulated, and instead of an L1
phase (oil-in-water microemulsion) an L2 phase (water-in-


Figure 3. Partial phase diagram of the ternary D2O/C12E5/cyclohexane
system at 23 8C. A water-in-oil microemulsion region (L2 phase) exists in
the oil-rich corner of the diagram. The arrow indicates the reaction com-
position (RC).


Figure 4. Phase diagram of the ternary D2O/C8G1/CH2Cl2 system. a is the
surfactant weight fraction. The volume fraction of oil to water + oil is
0.5. At low surfactant concentration a three-phase region (3) exists. On
increasing the surfactant concentration either an oil-in-water microemul-
sion in equilibrium with oil (2) or a water-in-oil microemulsion in equili-
brium with water (2̄) forms depending on the temperature. At even
higher surfactant concentration a one-phase microemulsion (1) appears.
At higher concentration and a temperature lower than 15 8C a two-phase
region consisting of microemulsion and a lamellar liquid crystalline phase
(1 + La) is observed. (Redrawn from Ref. [19].) The arrow indicates the
reaction composition (RC).


Figure 5. The reaction was monitored by following the decrease of the
�CH2Br signal at 4.42 ppm and the increase of the �CH2I signal at
4.39 ppm.


Figure 6. Top: Effect of Q salt (TBAHS or TBAB) on the reaction be-
tween 4-TBBB and KI at 23 8C in D2O/C12E5/decane (*,*) and D2O/
decane (&,&). Bottom: Effect of [18]crown-6 on the reaction between 4-
TBBB and KI at 23 8C in D2O/C12E5/decane (*,*) and D2O/decane
(&,&). In both graphs open symbols denote reactions without PTA and
and black symbols reactions with PTA. The overall concentrations of 4-
TBBB, KI and [18]crown-6 are all 8.8mm.
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oil microemulsion) was used as reaction medium. Reactions
were carried out in the D2O/C12E5/cyclohexane microemul-
sion and in the D2O/cyclohexane two-phase system in the
absence and presence of TBAHS. The reaction profiles were
very similar to those obtained with decane as oil component.
TBAHS did not accelerate the reactions.
The organic phase was changed to dichloromethane in


order to further improve the solvency and extraction effi-
ciency. A microemulsion with dichloromethane as organic
component cannot be formulated with normal nonionic sur-
factants of alcohol ethoxylate type, because such surfactants
have too high solubility in chlorinated hydrocarbons. In-
stead, a formulation based on a sugar surfactant, octyl glu-
coside (C8G1), was employed. Figure 7 shows the profiles for


the reactions performed in the D2O/C8G1/CH2Cl2 micro-
emulsion and in the D2O/CH2Cl2 two-phase system in the
absence and presence of an equimolar amount of a PTA
(TBAHS, TBAB or [18]crown-6). The reaction profiles in
the absence of a PTA were similar to those obtained in the
decane-based reaction media. The reaction rate in the D2O/
C8G1/CH2Cl2 microemulsion was approximately the same as
in the D2O/C12E5/decane microemulsion, and the two-phase
reaction was equally as sluggish as the corresponding reac-
tion in the D2O/decane system. However, addition of a PTA
increased the reaction rate in the two-phase system greatly.
This is not unexpected, since chlorinated hydrocarbons are
known to function well as solvents for PTC. Addition of a
PTA also increased the rate of the reaction in the micro-
emulsion to an appreciable extent.


Phase-transfer catalysis is often performed with a catalyt-
ic, rather than an equivalent, amount of PTA. The reactions
in the D2O/C8G1/CH2Cl2 microemulsion and in the D2O/
CH2Cl2 two-phase system were therefore repeated with a
0.01 mole equivalent of PTA (based on the reactants). The
reaction profiles are shown in Figure 8. Since TBAHS and


TBAB gave similar results when used in equimolar amounts,
only TBAHS was tested in catalytic amounts. As can be
seen, the reactions in both the two-phase system and the mi-
croemulsion were considerably slower when the PTA addi-
tion was reduced to a catalytic amount. Reaction in the mi-
croemulsion without a PTA was approximately as fast as re-
action in the two-phase system with a PTA. The combina-
tion of a microemulsion as the reaction medium and addi-
tion of a PTA gave the highest reaction rate. The Q salt was
more effective than the crown ether.
All rate constants, calculated as the slope from the


straight line obtained when plotting the reverse overall con-
centration of the substrate against reaction time are com-
piled in Table 1.
Benzyl bromide is known to hydrolyse into benzyl alco-


hol. This side reaction would distort the monitoring of the
reaction, since there would then not be a full equivalence in
terms of NMR signals between disappearence of �CH2Br
and appearance of �CH2I. Only in the systems with di-
chloromethane and with TBAHS present did a peak appear
in the NMR spectrum that can be attributed to the alcohol,
that is, to �CH2OH methylene protons (at 4.60 ppm). The
�CH2Br and �CH2I peaks appear at 4.52 and 4.49 ppm, re-


Figure 7. Top: Effect of Q salt on the reaction between 4-TBBB and KI
at 23 8C in D2O/C8G1/CH2Cl2: (*) without Q-salt, (*) with TBAHS, (~)
with TBAB; and in D2O-CH2Cl2: (&) without Q-salt, (&) with TBAHS,
(^) with TBAB. The overall concentrations of 4-TBBB, KI and Q salt
are all 20mm. Bottom: Effect of [18]crown-6 on the reaction between 4-
TBBB and KI at 23 8C in D2O/C8G1/CH2Cl2 (*,*) and D2O/CH2Cl2
(&,&). Open symbols denote reactions without [18]crown-6 and black
symbols reactions with [18]crown-6. The overall concentrations of 4-
TBBB, KI and [18]crown-6 are all 20mm.


Figure 8. Top: Effect of a catalytical amount of TBAHS on the reaction
between 4-TBBB and KI at 23 8C in D2O/C8G1/CH2Cl2 (*,*) and D2O-
CH2Cl2 (&,&). Bottom: Effect of a catalytical amount of [18]crown-6 on
the reaction between 4-TBBB and KI at 23 8C in D2O/C8G1/CH2Cl2 (*,*)
and D2O-CH2Cl2 (&,&). In both graphs open symbols denote reaction
without PTA and black symbols reactions with PTA. The overall concen-
trations of both 4-TBBB and KI are 20mm, and of PTA 0.2mm.
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spectively, in the system with dichloromethane. The integral
of the �CH2OH peak was approximately 5% of the com-
bined integrals of the �CH2Br and �CH2I peaks; hence, the
hydrolysis affects the results only marginally. For all the re-
actions, except the one in dichloromethane with TBAHS as
phase-transfer agent, there was very good agreement be-
tween the integrals of the rising �CH2I peak and the declin-
ing �CH2Br peak. The reason why the side reaction, that is,
hydrolysis, occurs when TBAHS and not [18]crown-6 is used
as PTA is still unclear. TBAHS did not increase the pH of
the water phase.


Discussion


The solubility of 4-TBBB in the aqueous phase is very low.
The solubility of the iodide in the organic phase is also ex-
tremely low. One may, consequently, assume that the nucle-
ophilic substitution reaction only takes place at the inter-
face, that is, no reaction occurs in the bulk phases. The drop-
let size in a microemulsion is in the range of 10–50 nm,
while the droplet size in a typical (macro)emulsion is in the
micrometer range. The droplets obtained during vigorous
stirring of the two-phase systems used in this work are prob-
ably even larger, since the oil–water interfacial tension is
high in such surfactant-free systems. Consequently, the dif-
ference in total interfacial area between the two reaction
media is very large. It is, thus, not surprising that the reac-


tions performed in the two-
phase systems in absence of
PTA are much slower than
those occurring in the micro-
emulsions. As can be seen from
Table 1, the overall rate con-
stants for reactions in the mi-
croemulsions based on the dif-
ferent organic solvents are of
the same magnitude. One may
note that there does not seem
to be a direct relationship be-
tween the oil–water interfacial
area and the reaction rate. The
interfacial area of a microemul-
sion is largely determined by
the amount of surfactant in the
system. The microemulsions
based on decane, cyclohexane
and dichloromethane have sur-
factant weight fractions 0.10,
0.11 and 0.29, respectively. Thus
the microemulsion based on the
chlorinated solvent has a much
larger internal interface than
the other two microemulsions;
however, the rate constant in
this medium is in-between
those in decane and in cyclo-
hexane.
An attempt to use a PTA to


speed up the reaction in the decane/water two-phase system
gave little effect. This is not surprising, since it is known
that a solvent such as decane, which has a low dielectric con-
stant (e=1.99), is usually not useful in phase-transfer cataly-
sis. The results are in line with those of a previous work, in
which a nucleophilic substitution reaction was performed in
a dodecane/water system with added PTA and compared to
the reaction in a microemulsion.[20] The poor effect of a
PTA in such a system is due to unfavourable extraction
equilibrium of the ion pair into the organic phase. 1H NMR
spectroscopy showed that almost no PTA was present in the
organic phase after extracting a solution of KI and TBAHS
or of tetrabutylammonium iodide (TBAI) in D2O with
decane.
Changing the solvent to cyclohexane, which has a slightly


higher dielectric constant (e=2.00), still gave no appreciable
effect of the added PTA. Also in this system, 1H NMR spec-
troscopy revealed that the extraction equilibrium was very
unfavourable.
PTC is known to function well in chlorinated hydrocar-


bons. Use of dichloromethane, with a dielectric constant of
8.90, as organic solvent resulted in a favourable extraction
equilibrium with a high concentration of PTA in the organic
phase. Another reason why aprotic and relatively polar liq-
uids, such as dichloromethane, are suitable solvents for
PTC-based reactions of the type studied here is that the nu-
cleophile will be poorly solvated and, thus, much higher in
nucleophilicity than when present in water or other protic


Table 1. Calculated rate constants for the reaction between equimolar overall amounts of 4-TBBB and KI in
absence and in presence of a PTA in both microemulsions and two-phase systems. The volume fraction of oil
based on oil and water is denoted fv and the weight fraction of surfactant based on water, surfactant and oil is
denoted am. The reactions in microemulsions were carried out at the compositions indicated by arrows in Fig-
ures 2–4. All reactions were performed at 23 8C at a stirring rate of around 900 rpm.


Reaction system C4-TBBB PTA CPTA fV am koverall
[10�3 moldm�3] [10�3 moldm�3] [10�3 dm�3mol�1 s�1]


microemulsion
D2O/C12E5/decane 8.75 none 0.12 0.10 4.5
D2O/C12E5/decane 8.74 [18]crown-6 8.74 0.12 0.10 4.5
D2O/C12E5/decane 8.75 TBAB 8.74 0.12 0.10 4.5
D2O/C12E5/decane 8.75 TBAHS 8.75 0.12 0.10 4.9
D2O/C12E5/cyclohexane 21.01 none 0.92 0.11 2.1
D2O/C12E5/cyclohexane 21.02 TBAHS 2.1 0.92 0.11 2.1
D2O/C8G1/CH2Cl2 19.20 none 0.50 0.29 2.8
D2O/C8G1/CH2Cl2 19.20 [18]crown-6 19.20 0.50 0.29 7.3
D2O/C8G1/CH2Cl2 19.20 [18]crown-6 0.19 0.50 0.29 3.5
D2O/C8G1/CH2Cl2 19.20 TBAB 19.20 0.50 0.29 40.6
D2O/C8G1/CH2Cl2 19.20 TBAHS 19.20 0.50 0.29 61.5
D2O/C8G1/CH2Cl2 19.20 TBAHS 0.19 0.50 0.29 4.3


two-phase
D2O/decane 9.8 none 0.12
D2O/decane 9.8 [18]crown-6 9.8 0.12
D2O/decane 9.8 TBAB 9.8 0.12
D2O/decane 9.8 TBAHS 9.8 0.12
D2O/cyclohexane 22.7 none 0.92
D2O/cyclohexane 22.7 TBAHS 2.3 0.92
D2O/CH2Cl2 27.6 none 0.50 0.1
D2O/CH2Cl2 27.6 [18]crown-6 27.6 0.50 6.1
D2O/CH2Cl2 27.6 [18]crown-6 0.28 0.50 0.7
D2O/CH2Cl2 27.6 TBAHS 27.6 0.50 28.6
D2O/CH2Cl2 27.6 TBAHS 0.28 0.50 2.0
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solvents. As is shown in Figure 7, the reaction rate is faster
in the two-phase systems with added PTA (used in equimo-
lar amount) than in the microemulsion without PTA. Addi-
tion of a PTA to the microemulsion speeds up this reaction
to the same level as for the two-phase systems with PTA.
The observation that the reaction rates are the same in the
two-phase system and in the microemulsion when a PTA is
present (in equimolar amounts) indicates that the extraction
of the iodide ion into the organic phase is fast and efficient
and that the reaction in both systems mostly occurs in the
bulk organic phase or domain, not at the interface. Thus, the
rate-limiting step is the reaction as such, not the transport of
the iodide ion across the interface. The situation may be dif-
ferent for a faster organic reaction. The extraction may then
be the rate-limiting step and the much larger interface of
the microemulsion may be more important. The situation
should also be different in systems with lower extraction ef-
ficiency. In such systems the transport of the nucleophile
across the interface may be the rate-determining event and
the larger oil–water interface of the microemulsion could
then be taken advantage of. This reasoning nicely explains
results from a previous work in which the ring-opening of a
lipophilic epoxide with sodium hydrogen sulfite was studied
in a microemulsion and in a two-phase system. The reaction
in the microemulsion was much faster than the reaction in
the two-phase system when an equimolar amount of PTA
was present in both systems.[8] In that reaction system, the
extraction constant was considerably lower than in the pres-
ent system due to two contributing factors. Firstly, the sol-
vent was trichloroethylene, which is less polar than dichoro-
methane. Secondly the nucleophile was hydrogen sulfite,
which is a much more hydrophilic anion than iodide, which
means that Q+HSO3


� is less readily extracted into the or-
ganic phase than Q+ I� .
In industrial applications of PTC equimolar amounts of


the PTA and the nucleophilic reagent is seldom used. Only
a catalytic amount of the PTA is usually employed, which
means that the Q salt or the crown ether is expected to go
back and forth across the interface to pick up and deliver
new nucleophiles into the organic phase. One may antici-
pate that the size of the interface will then be more crucial
than when the PTA is used in equimolar amounts. As can
be seen in Figure 8, the use of a catalytic, rather than equi-
molar, amount of either a Q salt or a crown ether slows
down the reaction rate both in the D2O/C8G1/dichlorome-
thane microemulsion and in the D2O/dichloromethane two-
phase system. The reduction is more pronounced in the two-
phase system. The combined approach, that is, use of a mi-
croemulsion as reaction medium and addition of a PTA,
gives the fastest reaction. It seems that when the PTA is
used in catalytic amount, transport of the nucleophile across
the interface becomes a crucial event. An interpretation of
the results is that in such a system part of the reaction takes
place at the interface, illustrated by the curve for the reac-
tion in the microemulsion in the absence of a PTA, and part
of the reaction occurs in the bulk organic phase, as evi-
denced by the increase in reaction rate when the PTA is
added to the microemulsion. In all the reactions, the crown
ether was slightly less effective than the Q salts.


The phase behaviour of the system did not change during
the course of the reaction, neither for the case of equimolar
amount of PTA and nucleophilic reagent nor for the case of
catalytic amount of PTA. The mixture remained a clear and
low viscous one-phase medium, indicative of a microemul-
sion.


Conclusions


The present work shows that the reaction between 4-tert-bu-
tylbenzyl bromide and potassium iodide can be performed
at a reasonable rate in a microemulsion based on an aliphat-
ic hydrocarbon. PTC was not effective in such systems.
However, when the solvent was changed to a chlorinated
hydrocarbon, a PTA accelerated the reaction both in a two-
phase system and in a microemulsion. The combined ap-
proach of using a microemulsion as reaction medium and
addition of a catalytic amount of a PTA resulted in consider-
ably higher reaction rate than either of the approaches
alone. This could be of practical interest in preparative or-
ganic chemistry in which reagent incompatibility problems
often occur and in which PTC is frequently used as a way to
bring the reactants into contact.


Experimental Section


Materials : The nonionic surfactants used, penta(ethylene glycol)monodo-
decyl ether (C12E5) and n-octyl-b-d-glucopyranoside (C8G1), were pur-
chased from Nikko Chemicals and Anatrace, respectively. The solvents,
decane, cyclohexane, dichloromethane (CH2Cl2) and deuterochloroform
(CDCl3), were all from Aldrich. The reagents, potassium iodide (KI) and
4-tert-butylbenzylbromide (4-TBBB), were supplied by Merck and Al-
drich, respectively. Deuterium oxide (D2O), tetrabutylammonium bro-
mide (TBAB), tetrabutylammonium hydrogen sulfate (TBAHS) and tet-
rabutylammonium iodide (TBAI) were all supplied by Aldrich. The
crown ether, [18]crown-6, was from Lancaster. The water was Millipore
filtered. All chemicals used had a purity of �99%, except 4-TBBB
(97%) and TBAHS (97%). All chemicals were used without any further
purification.


Phase diagram : Both the D2O/C12E5/decane and the D2O/C12E5/cyclohex-
ane systems were studied directly and through crossed polarisers in a
transparent water bath, in which the temperature was regulated by a
thermostat. The temperature was varied by one degree at a time and the
mixture was allowed to reach equilibrium before determining the self-as-
sembly structure formed. The microemulsion region was determined by
titration of D2O into a stock solution containing surfactant and organic
solvent. The titrated amount was controlled by weight with an accuracy
of 0.0001 g.


Chemical reaction : The nucleophilic substitution reaction between 4-
TBBB and KI was performed at 23 8C in various microemulsions in an
NMR tube and in two-phase systems in bottles by using vigorous agita-
tion. The substrate and the nucleophile were always used in equimolar
concentration. Stock solutions of KI in D2O and of 4-TBBB in oil were
prepared. The concentration of the PTA was the same as of the reactants,
if not otherwise mentioned.


Three different microemulsions were used. The first was based on D2O,
decane and C12E5. The concentration of 4-TBBB in decane was 64.3mm,
giving an overall concentration of 8.8mm. The microemulsion was made
by first mixing the oily stock solution with the surfactant and then adding
the aqueous stock solution. The volume fraction of the oil, fv, based on
the oil and water volume, was 0.15. The surfactant weight fraction, am,
based on total weight was 0.1.
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The second microemulsion was D2O/cyclohexane/C12E5. The concentra-
tion of 4-TBBB in cyclohexane was 24.7mm, giving an overall concentra-
tion of 21mm. The fV value was 0.92 and the am value 0.11. The same for-
mulation procedure as described above was used.


The third microemulsion was D2O/dichloromethane/C8G1. The concentra-
tion of 4-TBBB in dichloromethane was 55.2mm, giving an overall con-
centration of 20mm. The fV value was 0.5 and the am value 0.29. The
same formulation procedure as described above was used.


The reaction was also performed in two-phase systems based on D2O and
either decane, cyclohexane or CH2Cl2 with similar ratio between the oil
phase and the aqueous phase as in the microemulsion based on the same
organic solvent. Furthermore, the concentrations of reactants and PTAs
were the same as well. The reaction was quenched by addition of CDCl3
in a volume ratio of 1:1 CDCl3/reaction mixture after different time inter-
vals. The aqueous phase was removed after centrifugation at 3000 rpm
for 5 min and the organic phase was dried by Mg2SO4. After filtration the
organic phase was analysed by 1H NMR spectroscopy.


All reactions were analysed by 1H NMR spectroscopy, by using a
500 MHz Varian Inova spectrometer. The reaction rate was obtained by
following the consumption of 4-TBBB and the formation of the product.
The specific proton signals that were monitored were the protons of the
methylene groups at 4.42 (�CH2Br) and 4.39 ppm (�CH2I), recorded in
D2O/C12E5/decane. In chlorinated hydrocarbons these values were shifted
slightly to higher ppm values. The reactions performed in the microemul-
sions were analysed in situ every five minutes, while the two-phase reac-
tions were analysed after the workup procedure. All reactions were
monitored during three hours, at which time the yield was calculated.


Acknowledgement


We would like to thank the Swedish Foundation for Strategic Research
for financing M.H. through its Colloid and Interface Technology Pro-
gramme. M.H. also thanks the Institute for Surface Chemistry AB for fi-
nancial support. Furthermore, we thank the Swedish NMR Center for
granting spectrometer time and Charlotta Damberg at the NMR Center
for help with the instruments.


[1] F. M. Menger, J. U. Rhee, H. K. Rhee, J. Org. Chem. 1975, 40, 3803–
3805.


[2] F. M. Menger, A. R. Elrington, J. Am. Chem. Soc. 1991, 113, 9621–
9624.


[3] J. H. Ramsden, R. S. Drago, R. Riley, J. Am. Chem. Soc. 1989, 111,
3958–3961.


[4] R. Schom/cker, Nachr. Chem. Tech. Lab. 1992, 40, 1344–1351.
[5] R. Schom/cker, J. Chem. Res. 1991, 92–93.
[6] S. Gutfelt, J. Kizling, K. Holmberg, Colloids Surf. A. 1997, 128, 265–


271.
[7] M. H/ger, K. Holmberg, in Adsorption and Aggregation of Surfac-


tants in Solution (Eds.: K. L. Mittal, D. O. Shah), Marcel Dekker,
New York, 2002, p. 327.


[8] M. H/ger, K. Holmberg, Tetrahedron Lett. 2000, 41, 1245–1248.
[9] G. Bode, M. Lade, R. Schom/cker, Chem. Eng. Technol. 2000, 23,


405–409.
[10] C. Siswanto, T Battal, O. E. Schuss, J. F. Rathman, Langmuir 1997,


13, 6047–6052.
[11] T. Battal, C. Siswanto, J. F. Rathman, Langmuir 1997, 13, 6053–


6057.
[12] M. H/ger, K. Holmberg, U. Olsson, Langmuir, 2004, 20, 6107–


6115.
[13] M. H/ger, F. Currie, K. Holmberg, Colloids Surf.,A in press.
[14] U. Olsson, P. Schurtenberger, Langmuir 1993, 9, 3389–3394.
[15] M. S. Leaver, U. Olsson, Langmuir 1994, 10, 3449–3454.
[16] K. Fukuda, U. Olsson, U. WPrz, Langmuir 1994, 10, 3222–3229.
[17] U. Olsson, H. Wennerstr@m, Adv. Colloid Interface Sci. 1994, 49,


113–146.
[18] U. Olsson, P. Schurtenberger, Prog. Colloid Polym. Sci. 1997, 104,


157–159.
[19] H. Egger, T. Sottmann, R. Strey, A. Berkessel, Tenside, Surfactants,


Deterg. 2002, 39, 17–22.
[20] K. Andersson, J. Kizling, K. Holmberg, S. Bystr@m, Colloids Surf. A


1998, 144, 259–266.


Received: December 19, 2003
Revised: June 21, 2004


Published online: September 20, 2004


E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5460 – 54665466


FULL PAPER M. H/ger and K. Holmberg



www.chemeurj.org






Aldolase Antibody Activation of Prodrugs of Potent Aldehyde-Containing
Cytotoxics for Selective Chemotherapy


Subhash C. Sinha,*[a] Lian-Sheng Li,[a] Shin-ichi Watanabe,[b] Eiton Kaltgrad,[b]


Fujie Tanaka,[b] Christoph Rader,[b, c] Richard A. Lerner,*[b] and Carlos F. Barbas, III*[b]


Introduction


To achieve selective chemotherapy with potent chemothera-
peutics, new approaches, including antibody-directed
enzyme prodrug therapy (ADEPT), are being developed.[1]


Catalytic monoclonal antibodies (mAb)[2] were suggested as
catalysts for prodrug activation almost a decade ago.[3] In
principle, catalytic mAbs are superior to both systemically
expressed endogenous human enzymes and externally ex-
pressed non-mammalian enzymes. For example, a catalytic
mAb can have unique substrates that are not acted on by
natural enzymes, thereby increasing the chemical space
available for prodrug design. In addition, a humanized cata-
lytic mAb should be less immunogenic than a non-mamma-
lian enzyme. Hence, we have investigated the use of the al-


dolase mAb 38C2,[4,5] which can be humanized,[6] for the
prodrug activation. As described in previous studies, mAb
38C2 effectively catalyzed the activation of the prodrugs of
enediyne analogues,[7] camptothecin, etoposide, and doxoru-
bicin (Dox, 1).[8,9]


As a key constituent of chemotherapeutic regimens, Dox
has been used as the first treatment for a variety of can-
cers.[10] In vitro studies have revealed that it is toxic to most
cancer cells in the low micromolar or sub-micromolar range.
However, the use of Dox is limited by its systemic toxicity
and the ability of cancer cells to develop resistance to it. To
have better efficacy and to counter acquired resistance, a
number of Dox derivatives have been synthesized that are
two to three orders of magnitude more toxic than the parent
molecule 1. These potent derivatives include 2-pyrrolinodox-
orubicin (or pyrrolino-Dox, 2) and 1,3-tetrahydropyridino-
doxorubicin (or tetrahydropyridino-Dox, 3) (Scheme 1).[11]


The toxicity of 2 and 3 is believed to originate through the
Schiff base intermediates I and II. In an independent
study,[12] it was shown that the products obtained from ester-
ase hydrolysis of diacetoxy derivatives of 4 and 5, presuma-
bly intermediates I and II, were toxic to the cells with sever-
al orders of magnitude higher potency than Dox itself. They
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Abstract: Prodrugs of potent aldehyde analogues of the anticancer drug doxorubi-
cin (Dox) were synthesized. These prodrugs were efficiently activated by antibody
93F3 and no drug formation was observed in the absence of 93F3 in either phos-
phate buffered saline or cell culture media. In the presence of antibody 93F3,
these prodrugs were activated and decreased the proliferation of human cancer
cells in in vitro proliferation assays.
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were also toxic to the Dox-resistant cells. By using 5, it was
also shown that the product caused DNA–DNA crosslinks
in HL-60 and HL-60/AMSA cell lines, which suggests that
this mechanism contributes to its marked potency.[13] It is be-
lieved that the intermediates I and II undergo nucleophilic
attack by a proximate base, such as the 2-amino group of a
guanine residue leading to the corresponding DNA adducts
(Scheme 1). The hydrolysis of the glycosides in the DNA ad-
ducts followed by subsequent reaction with an additional
DNA molecule then produce free doxorubicinol aglycone
and double-DNA adducts 6. Therefore, one could imagine
that a process, which can selectively generate the markedly
potent intermediates, I or II, from the corresponding less
toxic prodrugs will be highly useful for the ADEPT ap-
proach. In this communication, we describe the synthesis
and in vitro evaluation of the novel prodrugs of aldehyde-
based Dox-analogues that can be activated using catalytic
aldolase mAb93F3.[14]


Results and Discussion


Design and synthesis of prodrugs : In the study described
above,[12] intermediates I and II were obtained from the cor-
responding diacetoxy derivatives 4 and 5, via the corre-
sponding aldehydes 7 and 8. We anticipated that aldehydes


7 and 8 could also be obtained by aldolase antibody-cata-
lyzed retro-aldol reactions[15,16] of prodrugs 9 and 10, respec-
tively, the products of which will then undergo intramolecu-
lar cyclization to afford the corresponding carbinolamine de-
rivatives and then dehydrate to produce iminium intermedi-
ates I and II (Scheme 1). Furthermore, unlike compounds 4
and 5, prodrugs 9 and 10 are expected to be more stable
under physiological conditions where esterase activity is
abundant. In addition, since substitution of the primary
amine functionality of doxorubicin decreases its toxicity in
general,[9] prodrugs 9 and 10 are expected to be less toxic in
comparison to the parent molecule 1, as well as to 2-pyrroli-
no-Dox (2, AN-201) and 1,3-tetrahydropyridino-Dox (3,
AN-205).[11]


Prodrugs 9 and 10 were designed as potential substrates
for aldolase mAb93F3. This aldolase antibody catalyzes
retro-aldol reactions of a wide variety of substrates with a
very high catalytic rate ((kcat/Km)/kun > 1013


m
�1) and enan-


tioselectivity. We noted that in 93F3-catalyzed reactions,[14, 16]


a b-substituted b-hydroxyethyl ethyl ketone was retro-aldol-
ized faster than the corresponding b-substituted b-hydrox-
yethyl methyl ketone. Hence, both prodrugs 9 and 10 were
designed to contain a b-hydroxyethyl ethyl ketone as the
aldol-triggered linker. Furthermore, only the “S” enantiom-
er (considering the alkyl ketone as second largest group) of
an aldol compound was consumed by mAb93F3 leaving the
“R” enantiomer intact. Therefore, in order to allow for the
highest possible activation using aldolase mAb93F3, pro-
drug 9 contained an enantiomerically pure linker with an S
stereochemistry.


The prodrugs were synthesized starting from Dox (1) and
(4S)-octan-4-(tert-butyldimethyl-silyloxy)-6-keto-1-aldehyde
(11) for prodrug 9 or 1-iodo-7-keto-nonan-5-ol (12) for pro-
drug 10 as shown in Scheme 2. The linkers, 11 and 12, were
prepared starting from racemic 5-hexene-1,2-epoxide, (� )-
13, and aldehyde 15,[17] respectively. The enantiomerically
pure epoxide (S)-13 was obtained by kinetic resolution of
the corresponding racemic epoxide (� )-13.[18] Compound
(S)-13 was then reacted with 1-buten-2-yl magnesium bro-
mide in the presence of catalytic CuI to afford alcohol 14a
that was then converted to TBS ether 14b. Both alkene
functions were cleaved by dihydroxylation by using OsO4


and NMO followed by treatment with Pb(OAc)4 to afford
the TBS-protected linker 11. Aldehyde 11 was treated with
1 to give the corresponding imine. The latter was reduced in
situ with NaCNBH3; subsequently the TBS group in the
product was deprotected by using a solution of HF·Py and
pyridine in THF to afford the desired prodrug 9. For the
synthesis of linker 12, aldehyde 15 underwent aldol reaction
with 2-butanone using LDA as a base. The TBS group in
16a was deprotected using HF·Py to give 16b and the pri-
mary alcohol was then converted to iodide 12. Finally, alky-
lation of the amine of Dox (1), by using iodide 12 afforded
prodrug 10.


Prodrug activation : Prodrug 9 (500mm) was incubated with a
catalytic amount of 93F3 (34mm) in PBS buffer at 37 8C, and
the activation of prodrug was analyzed by LCMS. Reactions
in PBS buffer (pH 7.4) and 10% fetal calf serum in cell cul-


Scheme 1. Proposed mechanism for the observed potent cytotoxicity of
Dox analogues, 2 and 3, through DNA-adduct formation via intermedi-
ates I and II from 4 and 5 by an esterase-catalyzed reaction or the antici-
pated activation of the prodrugs 9 and 10, by using an aldolase
mAb93F3, via aldehydes 7 and 8.
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ture medium (pH 7.4)[19] were used to assess the uncatalyzed
reaction. The results are shown in Figures 1 and 2. It is evi-
dent from Figure 1 (data collected after 10 h of incubation
at 37 8C) that the product, assigned as 2 based on molecular
weight, is formed only in the 93F3-catalyzed reactions (A),
but not in the background reactions either with the PBS (B)
or with the cell culture medium (C). This clearly showed
that the activation of the prodrug 9 was 93F3-dependent.
The reaction with 93F3 produced about 35% yield of drug 2
with an approximate rate of 0.009min�1, before reaching a
plateau (see, Figure 2a).


As shown in Figure 2a and b, the concentration of pro-
drug 9 also decreased in the absence of mAb93F3, especial-
ly in the cell culture medium. Since the formation of 2 was


not observed in the absence of mAb93F3, it is evident that
prodrug 9 degrades by a pathway similar to that of the pa-
rental drug Dox, 1, which is known in the literature to de-
grade rapidly in plasma and blood.[20] In various cell culture
media, the half-life of Dox has been estimated to be only
3 h.[21] We compared the stability of Dox and prodrug 9 in
PBS and the cell culture media at 37 8C (Figure 2b). The de-
composition of Dox and prodrug 9 are comparable, which
suggests that the formation of intermediate I and II from
the activation of prodrugs 9 and 10 will be achieved only by
mAb93F3, and thus they may not be formed in vivo by en-
dogenous enzyme-mediated reactions.


In vitro evaluations : Biological activities of prodrugs 9 and
10 were evaluated, in vitro, by tumor cell proliferation
assays using human KaposiLs sarcoma (SLK) and breast
cancer (MDA-MB-435) cell lines. The experiments with pro-
drugs 9 and 10 both in the presence and absence of antibody
93F3 were carried out as reported earlier,[9] and the results
are shown in Figures 3 and 4. As shown in Figure 3, prolifer-
ation of human breast cancer MDA-MB-435 and human Ka-
posiLs sarcoma cells was inhibited by 50% in the presence of
prodrug 10 (2mm) and mAb93F3 (1mm). Doxorubicin also


Scheme 2. Synthesis of prodrugs 9 and 10.


Figure 1. Comparison of the chromatograms (B) from antibody 93F3-cat-
alyzed activation of prodrug 9 to produce drug 2, and background reac-
tions in A) PBS buffer (pH 7.4) and C) 10% fetal calf serum in cell cul-
ture medium. In these experiments, compound 9 (500mm) was incubated
at 37 8C with 93F3 (34mm) in given buffer for 10 h and the reaction mix-
tures were analyzed by using LCMS equipped with column, UV detector
(254nm), and EI-MS. The unconsumed prodrug 9 or the produced drug 2
is shown as percent on y axis. Retention times for 2 and 9 are 5.15 min
and 5.30 min, respectively, as shown on the x axis of the chromatogram-
s A)–C).


Figure 2. a) Activation of prodrug 9 and production of drug 2 using aldo-
lase mAb93F3. Shown are the consumption of 9 and production of 2
over time in the 93F3-catalyzed reaction (9/cat ^ and 2/cat ~, respective-
ly) and the consumption of 9 in the background reaction (9/BKG &). In
these experiments, compound 9 (500mm) was incubated at 37 8C with
93F3 (34mm) in PBS buffer or PBS buffer alone. The reaction mixtures
were periodically analyzed by using LCMS equipped with column, UV
detector (254 nm), and EI-MS. b) Comparison of the stability of prodrug
9 and Dox (1) in PBS buffer, and 10% fetal calf serum in cell culture
medium (“S” stands for serum). In these experiments, prodrug 9 (500mm)
or Dox (1) (500mm) were incubated at 37 8C in PBS buffer (pH 7.4) alone
(9 : ^, 1: *) or in 10% fetal calf serum in cell culture medium (9 : &, 1:
~), and analyzed by using LCMS as described above.
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showed toxicity identical to the mixture of prodrug 10 (2mm)
and mAb93F3 (1mm). In contrast, 2mm prodrug 10 in the ab-
sence of mAb93F3 was nontoxic.


Next, we studied the effect of prodrug 9 in the presence
and absence of mAb93F3 using human KaposiLs sarcoma
cells (SLK) and compared the results using prodrug 10. The
IC50 of prodrug 9 was found to be 0.06mm (Figure 4) in the
presence of mAb93F3, whereas the IC50 of prodrug 10 was
only 2mm (Figure 3) under the same conditions. These re-
sults are consistent with the higher toxicity of 2 in compari-
son to 3. It is noteworthy that drug 2 and prodrug 9 generate
intermediate I, whereas drug 3 and prodrug 10 produce in-
termediate II. In both cases, the prodrugs were less toxic in
the absence than in the presence of mAb93F3. Prodrugs 9
and 10 alone were 20–30 times less toxic than in the pres-
ence of mAb93F3, which is comparable to prodrug-to-drug
toxicity ratios of other doxorubicin prodrugs.[9]


In conclusion, we have synthesized novel prodrugs, 9 and
10, of two Dox analogues, pyrrolino-Dox and tetrahydropyr-
idino-Dox and evaluated their toxicities in cell culture
assays. These prodrugs, unlike many other prodrugs, con-
tained short retro-aldol activated linker. Unlike other pro-
drugs designed to work together with aldolase antibod-
ies,[7,9, 22] coupling of other reactions together with the retro-
aldol reaction is not required for drug activation. Moreover,


the linkers of prodrugs 9 and 10 were selectively activated
using the proficient aldolase mAb93F3. Prodrugs 9 and 10
effectively inhibited the proliferation of cancer cells upon
activation with mAb93F3 as observed by in vitro evaluation
by using human breast cancer (MDA-MB-435) and KaposiLs
sarcoma (SLK) cell lines. These characteristics suggest that
prodrugs 9 and 10 are promising candidates for in vivo
study.


Experimental Section


General methods : TLC was performed on glass sheets precoated with
silica gel (Merck, Kieselgel 60, F254, Art. 5715). Column chromatograph-
ic separations were performed on silica gel (Merck, Kieselgel 60, 230–400
mesh, Art. No. 9385) under pressure. All commercially available reagents
were used without further purification. Solvents were either used as pur-
chased or distilled by using common practices where appropriate. All re-
actions were carried out under dry argon.


Compound (S)-13 : A mixture of (� )-13 (1.96 g, 20 mmol), (S,S)-salen
CoIIIOAc catalyst (136 mg, 0.2 mmol), and H2O (198 mL, 11 mmol) was
stirred at room temperature for 24 h. The product was purified by distil-
lation. 1H NMR (500 MHz, CDCl3): d = 5.84 (m, 1H), 5.06 (m, 1H),
5.01 (m, 1H), 2.94 (m, 1H), 2.76 (dd, J=5.1, 4.1 Hz, 1H), 2.49 (dd, J=
5.1, 2.9 Hz, 1H), 2.26–2.21 (m, 2H), 1.70–1.60 ppm (m, 2H).


Compound 14a : A solution of 1-buten-2-yl magnesium bromide
(12.76 mL, 0.75m in THF), prepared from 2-bromo-1-butene (2.02 g,
15 mmol) and Mg (0.4 g, 16.5 mmol) in dry THF (17 mL), was added to a
stirred suspension of CuI (155 mg, 0.8 mmol) in anhydrous THF (5 mL)
under argon at �10 8C. Then the yellow suspension was further cooled to
�20 8C, a solution of epoxide 13 (313 mg, 3.19 mmol) in dry THF (5 mL)
was added dropwise. The resulting mixture was stirred from �20 to 0 8C
for 2 h, it was worked up by using aqueous solution of NH4Cl and Et2O,
the organic layer was washed with NH4OH and brine, dried over MgSO4.
After filtration, the solvents were removed under vacuum, and the resi-
due was purified over silica gel by using EtOAc/hexanes to afford pure
14a (460 mg, 94%). 1H NMR (500 MHz, CDCl3): d = 5.89–5.81 (m,
1H), 5.05 (m, 1H), 4.97 (m, 1H), 4.90 (s, 1H), 4.83 (s, 1H), 3.76–3.71 (m,
1H), 2.28–1.98 (m, 6H), 1.60–1.55 (m, 2H), 1.05 ppm (t, J=7.7 Hz, 3H);
[a]D=�10.9 (c = 1.0, CHCl3).


Compound 14b : TBSCl (590 mg, 3.9 mmol) was added to a solution of
14a (460 mg, 3.0 mmol) and imidazole (408 mg, 6.0 mmol) in dry DMF
(1 mL) at 0 C. After the mixture was stirred at this temperature for 12 h,
it was worked up by using water and Et2O. The combined organic layer
was washed with brine, dried over MgSO4, and filtered. The solvents
were removed under vacuum, and the residue was purified over silica gel


Figure 3. Growth inhibition of a) human breast cancer cell line (MDA-
MB-435) and b) human KaposiLs sarcoma (SLK) cell line by prodrug 10
in the presence and absence of 1mm mAb93F3. The growth inhibition in
the presence of Dox (1) is shown for comparison. 1: ^, 10 : &, 10+93F3:
~.


Figure 4. Growth inhibition of human KaposiLs sarcoma (SLK) cell line
by prodrug 9 in the presence and absence of 1mm mAb93F3. 9 : &,
9+93F3: ~.
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by using EtOAc/hexane 1:50 to afford pure 14b (790 mg, 98%). 1H
NMR (300 MHz, CDCl3): d = 5.87–5.74 (m, 1H), 5.03–4.91 (m, 2H),
4.76 (s, 1H), 4.72 (s, 1H), 3.80 (m, 1H), 2.27–1.99 (m, 6H), 1.63–1.42 (m,
2H), 1.03 (t, J=7.2 Hz, 3H), 0.90 (s, 9H), 0.06 (s, 3H), 0.04 ppm (s, 3H);
MS: m/z : 269 [M+Na]+ ; [a]D=�11.1 (c = 1.0, CHCl3).


Compound 11: OsO4 (0.2m in toluene, 0.1 mL, 0.02 mmol) and NMO
(50% w/w in H2O, 0.23 mL, 1.1 mmol) were added to a solution of 14b
(100 mg, 0.37 mmol) in acetone/water (3:1, 4 mL) at room temperature.
After the mixture was stirred for 12 h at this temperature, excess oxidants
were destroyed by using 10% solution of Na2S2O3 and then the resulting
mixture was extracted with EtOAc. The combined organic layer was
dried over anhydrous Na2SO4. The insoluble materials were filtered out
and the solvents were removed under vacuum. The residue was passed
over a short bed of silica gel (EtOAc), and the product (tetrol) was taken
to next step without further purification.


Lead tetraacetate (576 mg, 1.3 mmol) was added in portions to a solution
of the above-described tetrol in CH2Cl2 (5 mL) at 0 8C. After the mixture
was stirred for 2 h, it was worked up using aqueous Na2S2O5 and EtOAc.
The combined organic layer was dried over anhydrous Na2SO4. The in-
soluble materials were filtered out and the solvents were removed under
vacuum. The residue was purified over silica gel (hexane/EtOAc 4:1), to
afford pure aldehyde 11 (60 mg, 65%). 1H NMR (300 MHz, CDCl3): d =


9.75 (s, 1H), 4.24 (dt, J=11.1, 6.0 Hz, 1H), 2.61 (dd, J=15.6, 6.3 Hz,
1H), 2.50 (dd, J=7.5, 1.8 Hz, 1H), 2.45 (m, 1H), 2.43 (dd, J=15.6,
5.7 Hz, 1H), 1.92–1.68 (m, 2H), 1.02 (t, J=7.5 Hz, 3H), 0.86 (s, 9H), 0.06
(s, 3H), 0.01 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d = 209.4, 201.7,
67.8, 49.5, 39.6, 37.6, 29.6, 25.9, 18.0, 7.6 ppm; MS: m/z : 241 [M+H]+ ,
263 [M+Na]+ ; [a]D=17.8 (c = 0.7, CHCl3).


Prodrug 9 : A solution of NaBH3CN (1m in THF) (24 mL, 0.67 equiv) was
added to a stirred solution of Dox-hydrochloride (20 mg, 0.035 mmol)
and aldehyde 11 (27.7 mg, 0.102 mmol) in CH3CN/H2O (2:1, 5 mL). The
mixture was stirred at room temperature in the dark for 2 h. The reaction
mixture was diluted with water and extracted repeatedly (10M10 mL)
with a mixture of CHCl3/MeOH 5:1. The combined organic layer was
dried over Na2SO4. After filtration, the solvents were removed under
vacuum, and the residue was purified by using PTLC (CH2Cl2/MeOH
5:1) to afford the TBS ether protected 9 (5.8 mg, 22%). 1H NMR
(500 MHz, CDCl3): d = 8.01 (d, J=7.3 Hz, 1H), 7.78 (t, J=8.1 Hz, 1H),
7.39 (d, J=8.1 Hz, 1H), 5.54 (br s, 1H), 5.30 (br s, 1H), 4.77 (s, 2H), 4.13
(m, 1H), 4.08 (s, 3H), 4.01 (q, J=6.7 Hz, 1H), 3.79 (br s, 1H), 3.49 (s,
1H), 3.26 (d, J=18.7 Hz, 1H), 3.00 (d, J=18.7 Hz, 1H), 2.99 (m, 1H),
2.70 (m, 2H), 2.56 (dd, J=15.4, 7.0 Hz, 1H), 2.44–2.36 (m, 4H), 2.16 (m,
1H), 1.95 (m, 1H), 1.77 (m, 1H), 1.59 (m, 2H), 1.46 (m, 2H), 1.35 (d, J=
6.6 Hz, 3H), 0.98 (t, J=7.3 Hz, 3H), 0.78 (s, 9H), �0.01 (s, 3H),
�0.04 ppm (s, 3H); MS: m/z : 800 [M+H]+ , 798 [M�H]� , 834 [M+Cl]� .


A solution of HF·Py (0.01 mL) in THF/pyridine (4:1, 1 mL) was added to
a solution of the product described above in THF (0.5 mL) at 0 8C. The
mixture was stirred at this temperature for 12 h, and then neutralized
using NaHCO3 solution and extracted 5M with CH2Cl2/MeOH 5:1. Sol-
vents were removed under vacuum and the residue was purified by using
PTLC (CH2Cl2/MeOH 5:1) to afford pure 9 (1.4 mg, 52%). 1H NMR
(500 MHz, CDCl3): d = 8.04 (dx, J=7.7 Hz d,), 7.81 (t, J=7.7 Hz, 1H),
7.41 (d, J=8.5 Hz, 1H), 5.56 (d, 1H), 5.28 (m, 1H), 4.76 (s, 2H), 4.10 (s,
3H), 4.04 (q, J=6.6 Hz, 1H), 3.87 (s, 1H), 3.46 (s, 1H), 3.43 (m, 1H),
3.28 (dd, J=19.0 Hz, 1H), 3.10 (m, 1H), 3.04 (d, J=19.0 Hz, 1H), 2.84
(m, 1H), 2.76 (m, 1H), 2.68 (dd, J=17.6, 9.2 Hz, 1H), 2.51 (dd, J=17.2,
3.3 Hz, 1H), 2.46 (m, 2H), 2.36 (dt, J=14.7 Hz, 1H), 2.17 (dd, 1H),
1.95–1.60 (m, 4H), 1.55 (m, 2H), 1.30 (d, J=7.4 Hz, 3H), 1.04 ppm (t,
J=7.4 Hz, 3H); MS: m/z : 686 [M+H]+ , 708 [M+Na]+ , 684 [M�H]� , 720
[M+Cl]� .


Compound 16a : Butanone (4.5 mL, 50.8 mmol) in THF (5 mL) was drop-
wise added to a solution of LDA (1.9m in THF, 26.7 mL, 50.8 mmol) in
dry THF (30 mL) at �100 8C. After the mixture was stirred for 15 min,
aldehyde 15 (10.0 g, 46.2 mmol) in THF (2 mL) was added and stirred for
3 h at �78 8C. The mixture was quenched using aqueous solution of
NH4Cl and extracted with EtOAc. The combined organic layer was
washed with brine, dried over MgSO4, filtered, and concentrated under
reduced pressure. The residue was purified over silica gel (hexane/
EtOAc 5:1) to afford 16a (5.06 g, 38%). 1H NMR (500 MHz, CDCl3): d
= 4.12 (m, 1H), 3.69 (t, J=6.3 Hz, 2H), 3.15 (d, J=2.6 Hz, 1H), 2.68


(dd, J=2.6, 17.6 Hz, 1H), 2.58 (dd, J=9.2, 17.6 Hz, 1H), 2.53 (q, J=
7.3 Hz, 2H), 1.65–1.42 (m, 6H), 1.14 (t, J=7.3 Hz, 3H), 0.97 (s, 9H),
0.12 ppm (s, 6H); 13C NMR (125 MHz, CDCl3): d = 212.2, 67.4, 62.8,
48.5, 36.5, 36.1, 32.4, 25.7, 21.6, 7.3, �5.5 ppm; MALDI-FTMS: m/z :
calcd for C15H32O3SiNa: 311.2013; found 311.2003 [M+Na]+ .


Compound 16b : HF·Py (2 mL) was added to a solution of 16a (770 mg,
2.67 mmol) in THF (10 mL) at �20 8C. The mixture was stirred at this
temperature for 2 h, and then neutralized using NaHCO3 solution and ex-
tracted with EtOAc. The combined organic layer was washed with brine,
dried over MgSO4, filtered, and concentrated under reduced pressure.
The residue was purified over silica gel (hexane/EtOAc 3:1) to afford
16b (300 mg, 65%). 1H NMR (400 MHz, CDCl3): d = 4.05 (m, 1H), 3.65
(t, J=6.3 Hz, 2H), 3.2 (br, 1H), 2.61 (dd, J=2.9, 17.6 Hz, 1H), 2.51 (dd,
J=9.1, 17.6 Hz, 1H), 2.45 (q, J=7.3 Hz, 2H), 1.80–1.37 (m, 7H),
1.06 ppm (t, J=7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 212.4,
67.3, 61.9, 48.8, 36.6, 36.0, 32.0, 21.4, 7.3 ppm.


Compound 12 : Iodine (349 mg, 1.37 mmol) was added in portion to a so-
lution of 16b (171 mg, 0.98 mmol), PPh3 (386 mg, 1.47 mmol) and pyri-
dine (0.24 mL, 2.94 mmol) in benzene (20 mL) at room temperature. The
mixture was stirred under reflux for 30 min. After cooling to room tem-
perature, the mixture was filtered by Celite and washed with EtOAc. The
filtrate was concentrated and the residue was purified over silica gel
(hexane/EtOAc 20:1) to afford iodide 12 (215 mg, 77%); 1H NMR
(500 MHz, CDCl3): d = 4.02 (m, 1H), 3.18 (t, J=7.0 Hz, 2H), 3.15 (br,
1H), 2.60 (dd, J=2.6 Hz, 17.6 Hz, 1H), 2.50 (dd, J=9.2 Hz, 17.6 Hz,
1H), 2.45 (q, J=7.3 Hz, 2H), 1.88–1.77 (m, 2H), 1.60–1.35 (m, 4H),
1.05 ppm (t, J=7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3): d = 212.7,
67.2, 48.4, 36.7, 35.1, 33.2, 26.4, 7.5, 6.8 ppm.


Prodrug 10 : Iodide 12 (147 mg, 0.517 mmol) was added to a solution of
Dox-hydrochloride (10.0 mg, 0.0172 mmol) in DMF (0.2 mL) followed by
iPr2NEt (6.0 mL, 0.034 mmol), and the mixture was stirred overnight at
room temperature for 16 h. The mixture was purified over silica gel
(CH3Cl/MeOH 10:1) to afford 10 (7.2 mg, 60%). 1H NMR (600 MHz,
CD3OD): d = 7.94 (d, J=7.8 Hz, 1H), 7.83 (t, J=7.8 Hz, 1H), 7.57 (d,
J=7.8 Hz, 1H), 5.47 (s, 1H), 5.10 (s, 1H), 4.74 (d, J=18 Hz, 1H), 4.70
(d, J=18 Hz, 1H), 4.60 (br s, 1H), 4.27 (q, J=6.6 Hz, 1H), 4.04 (s, 3H),
3.96 (m, 1H), 3.80 (s, 1H), 4.49 (m, 1H), 3.10 (d, J=19 Hz, 1H), 2.97 (d,
J=19 Hz, 1H), 2.96–2.70 (m, 3H), 2.56–2.40 (m, 4H), 2.35 (d, J=15 Hz,
1H), 2.20–1.95 (m, 3H), 1,70–1.30 (m, 6H), 1.30 (d, J=6 Hz, 3H),
0.97 ppm (t, J=7.3 Hz, 3H); MALDI-FTMS: m/z : calcd for
C36H45NO13Na: 722.2783; found 722.2810 [M+Na]+ .


In vitro cell growth assay : Briefly, human breast cancer cells (MDA-MB-
435) and KaposiLs sarcoma cells (SLK) were plated at a density of 5M103


cells per well in 96-well tissue culture plates and maintained in culture.
After 24 h, the media was gently removed from the 96-well plates and all
wells were washed 2M with media, without disturbing the cells. Prodrugs
were added immediately after washing. For the antibody experiments,
prodrug and 93F3IgG were mixed just before adding the activated pro-
drug solution to the cells. The final concentration of antibody in all solu-
tions was 1 mm. Each concentration of prodrug added in triplicate. After
prodrug addition, the cells were maintained at 37 8C in 5% CO2 for 1 h.
After incubation, 20 mL of the Promega Substrate MTS (2H-tetrazolium,
5-[3-carboxymethoxy)phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-sulophen-
yl)-inner salt (9Cl)) were directly added to every well of the plate, which
already contained 100 mL of the prodrug (+antibody) sample. The MTS
substrate is quickly converted to a red formazan product in the presence
of lactate dehydrogenase, which is released from living cells. After 1 and
2 h, the absorbance at 490 nm was recorded in an ELISA plate reader to
quantify the number of surviving cells. Six wells without cells had been
kept blank throughout the entire experiment except for the addition of
the MTS substrate, and the A490 values from these wells was averaged
and subtracted from every other well. Three wells containing untreated
cells and three wells containing cells with only antibody added were aver-
aged, and the A490 values were set as 100% cell survival for comparison
with addition of prodrug and addition of prodrug+antibody, respectively.
The standard deviation for each triplicate experiment was also calculated
after correction of background and is reported in Figures 3 and 4.
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Introduction


Complex oxides derived from the spinel-type structure,
AB2O4, are well-known magnetic materials, and ferrimag-
netism is observed in Fe3O4 and many spinel ferrites that
are used as thermistor materials. Certain oxides with two or
more interacting antiferromagnetic sublattices that are
canted at an angle leave a net magnetization and are called
canted antiferromagnets. In general, ferrites possess high
values of magnetization, because of imbalanced site magnet-
ic moments along with high values of resistivity, low dielec-
tric loss and high N&el temperatures. These properties have
made them versatile materials for various technological ap-
plications; for example, lithium ferrite materials have domi-
nated in the field of microwave devices, especially as re-
placements for garnets due to their lower cost, and some de-
rivatives are promising candidates for high-frequency appli-
cations. It is worth noting that the crystallographic, electrical
and magnetic behaviour of ferrites depend strongly upon


stoichiometry as well as processing parameters such as tem-
perature, atmosphere and pressure, mainly because affect
the distribution of cations among the available tetrahedral
(A) and octahedral (B) sites in the spinel lattice. Control
over cation distribution provides a means of developing the
desired physical properties for their technological use in in-
dustry.
Materials of general formula Li0.5+0.5xFe2.5�1.5xTixO4 with


spinel-related structures have order–disorder phase transi-
tions that are mainly governed by the composition and the
temperature. These transitions are accompanied by notice-
able variations in the magnetic behaviour and a many stud-
ies on this system have been reported in the literature,[1–8]


owing to their high transition temperature from ferromag-
netic to paramagnetic, as occurs in the parent phase,
Li0.5Fe2.5O4, for which the transition temperature is as high
as 958 K.[9–11] Though much research has been carried out
about the physical properties of these derivatives and the
main features of their structure and relations are now well
known, there are still some controversies, especially over
the composition range at which structural changes occur,
and over the magnetic structure and the effect of nonmag-
netic and magnetic cation substitution on various properties
of lithium ferrites.[1,12–13]


The first member of this solid solution, Li0.5Fe2.5O4 (that
is, with x=0) is an inverse spinel that can be formulated as
(Fe3+)A[Li0.5Fe1.5]BO4. It crystallizes in the space group P4332
and has a cation ordering of 1:3-type in the octahedral sub-
lattice[9] (being located Li+ in 4b and Fe3+ in 12d sites), and
the different charge of cations seem to be the responsible
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Abstract: The influence of thermal
treatment on the structure of lithium ti-
tanium ferrite spinels of general formu-
la Li0.5+0.5xFe2.5�1.5xTixO4 (x=0.16, 0.44,
and 0.72) has been studied by X-ray
and neutron diffraction and analysed
by the Rietveld method. The results
allow us to conclude the presence of an
ordered phase (space group P4332) at
room temperature for the sample with


x=0.16; this phase does not appear for
the remaining compositions. The mag-
netic properties evidence a ferrimag-
netic ordering in the structures when a
random cation distribution (space


group Fd3m) is obtained. An exhaus-
tive study carried out by neutron dif-
fraction measurements on these sam-
ples shows a different behaviour when
the titanium content is increased, con-
cluding that the lower substituted
phase (x=0.16) exhibits a N&elIs collin-
ear ferrimagnetic structure, with the
higher substituted structures being non-
collinear (x=0.44 and 0.72).


Keywords: lithium titanium
ferrites · magnetic properties ·
neutron diffraction · spinel phases
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for this ordering. Moreover, order–disorder phase transi-
tions at T=1008–1023 K were reported for this com-
pound.[10]


It is not yet clear in which compositional range the
ordered and disordered transition occurs for the Li0.5+0.5x-
Fe2.5�1.5xTixO4 derivatives. Previous studies by X-ray diffrac-
tion were first reported by Blasse[1] and described these
phases as cation-ordered for x%0.33 and disordered for
0.55�x�1.11, with again an ordered distribution for higher
degrees of substitution, 1.11�x�1.66. This range of compo-
sition was confirmed by Scha-
ner,[2] although Yousif[4] pro-
posed that this system shows
the 1:3 ordering for x<0.7. In
addition, other authors[1–5] have
reported detailed studies using
magnetization and MOssbauer
spectroscopy for this system in
the range 0�x�0.7, in agree-
ment with the cation distribu-
tion proposed by Blasse[1] and
White.[6] Nevertheless no sys-
tematic structural studies have
been carried out until now in
the whole range of composition
and the above techniques were
used in order to propose non-
collinear magnetic models when
the Ti4+ content increases.
This current work is devoted


to the analysis of the relationship
between crystal structure and
chemical composition in the
system Li0.5+0.5xFe2.5�1.5xTixO4,
as well as the influence of
the applied thermal treatments,
by X-ray and neutron dif-
fraction. The materials chosen have the compositions
Li0.58Fe2.26Ti0.16O4, Li0.72Fe1.84Ti0.44O4 and Li0.86Fe1.42Ti0.72O4,
corresponding to the values x=0.16, 0.44 and 0.72, respec-
tively. Another aim was to establish the magnetic structures
by means of neutron diffraction data and to study the mag-
netic behaviour of the phases whose variations are induced
by the actual cation distribution.


Results and Discussion


The samples of the system Li0.5+0.5xFe2.5�1.5xTixO4 for x=0.16,
0.44 and 0.72 were obtained following the experimental de-
tails given in Experimental Section by slow cooling (SC)
and rapid quenching (Q) from 973 K to room temperature.
These compositions are intermediate between the limits of
substitution, Li0.5Fe2.5O4 (x=0) and LiFeTiO4 (x=1), previ-
ously described in the literature.[7,14] The main structural dif-
ference between these phases is the transition from the
space group P4332 to Fd3m, respectively.
The XRD patterns of the isolated compounds confirmed


the formation of highly crystalline spinel monophases, in


which some interesting differences arose. The structural re-
finements were made taking the above compounds,
Li0.5Fe2.5O4 and LiFeTiO4, as starting models for the ordered
and disordered phases, respectively.


Structural analysis by X-ray diffraction( XRD): The XRD
patterns obtained at room temperature for the sample x=
0.16 SC (Figure 1a) show some representative reflections in-
dexed as (110), (210) and (211), forbidden in the more con-
ventional spinel space group Fd3m, that suggests the forma-


tion of a superstructure similar to this observed in the
parent phase, Li0.5Fe2.5O4. Thus, all the reflections have been
adequately refined in the same P4332 space group. By con-
trast, in the sample x=0.16 Q all the observed reflections
(Figure 1b) can be indexed in the Fd3m space group; this
implies a disordered distribution of cations at the octahedral
sites. This structural change appears as a consequence of the
cation ordering at the octahedral sites that is favoured by
the cooling conditions.
These structural differences are not apparent in the sam-


ples x=0.44 SC (Figure 1c) and Q (Figure 1d) and in the x=
0.72 SC and Q ones (not depicted), for which the respective
XRD patterns were satisfactorily fitted using the Fd3m
space group in both cases. Therefore, only in the lower sub-
stituted phase does an order–disorder transition take place
at temperatures below 973 K; this does not appear to be the
case for the remaining compositions, showing that the cool-
ing method has no influence on the cation occupancy for
compositions 0.44 �x�1.0.
The structural model for the cation distribution in the or-


dered phase (x=0.16 SC) is based on site preferences for
cations in the spinel structure. Bearing in mind the usual


Figure 1. XRD patterns of the samples: a) x=0.16 slow cooling (SC), b) x=0.16 quenching (Q), c) x=0.44
(SC) and d) x=0.44 (Q).
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factors affecting the cation distribution, Li+ and Fe3+ have
no preference and could occupy each of three different
cation sites,[7,8] but the Ti4+ ions preferably are located on
the six-coordinate sites. Crystallographic data obtained in
the structural refinement are given in Table 1 for x=


0.16 SC; these data are compared the parent spinel
Li0.5Fe2.5O4. The refined values of occupancies for this
sample lead to the following ordered distribution, in which
cations occupy tetrahedral 8c and octahedral 4b and 12d
sites and oxygen ions are placed in the 8c and 24e ones:
(Li0.05Fe0.95)8c[(Li0.37Ti0.13)4b(Li0.16Fe1.31Ti0.03)12d].
From this distribution the cationic charge is balanced in


nearly equal proportions between octahedral (overall charge
5.1+ ) and tetrahedral (charge 2.9+ ) coordinated sites as in
the parent phase Li0.5Fe2.5O4 (charge 5.0+ and 3.0+ , respec-
tively). On the other hand, the 1:3 cation ordering found in
both phases is related to the high charge difference between
cations located on 4b and 12d positions. These charges are,
respectively, of 0.5+ and 4.5+ in the parent phase, accord-
ing to its cation ordering (Li0.5)4b(Fe2.5)12d, and 0.9+ and
4.2+ in the x=0.16 sample. Thus, the charge difference be-
tween octahedral sites diminishes somewhat by substitution
of iron by titanium. In consequence, the increasing titanium
content in the 4b sites, concomitant with higher x values, re-


duces the effect of charges and the structure progressively
tends to a random distribution of cations.
On the other hand, in ordered spinels the cations in 4b


sites have six equidistant oxygen ions, whereas tetrahedrally
(8c) and octahedrally (12d) coordinated cations have nearest
oxygen neighbours at different distances, 3+1 and 2+2+2,
respectively. These features are also evidenced in our case
(x=0.16 SC, see Table 1). Bearing in mind that 4b octahe-
dral sites are larger than 12d ones, the cation ordering
seems to be also favoured by their size difference in octahe-
dral coordination; this is also observed in the parent com-
pound (rLi(VI)=0.74 P, rFe(VI)=0.645 P). The introduction
of Ti4+ provokes a partial displacement of Li+ ions that mi-
grate from 4b sites to 12d ones, causing a visible decrease of
mean bond distances in the 4b octahedra and an increase of
mean bond distances in the 12d octahedra. Taking into ac-
count that the Ti4+ ion has greater charge and smaller ionic
radius (rTi(VI)=0.605 P) than Li+ , the introduction of that
ion in 4b positions produces a compensation of both factors,
size and charge. From these arguments, the progressive in-
troduction of Ti4+ ions should give a more disordered cation
distribution and, as stated above, from the composition x=
0.44 all cations are at random in octahedral sites.
Effectively, Figure 2 shows the mean interatomic distances


in 4b and 12d octahedral sites versus the degree of substitu-


tion (x) for the title compositions and others previously re-
ported by us.[7,8] The observed variation agrees with the
above assumptions, indicating that M�O mean distances
become progressively closer from the parent compound (x=
0) to x=0.44, at which there is a change to space group
Fd3m that is preserved towards the upper limit of substitu-
tion, x=1.
For this latter phase (LiFeTiO4), the actual cation distri-


bution between tetrahedral and octahedral sites is
(Li0.47Fe0.53)A(Li0.53Fe0.47Ti)B. Although from this distribution
an ordered structure could be favoured, we have never
found such an ordering in octahedral sites.[7] For higher
values of x the structure is described again in the space
group P4332 and the Ti


4+ ions progressively migrate from 4b
to 12d sites until x=1.50, whereby all Ti4+ ions are exclu-
sively located on the 12d positions. Cation migration leads
to an increase in the ordering from partial (x=1.28) to full
(x=1.50) and, in consequence, larger differences in mean
distances between 4b and 12d octahedral sites appear.
Therefore, an interesting conclusion of this structural


study is that the different location of Ti4+ on two octahedral


Table 1. Structural parameters obtained from the Rietveld refinement
from space group P4332 of powder X-ray diffraction patterns for ordered
compound.


Li0.5Fe2.5O4
[a] Li0.58Fe2.26Ti0.16O4


(x=0.16)


a [P] 8.314(3) 8.335(3)


tetrahedral 8c
sites x=y=z �0.0023 �0.0014(5)


N[b] (Li/Fe) 0/1 0.05/0.95


octahedral 4b
sites x=y=z 5/8 5/8


N[b] (Li/Fe) 1/0 0.37/0.13
12d
x 1/8 1/8
y 0.3674(1) 0.371(1)
z 1=4�y 1=4�y
N[b] (Li/Fe/Ti) 0/1/0 0.16/1.31/0.03


8c
x=y=z 0.3853(3) 0.385(2)
24e
x 0.1166(3) 0.118(3)
y 0.1284(3) 0.125(2)
z 0.3853(3) 0.381(2)


Bond lengths
Li0.5Fe2.5O4


[a] Li0.58Fe2.26Ti0.16O4


tetrahedral M(8c)�O1 1.878Q3 1.878Q3
M(8c)�O21 1.915 1.926


mean distances 1.887 1.890
octahedral 4b M(4b)�O2 2.106Q6 2.081(2)Q6
octahedral 12d M(12d)�O1 1.951Q2 1.995(2)Q2


M(12d)�O2 1.999Q2 2.032(3)Q2
2.058Q2 2.036(2)Q2


mean distances 2.003 2.021


[a] From reference [10]. [b] N=occupation.


Figure 2. Mean distances versus composition for Li0.5+0.5xFe2.5�1.5xTixO4.
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sites, interpreted by the above statements of charge and
composition, is the main reason for the order–disorder phe-
nomena observed in this system. Similar results were found
for other solid solutions with spinel structure.[15]


Magnetic behaviour : Magnetic susceptibility measurements
were carried out on the title samples. The results obtained
for quenched and slowly cooled specimens were similar in
both cases and the following discussion is devoted to the Q
samples.
Figure 3 shows the temperature dependence of the mag-


netic susceptibility, c(T), in the temperature range between


2 and 300 K measured at a field of 5 kOe. All the samples
exhibited a slight increase of the magnetic susceptibility
when temperature decreases, and no Curie–Weiss behaviour
was observed over the whole range measured. The absence
of a linear behaviour in the dc reciprocal susceptibility (not
depicted) suggests that the transition to a paramagnetic
state is to be expected for a critical temperature above 300 K.
The field dependence of magnetization, M(H), measured


at different temperatures up to a maximum field of 50 kOe
is depicted in Figure 4. The appearance of anhysteric cycles
that saturate from 2 to 50 kOe is characteristic of ferrimag-
netic behaviour. According to the two-sublattice collinear
spin model of ferrimagnetism by N&el,[16] the net magnetiza-
tion (M) is given by the difference in magnetization between
the two sublattices: M=MB�MA, where MB and MA are the
B (octahedral) and A (tetrahedral) site magnetic moments,
in mB.
Taking into account that the magnetic moment of Fe3+


ions is close to 5 mB and the net magnetic moments obtained
by magnetization measurements at 2 K were 2.15 mB, 1.40 mB
and 0.60 mB for x=0.16, 0.44 and 0.72, respectively, one can
calculate the actual occupation of paramagnetic cations. As-
suming a collinear magnetic model, the cation distribution
in our compounds can be obtained from the following ex-
pressions: M=nBmB(Fe


3+)�nAmB(Fe3+) (i.e., 2.5–1.5x=nB+
nA) in which nB and nA stands for the tetrahedral and octa-
hedral occupations, respectively. Bearing in mind that titani-
um cations are always occupying octahedral sites, the cation
distribution for the title compounds are: (Li0.09Fe0.91)A-
(Li0.49Fe1.35Ti0.16)B (for x=0.16), (Li0.22Fe0.78)A(Li0.50Fe1.06-


Ti0.44)B (for x=0.44) and (Li0.35Fe0.65)A(Li0.51Fe0.77Ti0.72)B (for
x=0.72).
These results show that the lithium content in octahedral


sites remains nearly constant, whereas the iron content in
them sharply decreases as x increases.


Structural analysis by neutron diffraction at 973 K : The
magnetic properties of a spinel complex oxide, AB2O4,
depend strongly on how the cations are distributed over the
A and B sites of the crystal lattice. Therefore, for a correct
determination of the magnetic structure it is indispensable
to obtain the exact distribution of the cations among the
two kinds of sites in samples of good quality. To avoid the
ambiguity resulting from the magnetic contribution to the
Bragg intensities in determining the proper distribution of
the different cations, it is essential to obtain neutron diffrac-
tion patterns that contain the nuclear contribution only. For
these purposes, neutron diffraction (ND) patterns for the
samples under study were taken at 973 K and the profiles
were analysed by using the program Fullprof[17] and the
Rietveld[18] method.
Our samples exhibit the crystallographic symmetry de-


fined by the space group Fd3m and in the data refinement
process this space group was used to generate the calculated
profiles. The occupation number of cations at A and B sites
and other structural parameters, previously obtained by


Figure 3. Variation of the dc magnetic susceptibility at 5 kOe with tem-
perature for x=0.16, 0.44 and 0.72.


Figure 4. Magnetization versus magnetic field for a) x=0.16, b) x=0.44
and c) x=0.72 at different temperatures.
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XRD at room temperature and confirmed by ND at 973 K
in the paramagnetic phase, were used for the analysis of the
high-resolution patterns. As stated above, ND data at 973 K
only show the reflections due to a random distribution of
cations without superstructure extra reflections. Figure 5


shows the fitting of experimental ND pattern corresponding
to the x=0.16 sample and the differences between the ob-
served and calculated profiles. This pattern is similar to
those of the remaining compositions and clearly shows the
change in symmetry with respect to the ordered phase of
the same composition commented on before.
A summary of the structural parameters and the most


representative interatomic bond lengths obtained in the re-
finement are given in Table 2. By comparing the cation dis-
tribution deduced from magnetization measurements and
from ND, one can verify that both results are nearly identi-
cal for the x=0.16, and for the x=0.44 and 0.72 samples
there are only slight differences which can be explained by
the magnetic structure determination.


Magnetic structure : Figure 6 shows ND patterns collected at
973 and 300 K for the x=0.16 and 0.44 phases; that of x=
0.72 is similar to the latter. The measurements at 300 K
were obtained after cooling the samples in the furnace from


973 K. By comparing both patterns, noticeable changes are
observed in certain Bragg reflections. At 973 K the diffrac-
tion peaks are characteristic of only the nuclear scattering,
whereas at 300 K the (111), (220), (311) and (222) reflec-
tions increase in intensity with respect to the 973 K patterns.
Thus, the observed variations should be due to magnetic in-
teractions, according to the above magnetic measurements.
All magnetic peaks can be indexed with a propagation
vector k= (000), referring to the high temperature unit cell,
indicating that both the magnetic and nuclear cells are simi-
lar.
Moreover, in the thermodiffractograms collected between


2 and 300 K for x=0.16 (Figure 7a) revealed the presence of
some additional peaks at low angles, indexed as (110),
(210) and (211), characteristic of the ordered phase There-
fore, the sample x=0.16 exhibited a minor phase with
cation ordering on the octahedral sites, resulting in a super-
structure that could be refined in the P4332 space group.
The Bragg peaks remain sharp throughout in this temper-


ature range, heralding the presence of long-range magnetic
ordering (LRO). An interesting feature at this respect is the
appearance of the (200) reflection in the patterns of the x=
0.44 and 0.72 samples (Figure 7b and Figure 7c), which is
absent in that of x=0.16, and could be related to a different
spin orientation.
Since these spinel ferrites can be considered as ionic com-


pounds, in which the only paramagnetic cation is Fe3+ and
recalling the observed cation distribution, it is possible to es-
timate the sublattice moments at saturation, assuming a col-


Figure 5. Observed, calculated and difference NDP (D1A) profiles of the
samples x=0.16 at 973 K. Vertical marks correspond to the position of
the allowed reflections for the space group Fd3m.


Table 2. Lattice parameters, R factors and structural parameters obtained
from the Rietveld refinement of powder neutron diffraction patterns for
Li0.58Fe2.26Ti0.16O4, Li0.72Fe1.84Ti0.44O4 and Li0.86Fe1.42Ti0.72O4 at 973 K.


x=0.16 x=0.44 x=0.72


a [P] 8.4027(1) 8.4140(6) 8.4273(4)
space group Fd3m Fd3m Fd3m
Z 8 8 8
RB [%] 4.78 5.10 3.58
RP [%] 5.86 6.32 5.80
RWP [%] 7.58 8.89 7.53


8a
x=y=z 1=8


1=8
1=8


N[a] (Li/Fe) 0.09/0.91 0.23/0.77 0.36/0.64


16d
x=y=z 1=2


1=2
1=2


N[a] (Li/Fe/Ti) 0.49/1.35/0.16 0.49/1.07/0.44 0.51/0.78/0.72


32e
x=y=z 0.2564(3) 0.2567(3) 0.2587(2)


Bond lengths
x=0.16 x=0.44 x=0.72


M(8a)�O 1.913(4)(Q4) 1.919(8)Qx4) 1.958(7)(Q4)
M(16d)�O 2.047(8)(Q6) 2.048(5)(Q6) 2.063(3)(Q6)


[a] N=occupation.


Figure 6. Observed neutron powder diffraction pattern at 300 K and
973 K for a) x=0.16 and b) x=0.44.
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linear ordering. If the magnetic ions are all in such a N&el
ordering, then one expects the site moments deduced from
the normal Bragg reflections are to be close to the estimated
free-ion moments, because in such a situation the moments
of the magnetic ions will be fully aligned along the longitu-
dinal direction (i. e., along the axis of broken symmetry).
However, if the magnetic ordering is noncollinear, then the
ordered site moments deduced will correspond only to the
longitudinal components, since the transverse components
do not contribute to the intensities of the normal Bragg re-
flections. The spatial ordering of the transverse components
of magnetic moments at the B sublattice can give rise to
(200) superlattice reflection,[19,20] which is purely magnetic
in nature and is responsible of the existence of LRO. From
the low angle neutron diffraction patterns shown in


Figure 7, it is clear that such a (200) reflection is present for
the x=0.44 and 0.72 samples.
Rietveld refinements of ND patterns carried out at 300 K


for all samples were tried on the basis of collinear and non-
collinear models. Figure 8 shows the fitting results that con-


tain both nuclear and magnetic contributions. The site occu-
pancies deduced from the analysis of the high-temperature
ND data were kept fixed and all the other parameters were
varied during the refinement. The best fits were obtained as-
suming: 1) a multiphase refinement using both the ordered
(P4332) and disordered (Fd3m) structures


[21,22] with a collin-
ear model, for x=0.16; and 2) a refinement using the Fd3m
space group with a noncollinear model, for x=0.44 and
0.72. The discrepancy factors were RB=4.15 and RM=3.89
for x=0.16, RB=3.95 and RM=4.90 for x=0.44, and RB=


5.63 and RM=6.74 for x=0.72. These R factors are indica-
tive that the structural and magnetic models are adequate
for all the samples.
The calculated sublattice magnetic moments and total


magnetic moment (MT=MB�MA) as well as the expected
magnetic moments, taking into account the cation occupan-
cies and considering the spin only moment for Fe3+ (5 mB),
are shown in Table 3. By comparing the magnetic moments
obtained from magnetization measurements at low tempera-
ture (2 K) and those obtained from structural results (denot-
ed as “expected” in Table 3), we can conclude that both sets
of data are similar for x=0.16, but differs for x=0.44 and
0.72. Therefore, in x=0.16 we assume a collinear model,
whereas in the remaining phases a noncollinear model must
be considered. On the other hand, at room temperature


Figure 7. Thermal evolution of NDP collected at a wavelength l=


2.522 P in the temperature range 2–300 K for a) x=0.16, b) x=0.44 and
c) x=0.72 samples.


Figure 8. Observed (circles) and calculated (continuous line) NPD inten-
sity profiles and at the bottom the difference plot is shown. The short
vertical lines indicate the angular position of the allowed Bragg reflec-
tions. for a) x=0.16 space group Fd3m (upper vertical marks), P4332
(middle vertical marks) and magnetic contribution (lower vertical
marks)and b) x=0.44 space group Fd3m (upper vertical marks), and
magnetic contributions (lower vertical marks).
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these different models are still operative and there is a good
agreement between the deduced magnetic moments from
magnetization and ND.
The above conclusions are confirmed by the neutron ther-


modiffractograms carried out in the range 2–300 K (for de-
tails see the Experimental Section). The temperature varia-
tion of the sublattice and net magnetic moments obtained
from the data refinement are shown in Figure 9. From the


cation distributions listed in Table 2, the sublattice moments
for the compositions of present system have been estimated.
In the sample x=0.16, in which the moments of all the mag-
netic ions are ordered in the longitudinal direction, the ob-
served sublattice moments are very close to those expected.
However, the noncollinear model proposed for x=0.44 and
0.72 shows the loss of the ordered moments at the B sites, in
good agreement with the results obtained in the M(H)
curves.
The collinear and noncollinear models are schematically


depicted in Figure 10. In the collinear ordering (Figure 10a),


the A and B sublattice spins are oriented along the c axis
and are mutually antiparallel. For the noncollinear model
(Figure 10b), the tetrahedral A cations maintain their ferro-
magnetic ordering, whereas the octahedral B ones show an
internal canting angle close to 138 with respect to z axis
(Figure 10c). This canting is provoked by a mutual antiferro-
magnetic alignment in the transversal component, along the
y axis.
In general, the indirect-exchange mechanisms that pro-


duce spontaneous magnetization are at an optimum if two
interacting cations are located on opposite sites of an anion
(i.e., angle M-O-M close to 1808). These coupling rules are
not directly applicable to spinels, because the A–anion–B
angles are ~1238, and the B–anion–B angles are ~938 (Fig-
ure 10c). The importance of the relative symmetry of the
cation outer-electron wave functions and near-neighbour–
anion configuration was pointed out by Goodenough and
Loeb[23] and later amplified by McClure[24] and Dunitz and
Orgel[25] for spinel-type oxides. Tetrahedral A cations have


Table 3. Magnetic moments in mB for for Li0.58Fe2.26Ti0.16O4,
Li0.72Fe1.84Ti0.44O4 and Li0.86Fe1.42Ti0.72O4.


x=0.16 x=0.44 x=0.72


MA(expected) 4.55 3.70 3.20
MB (expected) 6.75 5.50 3.90
MT (expected) 2.20 1.50[a] 0.70[a]


MT (cycle 2k) 2.15 1.4 0.60
MT (cycle 300 K) 1.8 1.0 0.55
MA (ND 300 K) 3.42 2.44 2.62
MB (ND 300 K) 5.36 y 0.78 y 0.35


z 3.47 z 2.06
MT (ND 300 K) 1.94 1.03 0.56


[a] A collineal model is supposed.


Figure 9. Variation of the sublattice and the net magnetic moments with
temperature a) x=0.16, b) x=0.44 and c) x=0.72.


Figure 10. Projection of the magnetic lattice of tetrahedral and octahedral
sites, showing spin model: a) collinear ordering, b) noncollinear ordering
and c) exchange mechanism between A and B sublattices.


Chem. Eur. J. 2004, 10, 5473 – 5480 www.chemeurj.org J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5479


Magnetic Structures 5473 – 5480



www.chemeurj.org





the triply degenerate t2 (dxy, dyz, dzx) orbitals pointing to-
wards near-neighbours anions, and B-site cations have the
doubly degenerate eg (dz2, dx2�y2) orbitals pointing towards
near-neighbours anions; the dxy, dyz, and dzx orbitals point to-
wards near-neighbours B cations. In our case (x=0.16) the
paramagnetic Fe3+ ions are located in both tetrahedral and
octahedral sites, and the A-site t2 orbitals and the B-site eg
orbitals are half filled, their mutual interactions being
strongly antiferromagnetic, giving rise to a normal N&el cou-
pling (A and B moments antiparallel).
In the x=0.44 and 0.72 sample, both sublattices A and B


are magnetically more diluted, with a higher content of Li+


in tetrahedral sites (see Table 2), and the antiferromagnetic
A–B interactions are relatively weak. On the other hand, B-
site t2g orbitals are half-filled and direct B–B antiferromag-
netic interactions are then possible. In these samples, the
Fe(A)–Fe(B) and the Fe(B)–Fe(B) interactions must be compara-
ble and in consequence, as Yafet and Kittel[26] have suggest-
ed, the magnetic moments between both sublattices may not
be collinear as is evidenced in Figure 10b and c.
We can conclude that magnetic dilution in these spinels


provokes an enhancement of direct B–B antiferromagnetic
interactions and a weakness of A–B interactions giving rise
to a transversal component with long-range order.


Experimental Section


Polycrystalline lithium titanium ferrite samples with the chemical formula
Li0.5+0.5xFe2.5�1.5xTixO4 (x=0.16, 0.44 and 0.72) were prepared by the
“liquid mix” technique[27] from powdered mixtures of Li2CO3, Fe2O3 and
TiO2 (all reactants were supplied by Merck, Germany), in stoichiometric
ratios. The samples were obtained by two methods: rapid quenching (Q)
from temperatures above 973 K for 12 h (x=0.16) or on slow cooling
(SC) (x=0.44) at 973 K for a day to room temperature.


Neutron powder diffraction data were performed at the Institute Laue-
Langevin (Grenoble, France) at different temperatures for the samples
x=0.16 (Q) and 0.44 (SC) on the D1A high-resolution powder diffrac-
tometer (l=1.9110 P). The multidetector D1B powder diffractometer
(l=2.522 P) was used for the thermal patterns in the temperature range
2–300 K. Diffraction patterns were analysed by the Rietveld[18] method
and the Fullprof program[17] .


Magnetic susceptibility measurements were performed in a commercial
superconducting quantum interference device magnetometer, Quantum
Design Magnetic Properties Measurement System 5S, on powder samples
in a temperature range from 2 K to 300 K under an applied magnetic
field of 5000 Oe. The magnetic field isothermal variations up to 50 kOe
were obtained with the aid of a Quantum Design Physical Properties
Magnetic System, which allowed for the experimental setting of highly
homogeneous magnetic field at specific temperatures.


Acknowledgement


Financial support through research Project MAT2002–01288 (CICYT,
Spain) and MAT2003–06003 (CICYT, Spain) are acknowledged. One of
the authors (M.A.A.) is grateful to CICYT for a Postdoctoral Fellowship.
We also thank to the ILL facilities.


[1] G. Blasse, Philips Res. Rep. Suppl. 1964, 3, 96–102.
[2] S. Scharner, W. Weppner, P. Schmid-Beurmann, J. Solid State Chem.


1997, 134, 170–181.
[3] A. H. Wakif, S. A. Mazen, and S. F. Mansour, J. Phys. D.1993, 26,


2010–2014.
[4] A. A. Yousif, M. E. Elzain, S. A. Mazen, H. H. Sutherland, M. H.


Abdalla and S. F. Masour, J. Phys. Condens. Matter 1994, 6, 5717–
5724.


[5] S. A. Mazen, A. H. Wakif and S. F. Mansour, J. Mater. Sci. 1996, 31,
2661–2665.


[6] G. O. White, C. E. Patton, J. Magn. Magn. Mater. 1978, 9, 299–317.
[7] M. A. Arillo, M. L. L:pez, E. Perez-Cappe, C. Pico, M. L. Veiga,


Solid State Ionics 1998, 107, 307–312.
[8] M. A. Arillo, M. L. L:pez, C. Pico, M. L. Veiga, J. Campo, J. L. Mar-


t=nez, A. Santrich-Badal, Eur. J. Inorg. Chem. 2003, 13, 2397–2405.
[9] “Magnetic Properties of Ferrites”: M. Guillot, Electronic and Mag-


netic Properties of Metals and Ceramics (Ed.: K. H. J. Buschow),
VCH, Germany, 1994.


[10] S. J. Marin, M. OIKeeffe, D. E. Partin, J. Solid State Chem. 1994,
113, 413–419.


[11] P. B. Braun, Nature 1952, 27, 1123.
[12] S. S. Bellad, R. B. Panja, Mater. Chem. Phys. 1998, 52, 166–169.
[13] U. N. Trivedi, K. H. Jani, K. B. Modi and H. H. Joshi, J. Mater. Sci.


Lett. 2000, 19, 1271–1273.
[14] A. Tomas, P. Laruelle, J. L. Dorm>n and M. Nogu&s, Acta Crystal-


logr. Sect. C 1983, 39, 1617–1619.
[15] N. Jovic, B. Antic, A. Spasojevic-de Bire, V. Spasojevic, Phys. Status


Solidi A 2003, 198, 18–28.
[16] K. Standly, Oxide magnetic Materials, Clarendon, Oxford, 1972.
[17] J. Rodr=guez Carvajal, FULLPROF, XV Congress of International


Union of Crystallography, Toulouse 1990, p. 127, 1994 (Revised ver-
sion).


[18] H. M. Rietveld, J. Appl. Crystallogr. 1969, 2, 65–71.
[19] N. S. Satya Murthy, M. G. Natera, S. I. Youssef, R. J. Begum and


C. M. Srivastava, Phys. Rev. 1969, 181, 969–977.
[20] R. Chakravarthy, L. Madhav Rao, S. K Paranjpe, S. K. Kulshrestha,


and S. B. Roy, Phys. Rev. B 1991, 43, 6031–6036.
[21] W. Branford, M. A. Green, D. A. Neumann, Chem. Mater. 2002, 14,


1649–1656.
[22] L. Fern>ndez-Barqu=n, M. V. Kuznetsov, Y. G. Morozov, Q. A. Pan-


khurst, I. P. Parkin, Int. J. Inorg. Mater. 1999, 1, 311–316.
[23] J. B. Goodenough, A. L. Loeb, Phys. Rev. 1955, 98, 391–393.
[24] D. S. McClure, Phys. Chem. Solids 1957, 3, 311–315.
[25] J. D. Dunitz, L. E. Orgel, Phys. Chem. Solids 1957, 3, 318–320.
[26] Y. Yafet, C. Kittel, Phys. Rev. 1952, 87, 290–295.
[27] M. Pechini, US Patent , 1967, 3 231/328.


Received: March 30, 2004
Revised: June 22, 2004


Published online: October 8, 2004


J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5473 – 54805480


FULL PAPER M.L. L:pez et al.



www.chemeurj.org






Synthesis and Self-Assembly of a Rigid Exotopic Bisphenanthroline
Macrocycle: Surface Patterning and a Supramolecular Nanobasket


Venkateshwarlu Kalsani,[a] Horst Ammon,[b] Frank J)ckel,[c] J*rgen P. Rabe,[c] and
Michael Schmittel*[a]


Introduction


Macrocycles[1] have attracted increasing attention over the
last years due to their applicability for surface patterning
and as components of supramolecular assemblies. Monolay-
ers of macrocycles on solid supports or interfaces have been
suggested to serve as 2D templates for the construction of
larger supramolecular 3D assemblies and as matrices for the
incorporation of guest molecules.[2–4] These monolayers have
been characterised by scanning tunnelling microscopy
(STM), Langmuir–Blodgett techniques, X-ray diffraction,
photoelectron and infrared spectroscopy as well as ellipsom-
etry.[2–5]


Recently, the synthesis of rigid or shape-persistent macro-
cycles of nanometer scale has become an important avenue
of research.[6] In contrast to ring systems with flexible link-
ages, a macrocycle with a rigid back bone is an attractive
building block for supramolecular architectures to address
defined interior and exterior spatial arrangements and rela-
tionships. Over the years, rigid macrocycles with or without
coordinating ligand sites have been reported.[6] In particular,
macrocycles incorporating polypyridyl units have received
ample interest due to their coordination properties in pres-
ence of suitable metal ions.[7] Schl2ter and Grave have re-
viewed the recent developments on rigid nanosized macro-
cycles and outlined their assets.[6h] Although many of the
rigid macrocycles reported to date contain bipyridine and
terpyridine units, most of them (bipyridine) still lack direc-
tionality in their coordination behaviour (Figure 1) due to
rotational movements, thus allowing for both exo and endo
coordination. For defined exo or endo coordination phenan-
throlines appear superior to bipyridines as a free rotating
bond in between chelating nitrogens is fixed. Sauvage,
L2ning and others have used flexible macrocycles incorpo-
rating endotopic phenanthrolines to engineer functional cat-
enanes, rotaxanes,[8] concave reagents[9] and molecular
knots.[10] To the best of our knowledge, the only rigid macro-
cycle with phenanthroline units has been reported by
Rehahn.[11] This macrocycle, however, exhibits endotopic co-
ordination sites, hence prohibiting any access to extended
oligomeric structures. Therefore we envisaged the synthesis
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Abstract: The synthesis and characteri-
sation of a rigid nanoscale macrocycle
with two exotopic phenanthroline bind-
ing sites is reported. Scanning tunnel-
ling microscopy (STM) at the solid–
liquid interface reveals the formation
of highly ordered monolayers of mac-
rocycles with dimensions that are in
good agreement with the calculated
structure. Using the HETPHEN con-
cept several bisheteroleptic coordina-
tion complexes with other phenanthro-


lines and a nanoscale basket assembly
were prepared in presence of copper(i)
ions. NMR spectroscopy, mass spectro-
metric data and elemental analysis
point to three distinct isomers of the
basket assembly in solution. A silver
basket was prepared and readily con-


verted to its copper analogue. Electro-
spray ionisation (ESI)-MS and spectro-
photometric investigations provided
additional mechanistic insight into the
assembly process. Hence, the exotopic
bisphenanthroline macrocycle in com-
bination with HETPHEN concept
proves to be very effective in control-
ling the compositional aspects of multi-
component self-assembly.


Keywords: copper · macrocycles ·
N ligands · scanning probe
microscopy · self-assembly
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of a rigid macrocycle with phenanthrolines that has exotopic
coordination sites.
Herein, we present the experimental details of the synthe-


sis[12] of the rigid, nanosized (ca. 2.70 nm length) macrocycle
1 with opposite exotopic phenanthroline sites, its self-assem-
bly studied with scanning tunneling microscopy (STM) at a
solid liquid interface and its potential as a useful building
block for engineering a heteroleptic supramolecular basket
structure through self-assembly in solution along the strat-
egy outlined in Scheme 1.


Results and Discussion


Synthesis : Macrocycle 1 was prepared by combining three
building blocks by a series of Sonogashira couplings as de-
picted in Scheme 2 and as communicated earlier.[12] The key
building block 3, equipped with solubilizing hexyl chains in
the 3,8-positions,[13] served as source of the exotopic phenan-
throline site. Following the synthetic protocol, phenanthro-
line 3 was first connected with the bisalkyne spacer 4. After
deprotection of 5a, product 5b was subsequently linked to
two 1,3-diiodobenzene units 6. Finally, the resultant com-
pound 7 was coupled with 5b to afford the macrocycle 1.
Macrocycle 1 precipitated as pale yellow microcrystals in


trichloromethane, the structure of which was unambiguously
assigned by elemental analysis, 1H NMR spectroscopy, and
ESI MS. The ring structure was convincingly visualised by
STM.


Synthesis of a handle for a supramolecular basket assembly :
The construction of well-defined basket-shaped molecules is
of interest, not only because of their potential use in host–
guest chemistry, but also to place defined functionalities


Figure 1. Schematic representation of binding motifs in macrocycles con-
taining bipyridines and phenanthrolines as the coordinating ligands.


Scheme 1. Schematic representation of the strategy for the self-assembly
of a three-component supramolecular basket.


Scheme 2. Preparation of macrocycle 1.
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above a nanoscale array. While some first cyclophane assem-
blies have been reported to date,[14] these are well below the
nanoscale dimensions. Owing to our earlier results with the
HETPHEN concept (allowing for the selective preparation
of heteroleptic bisphenanthroline copper/silver complexes),
we chose 2 as a counter part to the macrocycle to prepare
the nanoscale basket assembly. The HETPHEN approach[15]


utilises steric and electronic effects originating from bulky
aryl substituents at one of the two phenanthroline ligands
(as seen in 2 and in 10 and 11) to steer the coordination
equilibrium both kinetically and thermodynamically towards
the heteroleptic bisphenanthroline complex. Ligands 2, 10
and 11 are designed to carry steric stoppers at the 2- and 9-
positions of the phenanthroline. Ligand 2 was obtained in
four steps starting from the parent 1,10-phenanthroline (8).
The arene groups were added in 2- and 9-position according
to Sauvage[16] in a stepwise fashion as depicted in Scheme 3.


The addition products were isolated and oxidised with acti-
vated manganese dioxide to afford the 2,9-disubstituted
1,10-phenanthroline. After deprotection of 10 with pyridine


and hydrochloric acid, we obtained the free phenol 12,
which was subsequently treated with 13 to yield 2 in 73%.
Ligand 2 has a 1H NMR spectrum with a singlet at d=


6.85 ppm for the four protons of the 1,4-phenylene unit and
a ESI MS spectrum with only two signals, one being centred
at 1175.7 (25%) [2+H]+ and the other at 588.8 (100%)
[2+2H]2+ . The isotopic patterns are in agreement with the
calculated ones. All other data is also in accordance with its
structure (see Experimental Section).


Self-assembly at the solid–liquid interface : Figure 2 displays
an STM current image of a highly ordered monolayer of the
macrocycle 1 at the solution–HOPG interface (HOPG=


highly oriented pyrolytic graphite). The arrangement is char-
acterised by an oblique unit cell containing one molecule
(a=2.98�0.15 nm, b=3.08�0.13 nm and a=47�68). The
area of the unit cell of A=6.6�0.3 nm2 is in good agree-


ment with the space require-
ments of a single molecule lying
completely flat on the substrate
(~6.3 nm2). The bright areas of
the image can be attributed to
the conjugated parts of the
macrocycle, since the energy
difference between the frontier
orbital and the Fermi level of
the graphite substrate is rather
small.[17] The dark areas of the
image between the rings can be
assigned to the aliphatic side
chains that could not be visual-
ised, probably due to their high
conformational mobility on a
timescale faster than the STM
imaging. Notably, also the area
inside the rings could be
imaged and is probably dynami-
cally occupied by solvent mole-
cules. Owing to the orientation
and spacing of the phenanthro-


line units being ideal for metal ion coordination, one might
envisage using these monolayers to study the formation and
the electronic properties of coordination polymers.


Scheme 3. Synthetic Scheme for the preparation of 2.


Figure 2. STM current image of a highly ordered monolayer of macrocycle 1. Parameters were �1.4 V sample bias and 100 pA average tunneling current.
Unit cell and macrocycle structure are indicated. a) Model for the arrangement. b) PM3 minimized dimensions of the macrocycle.
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Self-assembly in solution


Complexation behaviour of the macrocycle and of the
handle : The presence of two rigid exotopic binding sites ren-
ders macrocycle 1 an attractive building block for nanoscale
assemblies, particularly in combination with tetrahedrally
coordinating metal ions (Cu+ or Ag+)[7a] and HETPHEN li-
gands 2, 10 and 11, which contain steric stopper groups in
2,9-position.[15] First, the ability of macrocycle 1 to form
complexes with 10 and 11 was probed in presence of Cu+


(Scheme 4). Rewardingly, only complexes C1 and C2, but no
oligomers of macrocycle, could be detected by both ESI-MS
and 1H NMR spectroscopy, highlighting the utility of the
HETPHEN concept in engineering heteroleptic supramolec-
ular assemblies.


In the ESI-MS characteristic signals are observed corre-
sponding to C1 and C2, with the experimental isotopic dis-
tributions being in good agreement with the calculated ones
(Supporting Information: Figure S2). Because of the sym-
metric structure and the sharp signals, the 1H NMR spectra
is readily rationalised. Characteristic high-field shifts were
observed for aryl protons of ligands 10 and 11 in the com-
plexes C1 or C2, respectively, a clear indication for forma-
tion of heteroleptic complexes as demonstrated earlier.[15]


In the following we probed the complexation behaviour
of the handle 2. A mixture of 2 and [Cu(MeCN)4]PF6 (1:1)
resulted in a yellow solution, the analysis of which by ESI-
MS and 1H NMR spectroscopy indicated the presence of
mainly [Cu(2)]+ along with unreacted (protonated in case of
ESI MS) phenanthroline (Supporting Information: Figure
S1a). The isotopic distribution of [Cu(2)]+ is in excellent
agreement with the calculated one. However, it is evident
from the yellow colour and the absence of any metal-to-
ligand charge transfer (MLCT) band in the region of 450–
500 nm that no macrocyclic structure with a [Phen-Cu-
Phen]+ complex has formed (Supporting Information: Fig-
ure S1b).[18] From these experiments it is clear that the two
shielded phenanthroline sites act as expected, not allowing
for ring closure by formation of a homoleptic ring architec-


ture or any other oligomeric
structures.
To create a model complex


for comparison with the target
basket (Scheme 2), we reacted
2 with 5a in presence of [Cu-
(MeCN)4]PF6 (1:2:2) to furnish
C3 (Scheme 5). 1H NMR spec-
troscopy, ESI-MS and other
spectroscopic data are in good
agreement with the proposed
structure (see Experimental
Section).
ESI MS shows a signal cen-


tred at m/z 1560.2 Da corre-
sponding to the C3 complex
[Cu2(2)(5a)2]


2+ . Again, the ex-
perimental isotopic distribution


is in good agreement with the calculated one. Formation of
complex C3 is further confirmed by collisional fragmenta-
tion of C3 producing the fragment [Cu2(2)(5a)]


2+ , whose
isotopic distribution is in agreement with its proposed com-
position (Supporting Information: Figure S3).


Self-assembly of a nanoscale basket assembly and its metal
exchange : Following the proposal depicted in Scheme 1,
complexation of 1 and 2 with appropriate metal ions such as


Scheme 4. Formation of complexes C1 and C2.


Scheme 5. Assembly of C3 complex from 2 and 5a.
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CuI or AgI ions should furnish a
basket-shaped heteroleptic met-
allo assembly. Upon addition of
macrocycle 1 to 2 and [Cu-
(MeCN)4]PF6 (1:1:2), the so-
lution turned deep red. The
analysis of this solution by ESI-
MS indicated the formation of
[Cu2(1)(2)]


2+ (C4) as the exclu-
sive species. The isotopic split-
ting pointing to a doubly charg-
ed species is in perfect agree-
ment with its proposed compo-
sition (Figure 3). The 1H NMR
spectrum shows that a hetero-
leptic bisphenanthroline com-
plex has formed at the copper
ions, as can be seen from typi-
cal high-field shifts of the mesi-
tyl and dimethylphenoxy pro-
tons at about 5.5–6.3 ppm
(Figure 4). The sharp signals in
the 1H NMR spectrum rule out
the existence of any higher ag-
gregates or oligomers.


Spectral comparison of C4 with
C1 and C2 : The absorption


Figure 3. Positive ESI-MS spectrum of [(1)(2)(Cu)2]
2+ (C4) in dichloromethane. The insert shows the calculated (bottom) and experimental isotopic split-


tings (top).


Figure 4. Parts of the NMR spectra (600 MHz) of C2, C3 and C4. Complex C3 shows signals of conformational
isomers at Hc and Ha (*= impurity).
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spectra of the heteroleptic complexes C1, C2 and C4
(Figure 5) show the presence of similar bands. The strong
bands at 250–400 nm correspond to ligand p–p transitions.[19]


The absorption band at 491 nm is assigned to the MLCT
state that is responsible for the red colour of the complexes.
These absorptions are in good agreement with those of
other Cu+ heteroleptic bisphenanthroline assemblies.[20] The
good match of the MLCT band for all three complexes is in-
dicative of a similar environment at the metal centre. More-
over, the oscillator strength of the MLCT band at l=


491 nm (emax=23113, 21395 and 18608m�1 cm�1 for C1, C2
and C4, respectively) is in good agreement with the pro-
posed two Cu+ ions per complex. Analogous Cu+-contain-
ing systems in which one Cu+ is present[21] exhibit emax=


8500m�1 cm�1.
Although ESI-MS and UV-visible data provide a clear


and convincing picture for the composition of C4 as
[(1)(2)(Cu)2]


2+ , the 1H NMR spectra of the complex be-
tween 5.5–7 ppm is much more complex than expected, re-
vealing three well-resolved sets of signals (in 59:24:17
ratio;[22] Figure 4). In particular, protons Ha, Hb, Hc and Hd


(see Scheme 1) appear well separated, indicating only very
slow interconversion between the different isomers. The iso-
mers will be depicted as C4x, C4y and C4z.


Structural aspects : Further information about the structure
of the isomers can be deduced from extensive ROESY in-
vestigations (Supporting Information: Figures S6 and S7).
For one set of the signals (indicated by z; assigned to C4z)
there is no NOE effect between Hzc and Hzd, indicating that
the ether bridge is well away from the macrocycle (>6 P),
in agreement with a basket type structure (Figure 6, and
model I in Scheme 6) of C4z. In addition, all signals of C4z
show a remarkable similarity in the shifts with those of the
complexes C2 and C3 (Figure 4), for which we have to
assume an unconstrained polyether chain and a planar mac-
rocycle, respectively. Hence, C4z is best described by the
basket structure as depicted by an energy-minimised struc-
ture from force field calculations (Figure 6 top).[23]


However, C4z is only the minor constituent of three dif-
ferent complexes with the same composition [(1)(2)(Cu)2]


2+ .


By chromatography we could separate C4z from C4x,y (1H
NMR spectra of isolated C4x,y and C4z are included in the
Supporting Information: Figure S8) and confirm the compo-
sition [(1)(2)(Cu)2]


2+ for both fractions by ESI-MS.
How can we rationalise the occurrence of various isomers


of the composition [(1)(2)(Cu)2]
2+? Depending on the spa-


tial arrangement of the polyether chain in C4 there may
exist different isomers as depicted in Scheme 6. From these
choices the rotaxane-type model III can easily be discarded,
owing to a rather high barrier (as predicted by molecular
modelling[23]) needed for threading the bulky diarylphenan-
throline unit of 2 into macrocycle 1 (Supporting Informa-
tion: Figure S5). The high barrier is mainly due to repulsion
of the 2,6-dimethylphenyl groups at phenanthroline of 2 and
the methoxy groups in 1.
In contrast to signal set z, the other two sets of signals,


that is, for C4x,y, show notable NOE effects between Hc


and Hd protons; this indicates close proximity of the poly-
ether bridge and the macrocycle, as depicted in a cartoon-
type fashion in model II. In support of a model II type struc-
ture for both C4x and C4y, protons Hxa and Hya have signals
that are shifted down-field with respect to Hza, while the sig-
nals for protons Hxb and Hyb are shifted to high-field with re-
spect to Hzb. This can only be rationalised by a distorted ge-
ometry at the copper(i) ion, with the dimethylphenoxy unit
being closer to the phenanthroline of 1 than the mesityl
unit. This is due to a severe conformational pull exerted by


Figure 5. UV-visible absorption spectra of C1, C2 and C4 (basket assem-
bly) in dichloromethane (2.6R10�6m).


Figure 6. Energy-minimised structure of the basket assembly C4z (top),
indicating that Hzc of 2 and Hzd of 1 are far away from each other in line
with NOESY data. The structure of C4xy is expected to look like the
isomer shown in the two bottom pictures (left= side view; right= top
view). Conformational motions of the entangled polyether chain in C4xy
to generate C4z are prevented by a high barrier due to the restricted
space in the core of the macrocycle.


Scheme 6. Cartoon representation of possible isomers of [Cu2(1)(2)]
2+


(C4).
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the polyether chain that is entrapped in the macrocycle as
shown in model II. It is, however, impossible to provide
exact conformational differences along the polyether chain
of 2 distinguishing the two isomers C4x and C4y, in particu-
lar, since also a slight folding of the macrocycle may be in-
volved.[24] The interconversion between C4x and C4y occur-
ring at temperatures higher than �20 8C precluded chroma-
tographic separation.
A key for further understanding is to picture the forma-


tion of the basket assembly. Upon formation of the mononu-
clear complex [(1)(2)(Cu)]+ (Scheme 7) the free 2,9-diaryl-


substituted phenanthroline site of 2 has actually only two
major trajectories[25] to move towards the second phenan-
throline of macrocycle 1: either
it stretches the polyether chain
to such an extent that approach
of the loose phenanthroline
along trajectoryA is possible.
Alternatively, the polyether
chain may fold partly into the
macrocycle due to stabilizing
interactions[26] between the
handle and the unsaturated
macrocycle. This will severely
limit the translational freedom
of the loose binding site of 2


leaving only trajectory B to form the second copper com-
plex.
It is, however, surprising to learn that even at tempera-


tures as high as 60 8C interconversion between C4x,y and
C4z, that is, between model I and II isomers, remains com-
pletely shut down. Such a high barrier can only be rational-
ised if interconversion of C4x,y and C4z is not possible by
conformational changes along the polyether chain. Molecu-
lar modelling indeed proposed that the entanglement of the
cramped polyether chain within the void of the macrocycle
will preclude conformational relaxation (Figure 6). Alterna-
tively, a dissociation/association process connecting
[Cu2(1)(2)]


2+Ð[Cu2(1)(2)]
2+


open could potentially bring
about the conformational flexibility needed for interconver-
sion (cf. to Scheme 7), but apparently the exergonic associa-
tion [Cu2(1)(2)]


2+
open![Cu2(1)(2)]


2+ kinetically outruns the
slow escape of the conformationally locked polyether chain.
If the above rationale was correct, addition of ligand 14[27]


to C4 should lead to a competitive binding of 14 to
[Cu2(1)(2)]


2+
open, thereby freeing the hitherto kinetically


locked equilibration between C4x,y and C4z. Indeed, after
adding one mole equivalent of 14 to C4x,y,z we saw enrich-
ment of C4x,y at the expense of C4z, while parallel the new
complex [Cu2(1)(14)2]


2+ was formed (Scheme 8). This result
suggests that dissociation/association at the copper phenan-
throline site in pure C4x,y,z takes place, but does not lead
to interconversion of the isomers due to entrapment of the
polyether chain in the void of the macrocycle. Moreover,
this experiments indicates that model II structures are ther-
modynamically more stable than the basket (model I) owing
to attractive interactions.[26]


Metal exchange : A silver basket was made by mixing 1 and
2 with AgBF4 in dichloromethane, affording a yellowish
solution. Analysis of this by ESI MS indicated a signal at
m/z=1452.2 with a charge 2+ . Isotopic splitting was in
good agreement with its proposed composition [Ag2(1)(2)]


2+.
The 1H NMR spectrum of [Ag2(1)(2)]


2+ again indicated the
presence of three isomers in a similar ratio as for the
[Cu2(1)(2)]


2+ complex. Upon the addition of [Cu(MeCN)4]
+


in dichloromethane (2 equiv, 8 additions, 30 min), the
[Ag2(1)(2)]


2+ was quantitatively converted to [Cu2(1)(2)]
2+ .


In the conversion process, signals of the intermediate species
[AgCu(2)(1)]+2 were detected (Supporting Information:
Figure S4). Importantly, the conversion of [Ag2(1)(2)]


2+ to
[Cu2(1)(2)]


2+ does not entail detectable changes in the com-


Scheme 7. Cartoon representation of the formation of [Cu2(1)(2)]
2+ (C4)


leading to two sets of isomers (models I and II).


Scheme 8. Competitive binding of ligand 14.
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position C4x :C4y :C4z. Hence, metal exchange after dissoci-
ation followed by association is faster than conformational
relaxation from model I to model II.


ESI MS investigations, thermodynamic and UV-visible stud-
ies : Insight into the mechanistic pathways and thermody-
namic features of supramolecular structures is of great inter-
est to engineer well-defined, discrete architectures and to
understand the self-recognition phenomena. Very few re-
ports are at hand providing mechanistic insight into the het-
eroleptic organisation.[14a,28] The present study uses ESI MS
for qualitative analysis and spectrophotometry for quantita-
tive analysis. Both measurements were carried out in di-
chloromethane, which we have found is a good solvent for
such titrations.[29] At first, a series of ESI MS titration ex-
periments was carried out to obtain a qualitative picture
about the intermediates on the way to [Cu2(1)(2)]


2+ . In each
case, it was ascertained that the thermodynamic equilibrium
had been reached, as the spectra recorded proved to be con-
stant over time. A table of the results is presented in the
supplementary material.


ESI-MS titration of 2 and Cu+ with 1: In a first series of ex-
periments 2 and the CuI salt were titrated with 1. The titra-
tion was carried out in five additions and excess addition of
1 did not effect [Cu2(1)(2)]


2+ , indicating a high stability of
this assembly under the chosen conditions. During the
course of titration four intermediates were observed apart
from the final basket-shape assembly. All the proposed in-
termediates (see the pictorial description in Scheme 9) were
in good agreement with their isotopic splittings and served
as models for the spectrophotometric titration using SPEC-
FIT[30] program.


ESI-MS titration of 2 and 1 with Cu+ : The second series of
experiments was carried out by the titration of 2 and 1 with
the CuI salt. The CuI salt (two equivalents) was added in
five portions. Again, excess of addition did not change the
spectrum. Though it was possible to detect three intermedi-
ates in minute amounts, the final basket assembly appeared
as the major component throughout the titration, indicating
a strong tendency to form [Cu2(1)(2)]


2+ . The obtained re-
sults are presented in Scheme 10.


ESI-MS titration of 1 and Cu+ with 2 : Finally in a third set
of titrations, 1 and the CuI salt were titrated with a solution
of 2 ; the obtained results are depicted in Scheme 10 along
with their proposed structures. Due to the starting condi-


tions with macrocycle 1 being present along with Cu+ , ho-
moleptic assemblies were observed in absence of 2. These,
however, readily disappeared upon addition of 2, indicating
the higher stability of the heteroleptic basket assembly
Scheme 11


UV-visible titration of 2 and 1 with Cu+ : The ESI-MS titra-
tions suggest a qualitative picture of the intermediates in the
self-assembly process. Though, the mechanistic pathways
vary with the type of titration, they always lead to
[Cu2(1)(2)]


2+ as the final complex. Because of the simplicity
observed with the second series of titration experiments
with ESI-MS, the same type of titration was carried out for
spectrophotometric studies. Hence, these titrations were per-
formed by titrating 2 (3.3 10�6m) and 1 (3.3 10�6m), with ali-
quot amounts of a solution of CuI in dichloromethane for
20 additions (total 4 equiv of Cu+). Figure 7 displays
changes in UV-visible spectrum upon CuI salt addition, with
the solution turning red due to the MLCT transitions at
~490 nm. The inset shows the plots of absorbance changes at
490 nm for 2 and 1 versus CuI salt, indicating that the com-
plexation process is finished when two equivalents of CuI


salt are added and excess addition of Cu+ does not effect


Scheme 9. Proposed species (cartoons) in equilibrium when 2 and Cu+


were titrated with 1.


Scheme 10. Proposed species (cartoons) in equilibrium when 1 and 2
were titrated with Cu+ .


Scheme 11. Proposed species (cartoons) in equilibrium when 1 and Cu+


were titrated with 2.


Figure 7. Spectrophotometric titration of 2 and 1 by aliquot amounts of
CuI salt in 20 additions. Solvent: dichloromethane. T=25(1)8 ; [2] and
[1]=3.30R10�6m. Stability constants are given down to UV-visible spec-
tra.


J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5481 – 54925488


FULL PAPER M. Schmittel et al.



www.chemeurj.org





the already formed basket assembly. Fitting the model with
UV-visible data using the SPECFIT program,[30] binding
constants could readily be extracted for complexes
[Cu(2)(1)]+ and [Cu2(2)(1)]


2+ . As depicted in Scheme 10 a
two step pathway is postulated for the basket assembly proc-
ess. Although the logb111 value is in the range of similar Cu


+


species,[25] the logb211 value is relatively high, indicating the
cooperativity in the final step.


Conclusions


We report the synthesis of the rigid nanoscale macrocycle 1,
its self-assembly behaviour at a solid–liquid interfaces and
its usage in building a heteroleptic supramolecular nanoscale
basket through self-assembly in solution. The presence of
two rigid exotopic bidentate chelating groups makes 1 a
useful building block to create nanoscale architectures. On
one side, STM shows highly ordered monolayers of the mac-
rocyclic system 1 at the solution–HOPG interface. On the
other side, there is a strong driving force for this macrocycle
to form selectively heteroleptic Cu+ and Ag+ complexes
with other phenanthrolines. The formation of these com-
plexes is confirmed by a multitude of spectroscopic techni-
ques (see Experimental Section). Most interesting is the for-
mation of a heteroleptic self-assembled basket-shaped ag-
gregate that shows up in three different isomeric structures.
The mechanistic investigations led to the proposal of a two
step pathway for the self-assembly process. In addition, the
conversion of the silver to the copper basket demonstrates
the system to be dynamic. Further studies are in progress to
study the interface behaviour of self-assembled structures of
1 with metal ions, host–guest properties of these assemblies
and the construction of higher order supramolecular aggre-
gates.


Experimental Section


Starting materials 1,10-phenanthroline, ethynyltrimethylsilane, ethynyl-
triisopropylsilane, 2-bromo-1,3,5-trimethylbenzene, 2-bromo-5-methoxy-
1,3-dimethylbenzene, 4-bromophenylamine, activated MnO2 and 4-tert-
butylphenol were purchased from Aldrich, Merck or Lancaster and used
as received. [Pd(Ph3P)2Cl2],


[31] [Pd(Ph3P)4],
[32] 3,[13] 9,[15a] 11,[15b] (4-bromo-


phenylethynyl)trimethylsilane[34] and 5-tert-butyl-1,3-diiodo-2-methoxy-
benzene[35] were prepared according to the literature procedures. Stan-
dard inert atmosphere and Schlenk techniques were employed for all the
Heck reactions. Solvents were dried using typical drying procedures. 1H
NMR and 13C NMR spectra were measured on a Bruker AC200
(200 MHz) or Bruker AMX600 (600 MHz). All the 1H NMR spectra
were carried out at room temperature in deuterotrichloromethane unless
specified otherwise. ESI MS was measured on an LCQ Deca Thermo
Quest instrument. Typically, each time 25 scans were accumulated for
one spectrum. UV-visible spectra were recorded on a Tidas II spectro-
photometer with dichloromethane as the solvent. For full characterisation
of 4 and its immediate precursor see reference [33]


STM at the solid–liquid interface[34] was performed by using a home-built
beetle-type STM interfaced with a commercial controller (Omicron).
STM tips were prepared by mechanically cutting a 0.25-mm thick Pt/Ir
(80%/20%) wire. A drop of an almost saturated solution of the macrocy-
cle in 1,2,4-trichlorobenzene was applied to the basal plane of freshly
cleaved highly oriented pyrolytic graphite (HOPG). The lattice of the un-
derlying substrate could be visualised during measurements by simply


changing the tunneling parameters to small tunneling impedance. This
allows in-situ x,y calibration of the piezo-scanner and drift-correction of
the images recorded.


Molecular modelling was done with the MM+ force field as implement-
ed in Hyperchem 6.02.[23]


Spectrophotometric titrations : Equilibrium constants of complexes were
determined in dichloromethane. Macrocycle 1 and 2 were titrated with
aliquot amounts of a stock solution of copper(i) tetrakisacetonitrile hexa-
fluorophosphate. All stock solutions were prepared by careful weighing
on a mg analytical balance. Absorption spectra were recorded at 25.0�
(0.1) 8C. Since the formation is instantaneous as evidenced by proton
NMR spectroscopy, ESI-MS analysis, and visible colour change, the solu-
tions were immediately analysed by the spectroscopy to avoid problems
with the volatile solvent. The wavelength region from 240 nm to 600 nm
was taken into account. Two equivalents (total) of metal salt in dichloro-
methane solution were added in 20 portions. The entire data sets com-
prising absorbances measured in one nanometer steps were decomposed
in their principal components by factor analysis, and subsequently the
formation constants including their standard deviation were calculated by
using the SPECFIT[30] program. Binding constants were determined from
two independent titrations.


Synthesis of 7


3,8-Dihexyl-4,7-bis-{4-[(trisisopropylsilyl)ethynyl]phenylethynyl}-1,10-
phenanthroline (5a): Compounds 3[13] (1.00 g, 1.98 mmol) and 4 (1.73 g,
6.12 mmol), [PdCl2(PPh3)2] (150 mg, 210 mmol) and CuI (300 mg,
1.60 mmol) were placed in a dry flask and dry benzene (20 mL) and dry
triethylamine (10 mL) were added in an inert atmosphere. The resulting
dark solution was refluxed for 3 d and the solvent was removed under re-
duced pressure. The residual material was dissolved in dichloromethane
(50 mL) and washed with aqueous KCN (50 mL, 20%) and later by
water. The solvent was then removed under reduced pressure. The resi-
due was purified by column chromatography with dichloromethane and
subsequently ethyl acetate as eluents to afford 1.64 g (90%) of 5a as
yellow powder. M.p. 67–70 8C; 1H NMR (200 MHz): d=0.87 (t, J=
6.9 Hz, 6H; hexyl), 1.05 (s, 6H; triisopropyl), 1.15 (s, 36H; triisopropyl),
1.23–1.54 (m, 12H; hexyl), 1.72–1.90 (m, 4H; hexyl), 3.07 (t, J=6.6 Hz,
4H; hexyl), 7.53 (d, J=8.6 Hz, 4H; phenyl), 7.60 (d, J=8.6 Hz, 4H;
phenyl), 8.38 (s, 2H; phenanthroline), 9.04 ppm (s, 2H; phenanthroline);
13C NMR (50 MHz): d=11.3, 14.0, 18.7, 22.6, 29.2, 30.6, 31.6, 32.6, 85.7,
93.8, 101.9, 106.4, 122.2, 124.5, 125.1, 127.6, 127.7, 131.5, 132.2, 138.9,
144.4, 151.2 ppm; IR (KBr):=2941, 2863, 2204, 2153, 1560, 1508, 1459,
1420, 1382, 1232, 996, 882, 835, 677 cm�1; elemental analysis calcd (%)
for C62H80N2Si2·H2O (927.52): C 80.29, H 8.91, N 3.02; found: C 80.21, H
8.62, N 3.14.


4,7-Bis-(4-ethynylphenylethynyl)-3,8-dihexyl-1,10-phenanthroline (5b):
Tetrabutylammoniumfluoride trihydrate (1.04 g, 3.30 mmol) in THF
(50 mL) was added to a solution of 5a (1.25 g, 1.35 mmol) in THF
(50 mL). The resulting mixture was stirred at room temperature for
30 min; then the reaction was quenched by the addition of water
(100 mL). The resulting solution was extracted with dichloromethane and
the combined organic layers were dried over MgSO4. The solvent was re-
moved under reduced pressure and the residue was purified by column
chromatography with dichloromethane and then ethyl acetate as eluents
to give 750 mg of 5b (92%) as ochre coloured crystals. M.p. 173–174 8C;
1H NMR (200 MHz): d=0.87 (t, J=6.9 Hz, 6H; hexyl), 1.21–1.56 (m,
12H; hexyl), 1.73–1.95 (m, 4H; hexyl), 3.08 (t, J=7.5 Hz, 4H; hexyl),
3.23 (s, 2H; ethynyl), 7.55 (d, J=8.1 Hz, 4H; phenyl), 7.63 (d, J=8.1 Hz,
4H; phenyl), 8.39 (s, 2H; phenanthroline), 9.06 ppm (s, 2H; phenanthro-
line); 13C NMR (50 MHz): d=14.0, 22.5, 29.1, 30.5, 31.6, 32.6, 79.5, 83.0,
85.7, 101.6, 123.0, 124.9, 125.0, 127.5, 131.6, 132.2, 132.5, 139.0, 144.3,
151.1 ppm; IR (KBr):=3294, 3166, 2924, 2854, 2198, 2094, 1560, 1508,
1458, 1421, 1376, 1234, 1102, 893, 837, 754 cm�1; elemental analysis calcd
(%) for C44H40N2·0.5H2O (605.83): C 87.23, H 6.82, N 4.62; found: C
87.16, H 7.23, N 4.68.


4,7-Bis-[4-(5-tert-butyl-3-iodo-2-methoxyphenylethynyl)phenylethynyl]-
3,8-dihexyl-1,10-phenanthroline (7): A mixture of 5b (200 mg (330 mmol)
and 6[35] (1.56 g, 3.75 mmol), dry benzene (7 mL), dry triethylamine
(2 mL), and [Pd(PPh3)4] (200 mg, 170 mmol) was refluxed for 3 d. Then
the solvent was removed under reduced pressure. After taking up the res-
idue in dichloromethane (100 mL) it was washed with aqueous KCN
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(100 mL, 2%) and later with water. The organic layer was dried over
MgSO4 and the residual material subjected to column chromatography
with first dichloromethane and later methyl-tert-butylether as eluents to
give 340 mg of 7 (88%) as colourless powder. M.p. 208–210 8C; 1H NMR
(200 MHz): d=0.89 (t, J=6.9 Hz, 6H; hexyl), 1.24–1.57 (m, 12H; hexyl),
1.31 (s, 18H; tert-butyl), 1.72–1.97 (m, 4H; hexyl), 3.09 (t, J=8.3 Hz, 4H;
hexyl), 4.02 (s, 6H; methoxy), 7.51 (d, J=2.3 Hz, 2H; phenyl), 7.62 (d,
J=8.6 Hz, 4H; phenyl), 7.69 (d, J=8.6 Hz, 4H; phenyl), 7.77 (d, J=
2.3 Hz, 2H; phenyl), 8.38 (s, 2H; phenanthroline), 9.05 ppm (s, 2H; phe-
nanthroline); 13C NMR (50 MHz): d=14.0, 22.5, 29.1, 30.6, 31.2, 31.6,
32.6, 34.2, 61.0, 85.8, 88.1, 91.7, 93.2, 101.7, 116.2, 122.4, 124.0, 125.0,
127.5, 130.9, 131.6, 131.7, 131.9, 137.2, 138.9, 144.4, 148.6, 151.2,
158.1 ppm; IR (KBr):=3054, 2924, 2855, 2202, 1560, 1509, 1466, 1435,
1420, 1256, 1097, 1000, 835, 746, 693 cm�1; elemental analysis calcd (%)
for; C66H66I2N2O2 (1173.07): C 67.58, H 5.67, N 2.39; found: C 67.68, H
5.86, N 2.41.


Synthesis of macrocycle 1: A solution of 7 (400 mg, 341 mmol) and 5b
(200 mg, 330 mmol) in dry benzene (20 mL) was added to a flask contain-
ing a mixture of [Pd(PPh3)4] (350 mg, 300 mmol), dry benzene (60 mL)
and dry triethylamine (20 mL) over a period of 32 h by means of an in-
jection pump, while keeping at reflux. The resulting dark solution was re-
fluxed for 8 h and the solvent was removed under reduced pressure. The
obtained dark residue was suspended in trichloromethane and washed
with aqueous KCN (100 mL, 2%). The aqueous phase was extracted sev-
eral times with trichloromethane. The combined organic phases were
evaporated to dryness under reduced pressure affording a residue which
was then extracted twice with hot n-hexane (2R20 mL) and dried under
reduced pressure. Subsequently, trichloromethane (5 mL) was added and
after one night at room temperature colourless thin needles resulted,
which were washed several times with trichloromethane to yield analyti-
cally pure 1 (80.0 mg, 16%). M.p. >300 8C; 1H NMR (200 MHz, CDCl3/
5% TFA): d=0.93 (t, J=6.9 Hz, 12H; hexyl), 1.33–1.64 (m, 24H; hexyl),
1.40 (s, 18H; tert-butyl), 1.80–2.00 (m, 8H; hexyl), 3.25 (t, J=6.0 Hz, 8H;
hexyl), 4.30 (s, 6H; methoxy), 7.61 (s, 4H; phenyl), 7.72 (d, J=8.6 Hz,
8H; phenyl), 7.80 (d, J=8.6 Hz, 8H; phenyl), 8.74 (s, 4H; phenanthro-
line), 9.10 ppm (s, 4H; phenanthroline); 13C NMR (CDCl3/5% TFA,
50 MHz): d=13.9, 22.5, 29.2, 30.2, 31.2, 31.5, 32.8, 34.6, 62.1, 84.2, 88.6,
93.2, 109.8, 120.6, 126.0, 126.3, 126.4, 129.3, 131.3, 132.0, 132.5, 134.9,
135.0, 142.4, 146.8, 148.1, 160.1 ppm; IR (KBr):=3064, 3038, 2954, 2925,
2855, 2202, 1560, 1510, 1466, 1420, 1245, 1110, 1005, 880, 832, 752 cm�1;
ESI MS: m/z (%): 1515 (100) [M+H]+ ; elemental analysis calcd (%) for
C110H104N4O2 (1514.06): C 87.26, H 6.92, N 3.70; found: C 87.08, H 7.11,
N 3.68.


2-(4-Methoxy-2,6-dimethylphenyl)-9-(2,4,6-trimethylphenyl)-1,10-phenan-
throline (10): n-Butyllithium (2.5m solution in hexane, 24.0 mL,
60.0 mmol) was added to a solution of 2-bromo-5-methoxy-1,3-dimethyl-
benzene (1.80 g, 8.37 mmol) in dry diethyl ether (20 mL) at 0 8C. The
yellow solution was stirred at room temperature for 1 h providing a col-
ourless turbid mixture. Compound 9[36] (1.00 g, 3.35 mmol) was then
added slowly under nitrogen atmosphere over 15 min. The solution
turned dark violet and was stirred for 18 h at room temperature. After
quenching the reaction with H2O (50 mL), the organic phase was separat-
ed. The aqueous phase layer was extracted with dichloromethane
(50 mL), and the combined organic phases were dried over magnesium
sulfate. The concentrated reaction mixture (volume: 50 mL) was subse-
quently oxidised with excess of activated MnO2 (10 g) for 1 h and filtered
through a pad of Celite with dichloromethane as eluent. After concentra-
tion of the filtrate the crude product was purified by column chromatog-
raphy with first dichloromethane and then diethyl ether to give a 770 mg
of a colourless solid (52%) M.p. 262 8C; 1H NMR (200 MHz): d=2.17 (s,
6H; benzyl), 2.20 (s, 6H; benzyl), 2.33 (s, 3H; benzyl), 3.82 (s, 3H; me-
thoxy), 6.68 (s, 2H; phenyl), 6.94 (s, 2H; phenyl), 7.57 (d, J=8.1 Hz, 1H;
phenanthroline), 7.58 (d, J=8.3 Hz, 1H; phenanthroline), 7.84 (s, 2H;
phenanthroline), 8.27 (d, J=8.1 Hz, 1H; phenanthroline), 8.28 ppm (d,
J=8.3 Hz, 1H; phenanthroline); 13C NMR (50 MHz): d=20.5, 20.9, 21.0,
55.1, 113.1, 124.9, 125.2, 126.1, 127.0, 128.4, 133.9, 135.6, 136.2, 137.3,
137.9, 138.1, 146.2, 158.9, 159.8, 160.1 ppm; IR (KBr):=2953, 2915, 1606,
1583, 1541, 1479, 1375, 1356, 1319, 1194, 1156, 1100, 1074, 1039, 885, 858,
634 cm�1; elemental analysis calcd (%) for C30H28N2O·0.5H2O (441.56):
C 81.60, H 6.62, N 6.34; found: C 81.3, H 6.54, N 6.03.


3,5-Dimethyl-4-[9-(2,4,6-trimethylphenyl)-1,10-phenanthrolin-2-yl]phenol
(12): Pyridine (9 mL) was added to conc. HCl (10.5 mL) and the resultant
mixture was heated to reflux at 200 8C (water was removed completely).
After cooling the mixture to 140 8C, 10 (400 mg, 906 mmol) was added.
The mixture was heated to 215–220 8C and kept there for 2.5 h. Subse-
quently, the mixture was cooled to 130 8C and a solution of water
(20 mL) and conc. HCl (5 mL) was added affording a yellow solution.
After cooling to room temperature, the reaction mixture was extracted
several times with dichloromethane. The organic phases were combined,
washed with water and finally neutralised with conc. KOH. The organic
layer was dried over MgSO4 and the solvent was removed under reduced
pressure. The residue was then purified by column chromatography with
dichloromethane as eluent, furnishing 370 mg of 12 (96%) as a colourless
powder. M.p. >280 8C; 1H NMR (200 MHz): d=1.90 (s, 6H; benzyl),
2.12 (s, 6H; benzyl), 2.29 (s, 3H; benzyl), 6.30 (s, 2H; phenyl), 6.91 (s,
2H; phenyl), 7.51 (d, J=8.1 Hz, 1H; phenanthroline), 7.58 (d, J=8.3 Hz,
1H; phenanthroline), 7.86 (s, 2H; phenanthroline), 8.23 (d, J=8.3 Hz,
1H; phenanthroline), 8.34 ppm (d, J=8.1 Hz, 1H; phenanthroline);
13C NMR (50 MHz): d=20.3, 20.4, 21.1, 114.8, 123.8, 124.7, 125.5, 125.6,
126.4, 126.8, 127.1, 128.2, 131.2, 135.4, 135.8, 136.1, 136.4, 137.7, 145.6,
146.0, 156.9, 160.5, 161.1 ppm; IR (KBr):=3258,.3033, 2952, 2917, 2856,
1614, 1586, 1542, 1479, 1318, 1159, 1101, 1033, 887, 857, 756, 636 cm�1; el-
emental analysis calcd (%) for C29H26N2O·0.5H2O (427.55): C 81.47, H
6.37, N 6.55; found: C 81.21, H 6.67, N 6.34.


Synthesis of 2 : Anhydrous K2CO3 (300 mg, 2.17 mmol) was added at
room temperature and in an inert atmosphere to a solution of 12
(600 mg, 1.43 mmol) and 13[37] (410 mg, 610 mmol) in dry DMF (50 mL).
The resulting dark brown solution was stirred for 1 h at room tempera-
ture and then for 3 d at 60–70 8C. The solvent was evaporated under re-
duced pressure and taken up in a mixture of dichloromethane (100 mL)
and water (100 mL). The organic layers were washed with water and
dried over MgSO4, then the solvent was evaporated to dryness. The resi-
due was then subjected to column chromatography with first diethyl
ether and later ethyl acetate as eluents to afford 520 mg (69%) of a
beige powder. M.p. 87–89 8C; 1H NMR (200 MHz): d=2.14 (s, 12H;
benzyl), 2.15 (s, 12H; benzyl), 2.31 (s, 6H; benzyl), 3.65–3.78 (m, 8H;
ethoxy), 3.80–3.94 (m, 8H; ethoxy), 4.02–4.19 (m, 8H; ethoxy), 6.66 (s,
4H; phenyl), 6.85 (s, 4H; phenyl), 6.93 (s, 4H; phenyl), 7.55 (d, J=
8.1 Hz, 2H; phenanthroline), 7.57 (d, J=8.1 Hz, 2H; phenanthroline),
7.84 (s, 4H; phenanthroline), 8.26 (d, J=8.1 Hz, 2H; phenanthroline),
8.27 ppm (d, J=8.1 Hz, 2H; phenanthroline); 13C NMR (50 MHz): d=
20.5, 20.9, 21.0, 67.3, 68.1, 69.7, 69.8, 70.7, 70.8, 113.9, 115.6, 124.9, 125.2,
126.1, 127.0, 128.4, 134.0, 135.6, 136.1, 137.3, 137.9, 138, 146, 153.1, 158.1,
159.7, 160.1 ppm; IR (KBr):=3036, 2917, 2856, 1604, 1585, 1508, 1476,
1317, 1231, 1164, 1125, 1069, 857, 634 cm�1; elemental analysis calcd (%)
for C76H78N4O8·3H2O (1229.52): C 74.24, H 6.89, N 4.56; found: C 74.50,
H 6.51, N 4.30.


Synthesis of complex C1: Tetrakis(acetonitrile)copper(i) hexafluorophos-
phate (25.0 mg, 67.0 mmol) in dichloromethane (10 mL) was added to a
mixture of macrocycle 1 (50.7 mg, 33.5 mmol) and 11[15b] (28.0 mg,
67.0 mmol). The resulting dark red solution was heated for several sec-
onds, and the solvent was evaporated to give C1. After chromatography
(silica gel; dichoromethane/methanol=10:1) 40.0 mg (43%) of a dark
red powder were obtained. M.p. >300 8C; 1H NMR (600 MHz, CD2Cl2):
d=0.90 (t, J=7.1 Hz, 12H; hexyl), 1.32–1.44 (m, 16H; hexyl), 1.38 (s,
18H; tert-butyl), 1.45–1.52 (m, 8H; hexyl), 1.72 (s, 12H; benzyl), 1.74 (s,
24H; benzyl), 1.77–1.85 (m, 8H; hexyl), 3.08 (t, J=6.9 Hz, 8H; hexyl),
4.27 (s, 6H; methoxy), 6.05 (s, 8H; phenyl), 7.58 (s, 4H; phenyl), 7.73 (d,
J=7.9 Hz, 8H; phenyl), 7.81 (d, J=7.9 Hz, 8H; phenyl), 7.82 (d, J=
8.1 Hz, 4H; phenanthroline), 8.27 (s, 4H; phenanthroline), 8.37 (s, 4H;
phenanthroline), 8.50 (s, 4H; phenanthroline), 8.74 ppm (d, J=8.1 Hz,
4H; phenanthroline); 13C NMR (CD2Cl2, 151 MHz): d=14.0, 20.0, 20.7,
22.5, 29.1, 30.7, 31.2, 31.6, 32.5, 34.4, 61.7, 84.7, 88.7, 92.9, 104.6, 116.5,
121.3, 125.1, 125.2, 126.4, 127.0, 127.9, 128.1, 131.0, 131.9, 132.1, 134.4,
137.0, 137.7, 137.8, 140.5, 141.4, 143.8, 146.7, 147.9, 158.7, 160.2 ppm; IR
(KBr):=2965, 2922, 2854, 2194, 1582, 1509, 1458, 1420, 1244, 1105, 1008,
840, 557 cm�1; ESI MS: m/z (%): 1236.4 (100) [M�2PF6]+ ; elemental
analysis calcd (%) for C170H160N8O2Cu2P2F12 (2764.21): C 73.87, H 5.83, N
4.05; found: C 73.41, H 6.22, N 4.07.


Synthesis of complex C2 : Compound 10 (33.9 mg, 78.3 mmol),
[Cu(CH3CN)4]PF6 (29.2 mg, 78.3 mmol), and macrocycle 1 (59.3 mg,
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39.1 mmol) were stirred for 1 h in dichloromethane (10 mL). The resulting
dark red solution was evaporated to dryness to furnish C2. After chroma-
tography (silica gel; dichoromethane/methanol=10:1) 87.0 mg (80%) of
a dark red powder containing water were obtained. M.p. >300 8C;
1H NMR (600 MHz, CD2Cl2): d=0.91 (t, J=7.2 Hz, 12H; hexyl), 1.33–
1.45 (m, 16H; hexyl), 1.40 (s, 18H; tert-butyl), 1.48–1.54 (m, 8H; hexyl),
1.73 (s, 12H; benzyl), 1.75 (s, 12H; benzyl), 1.81 (s, 12H; benzyl), 1.82–
1.86 (m, 8H; hexyl), 3.11 (t, J=7.5 Hz, 8H; hexyl), 3.34 (s, 6H; me-
thoxy), 4.27 (s, 6H; methoxy), 5.83 (s, 4H; phenyl), 6.07 (s, 4H; phenyl),
7.63 (s, 4H; phenyl), 7.77 (d, J=8.1 Hz, 8H; phenyl), 7.85 (d, J=8.1 Hz,
8H; phenyl), 7.86 (d, J=8.0 Hz, 2H; phenanthroline), 7.87 (d, J=8.0 Hz,
2H; phenanthroline), 8.25 (s, 4H; phenanthroline), 8.40 (s, 4H; phenan-
throline), 8.53 (s, 4H; phenanthroline), 8.72 (d, J=8.0 Hz, 2H; phenan-
throline), 8.73 ppm (d, J=8.0 Hz, 2H; phenanthroline); 13C NMR
(CD2Cl2, 151 MHz): d=14.2, 20.2, 20.6, 20.8, 23.0, 29.6, 31.1, 31.3, 32.0,
33.0, 34.7, 55.0, 62.0, 85.3, 89.1, 93.1, 104.8, 112.0, 116.9, 122.0, 125.5,
125.6, 126.9, 127.1, 127.4, 128.4, 128.5, 128.6, 131.6, 132.3, 132.5, 133.1,
134.9, 136.7, 137.5, 137.9, 138.3, 141.2, 141.9, 144.4, 147.4, 148.5, 159.2,
159.3, 159.5, 160.6 ppm; IR (KBr):=2954, 2923, 2855, 2195, 1654, 1570,
1508, 1475, 1458, 1420, 1320, 1245, 1156, 1104, 1011, 839, 558 cm�1; ESI
MS: m/z (%): 1253.2 (100) [M�2PF6]+ ; elemental analysis calcd (%) for
C170H160N8O4Cu2P2F12·3H2O (2796.21): C 71.64, H 5.87, N 3.93; found: C
71.75, H 5.93, N 4.29.


Synthesis of complex C3 : Compound 2 (49.0 mg, 40.9 mmol), 5a (74.4 mg,
81.8 mmol) and [Cu(CH3CN)4]PF6 (30.5 mg (81.8 mmol) were stirred in
dry dichloromethane (10 mL) for 2 h. The resulting dark red solution was
evaporated to afford crude C3. After chromatography (silica gel; di-
choromethane/methanol=10:1) 130 mg (85%) of a dark red powder con-
taining dichloromethane were obtained. M.p. >122–124 8C; 1H NMR
(600 MHz, CD2Cl2): d=0.86–0.90 (m, 12H; hexyl), 1.15–1.20 (m, 84H;
triisopropyl), 1.31–1.40 (m, 16H; hexyl), 1.43–1.49 (m, 8H; hexyl), 1.70–
1.72 (m, 6H; benzyl), 1.72–1.74 (m, 12H; benzyl), 1.77–1.82 (m, 8H;
hexyl), 1.79 (s, 12H; benzyl), 3.07 (t, J=7.6 Hz, 8H; hexyl), 3.55–3.56 (m,
4H; ethoxy), 3.57 (s, 4H; ethoxy), 3.58 (s, 4H; ethoxy), 3.60–3.68 (m,
4H; ethoxy), 3.69–3.81 (m, 4H; ethoxy), 3.95–4.05 (m, 4H; ethoxy), 5.84
(s, 4H; phenyl), 6.02–6.06 (m, 4H; phenyl), 6.75–6.80 (m, 4H; phenyl),
7.59–7.63 (m, 8H; phenyl), 7.71–7.74 (m, 8H; phenyl), 7.85–7.94 (m, 4H;
phenanthroline), 8.24 (s, 4H; phenanthroline), 8.38–8.40 (m, 4H; phenan-
throline), 8.47–8.52 (m, 4H; phenanthroline), 8.70–8.74 ppm (m, 4H;
phenanthroline); 13C NMR (151 MHz): d=11.7, 14.2, 18.8, 20.3, 20.6,
20.8, 23.0, 29.6, 31.1, 32.0, 33.0, 67.2, 68.3, 69.8, 70.1, 71.0, 71.1, 85.2, 94.9,
104.7, 106.6, 112.6, 115.7, 122.0, 125.6, 127.0, 127.2, 127.4, 128.3, 128.4,
128.6, 129.1, 132.2, 132.7, 133.3, 134.8, 136.7, 137.4, 137.9, 138.2, 141.4,
141.9, 144.4, 148.4, 153.4, 158.3, 159.2, 159.4 ppm; IR (KBr):=2924, 2862,
2198, 2152, 1618, 1578, 1542, 1508, 1458, 1376, 1232, 1164, 1124, 1071,
839, 747, 557 cm�1; ESI MS: m/z (%): 1560.3 (100) [M�2PF6]+ ; elemen-
tal analysis calcd (%) for C200H238N8O8Si4Cu2P2F12·4CH2Cl2 (3751.23): C
65.40, H 6.62, N 2.99; found: C 65.11, H 6.44, N 2.90.


Preparation of heteroleptic basket assembly C4 : Tetrakis(acetonitrile)-
copper(i) hexafluorophosphate (12.0 mg, 32.2 mmol) in dichloromethane
(10 mL) was added to a mixture of 1 (24.2 mg, 16.1 mmol) and 2 (18.7 mg,
16.1 mmol). The resulting dark red solution was heated (~35 8C) for sever-
al seconds and then the solvent was evaporated to afford the basket as-
sembly (C4xyz) quantitatively as dark red powder (containing water). M.p.
225 8C; IR (KBr):=2924, 2855, 2195, 1605, 1509, 1462, 1260, 1101, 1026,
839, 555 cm�1; ESI MS (C4xyz): m/z (%): 1408.4 (100) [M�2PF6]+ ; ele-
mental analysis calcd (%) for C186H182N8O10Cu2P2F12·2H2O (3142.59): C
71.09, H 5.97, N 3.57; found: C 71.02, H 5.89, N 3.46. C4x :C4y :C4z were
formed in a 59:24:17 ratio. C4x,y could be separated from C4z by chro-
matography (silica gel, dichloromethane/methanol=100:1). Initial frac-
tions contained C4x,y as the sole products while later fractions furnished
enriched C4z (80%).


Isomer C4x : 1H NMR (600 MHz, CD2Cl2): d=0.88–0.93 (m, 12H;
hexyl), 1.32–1.45 (m, 16H; hexyl), 1.39 (s, 18H; tert-butyl), 1.47–1.56 (m,
8H; hexyl), 1.58 (s, 6H; benzyl), 1.68 (s, 12H; benzyl), 1.80–1.86 (m, 8H;
hexyl), 1.87 (s, 12H; benzyl), 3.02–3.20 (m, 8H; hexyl), 3.50–3.52 (m,
4H; ethoxy), 3.53–3.56 (m, 4H; ethoxy), 3.57–3.59 (m, 4H; ethoxy),
3.69–3.70 (m, 4H; ethoxy), 4.01–4.02 (m, 4H; ethoxy), 4.16–4.20 (m, 4H;
ethoxy), 4.21 (s, 6H; methoxy; HXd), 5.64 (s, 4H; phenyl; HXb), 6.19 (s,
4H; phenyl; HXa), 6.87 (s, 4H; phenyl; HXc), 7.63 (s, 4H; phenyl), 7.76–
7.77 (m, 8H; phenyl), 7.83 (d, J=8.0 Hz, 2H; phenanthroline), 7.84–7.86


(m, 8H; phenyl), 7.93 (d, J=8.2 Hz, 2H; phenanthroline), 8.21 (d, J=
9.3 Hz, 2H; phenanthroline; HX6’), 8.24 (d, J=9.3 Hz, 2H; phenanthro-
line; HX6’), 8.40 (s, 4H; phenanthroline), 8.52 (s, 4H; phenanthroline),
8.70 (d, J=8.0 Hz, 2H; phenanthroline), 8.74 ppm (d, J=8.2 Hz, 2H;
phenanthroline); 13C NMR (CD2Cl2, 151 MHz): d=14.0, 20.0, 20.3, 20.4,
23.0, 29.1, 29.3, 30.9, 31.7, 32.7, 34.5, 61.7, 66.7, 68.0, 68.1, 69.3, 70.5, 70.9,
85.0, 88.9, 92.8, 104.6, 111.8, 115.5, 116.6, 121.7, 125.2, 125.4, 126.8, 126.9,
127.3, 128.0, 128.1, 128.3, 131.4, 132.0, 132.2, 132.6, 132.9, 134.7, 136.2,
136.4, 137.5, 137.6, 138.1, 140.9, 141.6, 144.1, 147.2, 148.2, 153.2, 153.3,
157.8, 158.7, 160.3 ppm.


Isomer C4y : 1H NMR (600 MHz, CD2Cl2): d=0.88–0.93 (m, 12H;
hexyl), 1.32–1.45 (m, 16H; hexyl), 1.38 (s, 18H; tert-butyl), 1.47–1.56 (m,
8H; hexyl), 1.70 (s, 12H; benzyl), 1.74 (s, 6H; benzyl), 1.80–1.86 (m, 8H;
hexyl), 1.99 (s, 12H; benzyl), 3.02–3.20 (m, 8H; hexyl), 3.61–3.62 (m,
4H; ethoxy), 3.63–3.65 (m, 4H; ethoxy), 3.70–3.72 (m, 4H; ethoxy),
3.78–3.80 (m, 4H; ethoxy), 3.89–3.90 (m, 4H; ethoxy), 3.96–3.98 (m, 4H;
ethoxy), 4.14 (s, 6H; methoxy; HYc), 5.49 (s, 4H; phenyl; HYb), 6.33 (s,
4H; phenyl; HYa), 7.07 (s, 4H; phenyl; HYc), 7.62 (s, 4H; phenyl), 7.74–
7.76 (m, 8H; phenyl), 7.77 (d, J=8.1 Hz, 2H; phenanthroline), 7.87–7.88
(m, 8H; phenyl), 7.97 (d, J=8.2 Hz, 2H; phenanthroline), 8.21 (d, J=
9.3 Hz, 2H; phenanthroline; HY6’), 8.24 (d, J=9.3 Hz, 2H; phenanthro-
line; HY5’), 8.40 (s, 4H; phenanthroline), 8.55 (s, 4H; phenanthroline),
8.67 (d, J=8.1 Hz, 2H; phenanthroline), 8.76 ppm (d, J=8.2 Hz, 2H;
phenanthroline); 13C NMR (CD2Cl2, 151 MHz): d=13.9, 20.1, 20.3, 20.4,
23.0, 29.1, 29.3, 30.9, 31.7, 32.7, 34.5, 61.6, 66.6, 69.8, 70.5, 70.8, 71.2, 71.3,
85.0, 88.9, 92.8, 104.6, 111.5, 115.7, 116.6, 121.8, 125.3, 125.4, 126.8, 127.6,
128.0, 128.1, 128.3, 131.3, 132.0, 132.2, 132.6, 132.9, 134.7, 136.2, 136.4,
137.5, 137.8, 138.1, 140.9, 141.6, 144.1, 147.2, 148.2, 153.2, 153.3, 157.8,
159.3, 160.4 ppm.


Isomer C4z : 1H NMR (400 MHz, CD2Cl2): d=0.79–0.83 (m, 12H; hexyl),
1.32–1.45 (m, 16H; hexyl), 1.38 (s, 18H; tert-butyl), 1.47–1.56 (m, 8H;
hexyl), 1.70 (s, 12H; benzyl), 1.74 (s, 6H; benzyl), 1.80–1.86 (m, 8H;
hexyl), 1.99 (s, 12H; benzyl), 2.91–3.01 (m, 8H; hexyl), 3.61–3.62 (m,
4H; ethoxy), 3.63–3.65 (m, 4H; ethoxy), 3.70–3.72 (m, 4H; ethoxy),
3.78–3.80 (m, 4H; ethoxy), 3.89–3.90 (m, 4H; ethoxy), 3.96–3.98 (m, 4H;
ethoxy), 4.24 (s, 6H; methoxy; Hza), 5.85 (s, 4H; phenyl; HZb), 6.06 (s,
4H; phenyl), 6.75 (s, 4H; phenyl; HZc), 7.61 (s, 4H; phenyl), 7.75–7.77
(m, 8H; phenyl), 7.77 (d, J=8.1 Hz, 2H; phenanthroline), 7.87–7.88 (m,
8H; phenyl), 7.97 (d, J=8.2 Hz, 2H; phenanthroline), 8.21 (d, J=9.3 Hz,
2H; phenanthroline; HZ5’), 8.23 (s, 2H; phenanthroline; HZ6’), 8.38 (s,
4H; phenanthroline), 8.53 (s, 4H; phenanthroline), 8.67 (d, J=8.1 Hz,
2H; phenanthroline), 8.76 ppm (d, J=8.2 Hz, 2H; phenanthroline).
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Regioselective Samarium Diiodide Induced Couplings of Carbonyl
Compounds with 1,3-Diphenylallene and Alkoxyallenes:
A New Route to 4-Hydroxy-1-enol Ethers


Alexandra H'lemann and Hans-Ulrich Reißig*[a]


Introduction


Since the pioneering studies of Kagan and his co-workers in
the late 1970s,[1] samarium diiodide has attracted considera-
ble attention. It has rapidly been established as an excep-
tionally useful and versatile one-electron-transfer reductant
in organic synthesis, which promotes a variety of synthetical-
ly important transformations including sequential reactions.
The outstanding properties of this reagent, which include its
easy preparation, its applicability under mild and selective
conditions, and the possibility of tuning its reactivity and se-
lectivity by assistance of catalysts and additives, and its use-
fulness in organic synthesis have been outlined in several re-


views.[2] One important class of samarium diiodide induced
reactions is the intermolecular or intramolecular coupling of
carbonyl compounds with carbon–carbon multiple bonds
(Scheme 1). Many reactions of different ketyls with alkenes
have been intensively studied by Molander and his group.[3]


In recent years, our group[4] has reported different cycliza-
tions of samarium ketyls with alkenyl,[5] alkynyl,[6,7] aryl[8]


and heteroaryl[9] units leading to highly functionalized car-
bocycles and heterocycles, often in good yields and with ex-
cellent diastereoselectivities.


However, reactions of samarium ketyls with a,b-unsatu-
rated aldehydes, in particular with acrolein, have rarely


[a] Dr. A. H5lemann, Prof. Dr. H.-U. Reißig
Institut f:r Chemie, Freie Universit=t Berlin
Takustrasse 3, 14195 Berlin (Germany)
Fax: (+49)30-83855367
E-mail : hans.reissig@chemie.fu-berlin.de


Abstract: Since its introduction into
synthetic organic chemistry, samarium
diiodide has found broad application in
a variety of synthetically important
transformations. Herein, we describe
the first successful intermolecular addi-
tions of samarium ketyls to typical al-
lenes such as 1,3-diphenylallene (7),
methoxyallene (12) and benzyloxyal-
lene (25). Reaction of different samari-
um ketyls with 1,3-diphenylallene (7)
occurred exclusively at the central
carbon atom of the allene to afford
products 9 in moderate to good yields.
In contrast, reductive coupling of cyclic
ketones to methoxyallene (12) regiose-
lectively provided 4-hydroxy-1-enol
ethers 13, which derive from addition
to the terminal allene carbon atom of
12, in moderate to good yields. Where-
as the E/Z selectivity with respect to


the enol ether double bond is low, ex-
cellent diastereoselectivity has been
observed in certain cases with regard
to the ring configuration (e.g. com-
pound 13b). Studies with deuterated
tetrahydrofuran and alcohol were per-
formed to gain information about the
reaction mechanism of this coupling
process, which involves alkenyl radi-
cals. The couplings of samarium ketyls
derived from acyclic ketones and alde-
hydes gave lower yields, and in several
cases cyclopentanols 20 are formed as
byproducts. Branched acyclic ketones
and conformationally more flexible
cyclic ketones such as cycloheptanone


led to a relatively high amount of cy-
clopentanol derivatives 20, whose for-
mation involves an intramolecular hy-
drogen atom transfer through a geo-
metrically favoured six-membered
transition state followed by a cycliza-
tion step. The samarium diiodide medi-
ated addition of 8b to benzyloxyallene
(25) afforded the expected enol ethers
26, albeit in only low yield. Additional-
ly, spirocyclic compounds 27 and 28
were obtained, which are formed by a
cascade reaction involving an addition/
cyclization sequence. In the novel cou-
pling process described here methoxy-
allene (12) serves as an equivalent of
acrolein. The 1,4-dioxygenated prod-
ucts obtained contain a masked alde-
hyde functionality and are therefore
valuable building blocks in organic syn-
thesis.


Keywords: allenes · cyclopentanols ·
enol ethers · radical reactions ·
samarium diiodide


Scheme 1. Samarium diiodide promoted ketyl–olefin coupling reactions.
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been studied. a,b-Unsaturated aldehydes have mainly been
used in samarium diiodide induced iodomethylations[10] and
Mukaiyama aldol reactions.[11] A few cyclizations of a,b-un-
saturated aldehydes to double and triple bonds have recent-
ly been reported.[12]


Intermolecular and intramolecular coupling reactions of
samarium ketyls with cumulated double bonds are also very
rare. Whereas intermolecular couplings with allenes have
not been studied at all, only a few examples of cyclizations
involving electron-deficient allenyl aldehydes leading to sub-
stituted cycloalkanols have been described by Gillmann.[13]


As part of our interest in samarium diiodide mediated
ketyl–olefin coupling reactions,[4–9] we therefore focussed
our attention[7] on intermolecular additions of ketyls to sub-
stituted allenes and recently published our preliminary re-
sults.[14] In principle, three electronically different carbon
atoms are available for the coupling process of a substituted
allene with the ketyl radical anion. Scheme 2 illustrates the
possible reaction pathways and the resulting addition prod-
ucts 6a–d which might be obtained by samarium diiodide
mediated coupling of ketyls 4 with monosubstituted allenes
5. The attack of the ketyl to the allene can occur at the a-
(6d), b- (6b,c) and g-positions (6a) to the substituent. To in-
vestigate the regiochemical and stereochemical features of
samarium ketyl additions we used 1,3-diphenylallene and
methoxyallene as typical model substrates.


Results and Discussion


Reactions of samarium ketyls with 1,3-diphenylallene : Ex-
periments with different samarium ketyls were first per-
formed with 1,3-diphenylallene (7) which has only two dif-
ferent allene carbon atoms. In the presence of samarium
diiodide, HMPA (hexamethylphosphoramide) and tert-buta-
nol, allene 7 (1.1–1.2 equiv) was coupled with different car-
bonyl compounds 8 (Scheme 3, Table 1) to yield products 9,
which displayed characteristic 1H NMR signals at d�
7.0 ppm. As expected, addition of the ketyl occurred exclu-
sively to the central allene carbon atom of 7, since the re-
sulting intermediate 11 is a highly stabilized allylic and ben-
zylic radical. A mixture of E and Z isomers of 1,3-diphenyl-
propene (10) was isolated as a byproduct (in �28% in the


case of 9a, >70% purity according to 1H NMR spectrosco-
py), which is the result of simple reduction of the allene
moiety.


Cyclic ketones such as cyclopentanone (8a, Table 1,
entry 1) and 4-tert-butylcyclohexanone (8b, entry 2) under-
went smooth coupling with 7 to afford products 9a and 9b
as single diastereomers (dr>97:3) with respect to the
double bond in 69 and 45% yield, respectively. In the case
of 8b, 4-tert-butylcyclohexanol was isolated in 19% as a by-
product. The configuration of the double bond was estab-
lished by NOESY spectroscopy. Only the E isomer was se-
lectively formed during this coupling process. In terms of
the relative stereochemistry at the cyclohexane ring, product


Scheme 2. Possible pathways of ketyl couplings with monosubstituted al-
lenes.


Scheme 3. a) SmI2 (2.2 equiv), HMPA (18 equiv), tBuOH (2.0 equiv),
THF, RT, overnight.


Table 1. Samarium diiodide induced coupling of 1,3-diphenylallene (7)
with carbonyl compounds 8.[a]


Entry Carbonyl compound
8


Coupling product
9


Yield [%] (E/Z)[b]


1 69 (>97:3)


8a 9a


2
45[c] (>97:3),
(dr>97:3)[d]


8b 9b


3 31 (>97:3)


8c 9c


4 21[e] (80:20)


8d 9d


[a] Conditions: 8 (1.0 equiv), 7 (1.1–1.2 equiv), SmI2 (2.2 equiv), HMPA
(18 equiv), tBuOH (2.0 equiv), THF, RT, overnight. [b] Yields for isolated
products after chromatography. E/Z ratios (according to 1H NMR spec-
troscopy) are given in parentheses. [c] trans-4-tert-Butylcyclohexanol
(19%) was obtained as byproduct. [d] Diastereoselectivity with respect
to the cyclohexane ring. [e] Purity >90% according to 1H NMR spectro-
scopy.
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9b was isolated as a single diastereomer. Although the con-
figuration of 9b has not been determined, it is highly likely
to be the trans isomer.[15]


Acyclic ketones such as acetone (8c, Table 1, entry 3) and
aldehydes such as heptanal (8d, entry 4) can also be used
for this coupling reaction; however, only low yields of 9c
and 9d could be obtained after chromatography. Further
products (e.g. pinacolic coupling products) could not be iso-
lated. As with the cyclic ketones, coupling product 9c was
obtained as the pure E isomer. In the case of heptanal, the
E/Z selectivity was lower, and an 80:20 mixture of the E
and Z isomers was isolated. The diastereoselectivity is appa-
rently controlled by the size of the added fragment derived
from the carbonyl compound.


Reactions of samarium ketyls derived from cyclic ketones
with methoxyallene : Methoxyallene (12) (Scheme 4) is a
versatile C3 building block.[16] Reactions of this allene or
other alkoxyallenes in the presence of samarium diiodide
have generally not been reported. Methoxyallene itself has
only been applied to a samarium(ii)-induced [3+2] cycload-
dition with carbonyl ylides.[17]


As a model reaction, coupling of 12 with cyclopentanone
(8a) was studied under different conditions (Scheme 4,
Table 2). The samarium(ii)-induced reaction of 12 with 8a
was performed as above, and a single product 13a
(Scheme 4) was isolated in 65% yield after chromatography
(entry 1). By using an excess of methoxyallene (12)
(2.0 equiv, entry 2) the yield of 13a could be increased to
85%. No reaction occurred in the absence of the additive
HMPA (entry 3). According to previous reports,[18,19] HMPA
is required for successful couplings, since this cosolvent sig-
nificantly increases the reduction power of samarium(ii).
Coupling of 12 with 8a in the presence of one equivalent of
samarium diiodide was also successful (entry 4); however,
only 38%[20] of 13a could be isolated showing that at least
two equivalents of samarium diiodide are necessary for an
efficient coupling process.[21]


In a control experiment, methoxyallene (12) was treated
with samarium diiodide and HMPA in the absence of
ketone 8a. The colour of the reaction solution gradually
changed from deep violet (complex of SmI2 and HMPA) to


green indicating that 12 itself slowly reacts with samarium
diiodide. Decomposition or oligomerisation of methoxyal-
lene (12) takes place, probably induced by the Lewis acidic
samarium(ii) or samarium(iii) species present or by an elec-
tron-transfer process.


In contrast to allene 7, coupling of 8a with 12 selectively
occurred at the terminal carbon atom of methoxyallene to
afford 4-hydroxy-1-enol ether 13a as an E/Z mixture
(Scheme 4). Formation of the samarium ketyls from the car-
bonyl functionality generates a nucleophilic radical which
selectively adds to the g-position with respect to the me-
thoxy group. Although alkoxyallenes appear to be nucleo-
philic components at first glance, their terminal double bond
has significant electrophilic character and can therefore
smoothly react with a nucleophilic radical such as the sama-
rium ketyl.[22] In this novel coupling process methoxyallene
(12) serves as an equivalent of acrolein (which is probably
too reactive for this kind of coupling) and it provides 4-hy-
droxy-1-enol ethers as products which bear a synthetically
useful masked aldehyde functionality. In principle, the over-
all process involves a formal umpolung[23] of reactivity (elec-
trophilic carbonyl compound!nucleophilic ketyl) which
allows for the construction of 1,4-dioxygenated compounds.


We propose the mechanism shown in Scheme 4. In ac-
cordance with literature reports,[3–9] ketyl radical anion 14 is
reversibly generated by electron transfer from samarium
diiodide to the carbonyl group. Subsequent addition of 14 to
12 affords alkenyl radical 15 which can be reduced by a
second equivalent of samarium diiodide to the correspond-
ing vinyl anion 16 (pathway A). Protonation by the additive
tert-butanol finally furnishes 13a. Since alkenyl radicals such
as 15 are highly reactive intermediates, the direct conversion
of 15 to 13a by abstraction of hydrogen from the solvent
THF (or the additive HMPA) has to be considered as mech-
anistic alternative (pathway B).[24]


To investigate the mechanistic details of the ketyl–me-
thoxyallene coupling, experiments were carried out with
deuterated THF as solvent and deuterated methanol as
proton source (Table 3). The percentage of deuterium in
13a was estimated from the ratio of the alkenyl protons de-
termined by 1H NMR spectroscopy.[25] In the presence of
[D8]THF and with tert-butanol as proton source (entry 1)
crude 13a was obtained with approximately 20–30% deute-
rium incorporation. However, using [D4]MeOH as proton


Scheme 4. a) SmI2, HMPA, tBuOH, THF, RT, overnight.


Table 2. Samarium diiodide induced coupling of methoxyallene (12) with
cyclopentanone (8a).[a]


Entry Equiv Equiv Equiv Yield of 13a [%]
12[b] SmI2


[b] HMPA[b] (E/Z)[c]


1 1.0 2.2 18 65[d] (60:40)
2 2.0 2.2 18 85 (60:40)
3 2.0 2.2 – –
4 2.0 1.0 18 38[e] (55:45)


[a] Conditions: 8a (1.0 equiv), 12, SmI2, HMPA, tBuOH (2.0 equiv),
THF, RT, overnight. [b] With respect to cyclopentanone (8a). [c] Yields
for isolated products after chromatography. E/Z ratios (according to
1H NMR spectroscopy) are given in parentheses. [d] Purity >90% ac-
cording to 1H NMR spectroscopy. [e] As a mixture with HMPA. Yield
was calculated according to the ratio determined by 1H NMR spectrosco-
py.
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source in normal THF (entry 2) only small amounts (ca.
5%) of deuterium were incorporated in 13a. Combination
of [D8]THF and [D4]MeOH (entry 3) resulted in the incor-
poration of approximately 20% deuterium.


These results indicate that the solvent, but not the proton
source, has an important influence on the incorporation of
deuterium in 13a. As expected, alkenyl radicals such as 15
are highly reactive intermediates and only a fairly small
fraction is reduced to anion 16 by a second equivalent of sa-
marium diiodide (pathway A, Scheme 4) to give the proto-
nated or deuterated product. In accordance with Inana-
gaMs[26] and CurranMs[24,27] results, the direct conversion of al-
kenyl radical 15 to 13a by abstraction of hydrogen or deute-
rium from the solvent and/or the additive HMPA (path-
way B) is more favourable. Although available in high
concentration, only 20–30% of 13a is obtained by abstrac-
tion of deuterium from the solvent [D8]THF (entry 1). We
therefore assume that 13a is most probably formed by ab-
straction of hydrogen from the methyl groups of the additive
HMPA which is a far better hydrogen donor leading to a
well-stabilized radical.[28]


We envisaged that ketyl–alkene coupling of acrolein di-
methylacetal (17) with 8a in the presence of samarium diio-
dide and HMPA (Scheme 5) would also lead to a protected
aldehyde derivative. However, under standard conditions,
the expected coupling product 18 was not obtained, and 13a
was isolated in 51% yield as single product. Intermolecular
addition of ketyl 14 to the double bond of 17 affords radical
19, which is transformed into 13a by a second electron
transfer of samarium diiodide and subsequent b-elimination
of methanolate. Coupling of 8a with methoxyallene (12) is
therefore a more efficient reaction.


The first successful coupling of 8a and 12 and the versatil-
ity of building blocks 13 for further synthetic transforma-
tions, which has actually been demonstrated,[29] encouraged
us to investigate the scope and limitations of the new cou-


pling reaction in more detail. Reductive couplings were gen-
erally performed by adding a THF solution of carbonyl
compound 8, methoxyallene (12) and tert-butanol to a solu-
tion of freshly prepared samarium diiodide and HMPA in
THF at room temperature. Several cyclic ketones were com-
bined with 12, and the results of these reactions are summar-
ized in Table 4. In general, products 13 were obtained as
mixtures of E and Z isomers in ratios of 50:50 to 65:35 (ac-
cording to 1H NMR spectroscopy). In almost all cases, the E
isomer was slightly preferred.


As with cyclopentanone (8a), similar cyclic ketones such
as cyclobutanone (8e, Table 4, entry 1) and cyclohexanone
(8 f, entry 2) afforded the addition products 13e and 13 f as
the only isolated products in good yields. In contrast, cou-
pling of 12 with cycloheptanone (8g, entry 3) under standard
conditions unexpectedly furnished two constitutional iso-
mers. Separation by chromatography gave the expected cou-
pling product 13g in 29% yield and bicyclic compound 20g
in 34% yield as a single diastereomer whose configuration
has not yet been determined. The latter product arises as a
result of the higher conformational flexibility of the cyclo-
heptane ring which leads, in a sequential reaction, to a
second carbon–carbon coupling step. Formation of bicyclic
derivatives 20 can thus be explained by an intramolecular
hydrogen atom transfer[30] to alkenyl radical 15 to afford
alkyl radical 21. The six-membered transition state involved
is geometrically very favoured (Scheme 6). Radical 21 sub-
sequently attacks the enol ether double bond in a 5-exo-trig
cyclization leading to stabilized radical 22. A second elec-
tron transfer of samarium diiodide followed by protonation
finally yields 20.


Substituted cycloalkanones (Table 4, entries 4–7) and a pi-
peridinone derivative (entry 8) can also be used in this
novel coupling reaction to give moderate to good yields of
the expected enol ethers. With 2-methylcyclohexanone (8h,
entry 4) as precursor the enol ether 13h was obtained in low
overall yield (35%). The decreased efficacy of this transfor-
mation is probably caused by the a-methyl substituent,
which sterically disfavours the attack of the ketyl to the


Table 3. Mechanistic studies with 8a and 12 in the presence of deuterat-
ed THF and/or proton source.[a]


Entry Solvent Proton source Yield [%] Content of deu-
H/D-13a terium [%] in 13a[b]


1 [D8]THF tBuOH 50 E isomer: 20
Z isomer: 30


2 THF [D4]MeOH 58 E isomer: 5
Z isomer: 5


3 [D8]THF [D4]MeOH 67 E isomer: 20
Z isomer: 20


[a] Conditions: 8a (1.0 equiv), 12 (2.0 equiv), SmI2 (2.2 equiv), HMPA
(18 equiv), proton source (2.0 equiv), solvent, RT, overnight. [b] Estimat-
ed according to the ratio of alkenyl protons determined by 1H NMR
spectroscopy of the crude mixture. The content of deuterium significantly
decreases to 4–15% during chromatography on aluminium oxide (activi-
ty III) probably as a result of proton exchange by protonation/deprotona-
tion.


Scheme 5. a) SmI2 (2.2 equiv), HMPA (18 equiv), tBuOH (2.0 equiv),
THF, RT, overnight.
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allene. A low diastereoselectivity (60:40) in favour of the
trans isomer was recorded.[31]


Coupling of methoxyallene (12) with 3-tert-butylcyclohex-
anone (8 i, Table 4, entry 5) also gave the desired coupling
product 13 i in only low yield (29%), but as a single diaster-
eomer in this case. The bicyclic compound 20 i was obtained
as the main product in 43% yield and as a 60:40 mixture of
diastereomers. Although the six-membered ring is confor-
mationally less flexible than the seven-membered ring


(entry 3), the intramolecular
hydrogen atom transfer through
the six-membered transition
state (Scheme 6) can compete
because a more stabilized terti-
ary radical is involved in this
case.


The reaction of 12 with 4-
tert-butylcyclohexanone (8b,
Table 4, entry 6) was more effi-
cient, and the expected cou-
pling product 13b was obtained
in 58% yield. In addition, start-
ing material 8b was recovered
in 41% yield after chromatog-
raphy. Apparently, conversion
of this ketone was incomplete,
which may also have occurred
in other experiments in which
unconsumed starting material
was not isolated owing to its
volatility. The reaction of 8b
and 12 was therefore carried
out with 4.2 equivalents of sa-
marium diiodide. Only traces of
starting material 8b were de-
tected in the crude mixture;
however, the yield of 13b was
not dramatically increased
(62%). Addition of samarium
diiodide to a solution of 8b and
12 (i.e., reverse addition mode)
slightly improved the yield of
13b, albeit 16% of the starting
material was recovered. In all
experiments, 13b was obtained
as a single diastereomer (dr>
97:3) with respect to the cyclo-
hexane ring. The relative con-
figuration was determined by
transforming 13b into the cor-
responding g-lactone as descri-
bed previously.[14,29] By compar-
ing the data of this lactone with
the data of the cis and trans iso-
mers reported in the litera-
ture,[32] 13b was unambiguously
assigned as the trans isomer.
This selectivity can nicely be
explained by assuming that the


sterically demanding samarium alkoxy and tert-butyl groups
of the intermediate ketyl prefer equatorial positions
(Scheme 7). As a consequence the attack of 12 takes place
in the axial position leading to the trans product.


Other substituents and even heteroatoms are tolerated in
the 4-position (Table 4, entries 7 and 8). Reaction of 8 j with
12 under standard conditions afforded coupling product 13 j
as the only isolated product in 54% yield. Coupling of Boc-
protected piperidinone 8k with methoxyallene (12) furnish-


Table 4. Samarium diiodide induced coupling of methoxyallene (12) with cyclic ketones 8.[a]


Entry Ketone 8 Addition product 13 [%][b] Cyclization product 20[b]


1 8e (n=0) 13e 65 (65:35)[c] –
2 8 f (n=2) 13 f 79 (60:40) –[d]


3


8g (n=4) 13g 29 (60:40) 20g 34 (dr>97:3)


4 –


8h cis-13h 14 (50:50),
trans-13h 21 (55:45)


5


8 i 13 i 29 (60:40) 20 i 43 (dr 60:40)


6 –


8b 13b 58 (60:40),[e]


dr>97:3[f]


7 –


8j 13 j 54 (55:45)


8 –[h]


8k 13k 51 (50:50)[g]


[a] Conditions: 8 (1.0 equiv), 12 (2.0–3.0 equiv), SmI2 (2.2–2.5 equiv), HMPA (18 equiv), tBuOH (2.0 equiv),
THF, RT, overnight. [b] Yield for isolated products after chromatography. E/Z ratios (according to 1H NMR
spectroscopy) are given in parentheses. [c] Purity >95% according to 1H NMR spectroscopy. [d] Traces of a
bicyclic compound related to 20g were detected in the crude mixture. [e] Starting material 8b was recovered
in 41%. [f] Only trans isomer was detected. [g] Isolation of 11% of secondary alcohol. [h] Small amounts of a
bicyclic compound related to 20g were obtained after chromatography.
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ed the desired product 13k in
moderate yield (51%); howev-
er, a bicyclic compound analo-
gous to 20g could be detected
in a mixture along with other
components.


Reactions of samarium ketyls
derived from acyclic ketones
and aldehydes with methoxyal-
lene : The successful results with
cyclic ketones motivated us to
study the reactions of methox-
yallene (12) with acyclic ke-
tones and aldehydes. This varia-
tion significantly diminished the
yields of coupling products 13
(Table 5) and cyclopentanol de-
rivatives 20 were formed to a
higher degree.


Reaction of 12 with acetone
(8c, Table 5, entry 1) and
butan-2-one (8 l, entry 2) af-
forded the corresponding ad-
ducts 13c and 13 l in 26% and
36% yield, respectively. The
low efficacies of these transfor-
mations may be due to the vol-
atility of the products (and by-
products). Performing the cou-
pling process with pentan-3-one
(8m, entry 3) significantly im-
proved the mass balance to give
52% overall yield; however, an
85:15 mixture of two isomeric
compounds was obtained. The


major product was the expected coupling product 13m,
whereas the minor component was identified as cyclopenta-
nol derivative 20m. Branched ketones such as isopropylme-
thylketone (8n) and pinacolone 8o (entries 4 and 5) gave
the desired products 13 in even lower yields probably for
steric reasons; on the other hand they facilitated the forma-
tion of cyclopentanol derivatives 20 through intramolecular
hydrogen atom transfer according to Scheme 6. Starting
with 8n an 85:15 mixture of coupling product 13n and cyclo-
pentanol 20n was obtained in 24% yield. In the case of pi-
nacolone 8o, only traces of the desired product 13o were
isolated, and the cyclization product 20o was isolated as the
major component of this reaction in 21% yield. All cyclo-
pentanol derivatives were obtained as single diastereomers
with as yet unknown configurations. The Houk–Beckwith[33]


transition state model presented in Scheme 8 should be as-
sumed for the addition of the radical 21 to the enol ether
double bond, in which the sterically demanding samarium
group is located in an equatorial position. Cyclization
should then produce cyclopentanol derivatives 20 with cis-
orientated hydroxyl and CH2OMe groups.


Scheme 6. Proposed mechanism for the formation of cyclopentanols 20.


Scheme 7. Intermediate ketyl radical anion in the addition of 8b to 12.


Table 5. Samarium diiodide induced coupling of methoxyallene (12) with acyclic ketones and aldehydes 8.[a]


Entry Ketone 8 Addition product 13 [%][b,c] Cyclization product 20[b]


1 –


8c 13c 26 (65:35)


2 –


8 l 13 l 36 (60:40)


3


8m 13m 44[d] (55:45) 20m 8[d] (dr>97:3)


4


8n 13n 20[d] (55:45) 20n 4[d] (dr>97:3)


5


8o 13o 5[d] (60:40) 20o 21[d] (dr>97:3)


6 –


8p 13p 53 (85:15)[e]


7 –


8d 13d 43 (55:45)


[a] Conditions: 8 (1.0 equiv), 12 (2.0–3.0 equiv), SmI2 (2.2–2.5 equiv), HMPA (18 equiv), tBuOH (2.0 equiv),
THF, RT, overnight. [b] Yield for isolated products after chromatography. [c] E/Z ratios (according to
1H NMR spectroscopy) are given in parentheses. [d] 13 and 20 were obtained as a mixture. Yield was calculat-
ed according to the ratio determined by 1H NMR spectroscopy. [e] As a mixture with 14% 4-phenylbutan-2-
ol. Yield was calculated according to the ratio determined by 1H NMR spectroscopy.
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Aryl-substituted carbonyl compounds such as acetophe-
none and benzaldehyde are unsuitable precursors for the sa-
marium diiodide induced coupling reactions with methoxyal-
lene (12). The resulting ketyl radicals are considerably
better stabilized by the aryl group and are therefore less re-
active. In addition, the increased bulk introduced with the
phenyl substituent may also hamper the reaction with 12.
Coupling of phenylacetone with 12 was also unsuccessful re-
sulting in the formation of a very complex mixture of prod-
ucts. In contrast, 4-phenylbutan-2-one (8p, Table 5, entry 6)
can successfully be coupled with methoxyallene (12) to
afford the desired coupling product 13p as an inseparable
mixture (85:15) with 4-phenylbutan-2-ol.


Samarium ketyls derived from aldehydes also undergo the
coupling process with methoxyallene (12). Reaction of hep-
tanal (8d) with 12 furnished the corresponding adduct 13d
in moderate yield (Table 5, entry 7). Ketyl radical anions
from aldehydes are less stabilized than those from ketones
and are therefore generally more prone to simple reduction
and/or to the pinacol coupling process, which apparently re-
duces the efficacy of the desired carbon–carbon bond-form-
ing process with the allene.


Reactions of samarium ketyls with substituted methoxyal-
lene derivatives and other alkoxyallenes : We also studied
the reaction of carbonyl compounds with substituted me-
thoxyallene derivatives and other alkoxyallenes. When cy-
clopentanone (8a) was combined with 1-methoxydodeca-
1,2-diene[34] in the presence of samarium diiodide and
HMPA no reaction took place, and only starting material
was recovered after chromatography. Coupling of 8a with
different 1-substituted methoxyallene derivatives in most
cases led to the formation of rather complex product mix-
tures. However, the most simple compound of this series, 3-
methoxybuta-1,2-diene (23),[35] and 8a (Scheme 9) gave the
expected coupling product 24, albeit in disappointing yield
(18%) and low purity according to 1H NMR spectroscopy.
As in the reaction of different samarium ketyls with me-
thoxyallene (12), the attack of the ketyl radical occurs selec-
tively in g-position to the methoxy group.


Other 1-alkoxy-1,2-propadienes can also be applied to
this coupling reaction. When the reaction was performed
with benzyloxyallene (25) and 4-tert-butylcyclohexanone
(8b) the expected enol ether 26 was isolated in a mixture to-
gether with two other components in 67% overall yield
after chromatography. Separation by HPLC yielded (E)-26
(15%), (Z)-26 (12%) and two spirocyclic derivatives 27
(20%) and 28 (8%), respectively (Scheme 10). The struc-
tures of these compounds were unambiguously identified by
NMR spectroscopy. Compounds 26–28 were obtained in dia-
stereomerically pure form; however, the relative configura-
tion of the hydroxyl and tert-butyl groups at the cyclohexyl
ring could not be determined. Again, the configurations de-
picted in Scheme 10 are highly likely by analogy with the re-
sults obtained in the coupling of 8b with 12.


The formation of spirocyclic compounds 27 and 28 proba-
bly occurs in a similar manner to the ketyl–aryl cyclizations
previously reported by us and others.[8,9] These reactions fea-
ture dearomatization of the aryl ring leading to products
with cyclohexadienyl subunits. Similar samarium diiodide
promoted cyclizations of g-aryl-substituted ketyls to give
spirocyclic compounds have recently been described by
Berndt[36] and Tanaka.[37] However, in the case of 27 and 28
the precursor for the cyclization is an alkenyl radical which
is formed in situ by samarium diiodide induced coupling of
25 and 8b. The proposed mechanism for this cascade reac-
tion is presented in Scheme 11. Analogous to the coupling
with methoxyallene, ketyl radical 29 adds in g-position to
the alkoxy substituent to afford alkenyl radical 30. This in-
termediate is either converted into enol ether 26 by hydro-
gen abstraction or into pentadienyl radical 31 by 5-exo-trig
cyclization onto the ipso-position of the aromatic ring. The
conceivable 6-trig cyclization was not observed. Subsequent-
ly, radical 31 is reduced by a second equivalent of samarium
diiodide to the corresponding anion 32, which is finally pro-
tonated regioselectively to yield 27 and 28. By analogy with
the Birch reduction,[38] the 1,4-diene 27 is obtained as the
major product, whereas the thermodynamically more stable
conjugated 1,3-diene 28 represents only the byproduct.


Although this reaction produced compounds in only mod-
erate yield, it nevertheless delivers products with a complex


Scheme 9. a) SmI2 (2.2 equiv), HMPA (18 equiv), tBuOH (2.0 equiv),
THF, RT, overnight.


Scheme 8. Transition state and intermediate according to the Houk–
Beckwith model for cyclizations leading to 20.


Scheme 10. a) SmI2 (2.2 equiv), HMPA (18 equiv), tBuOH (2.0 equiv),
THF, RT, overnight.
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functionality pattern. This transformation therefore deserves
further investigation and optimisation.


Conclusion


We have successfully studied the first intermolecular addi-
tion of samarium ketyls to allenes. The reactions were ap-
plied to different ketyls and typical allenes such as 1,3-di-
phenylallene (7), methoxyallene (12) and benzyloxyallene
(25). The reductive coupling of different samarium ketyls
with 1,3-diphenylallene (7) afforded the expected E-config-
ured addition products 9 in moderate to good yields. The
attack of the ketyl radical exclusively occurred at the central
carbon atom of the allene owing to the formation of a stabi-
lized radical intermediate. In contrast, the reactions with
methoxyallene (12) regioselectively provide products 13 de-
rived from ketyl additions to the terminal position of the
allene. Several four-, five- and six-membered cycloalkanones
smoothly undergo this transformation to afford 13 in moder-
ate to good yields as E/Z mixtures. Samarium ketyls derived
from acyclic ketones and aldehydes are less suitable for this
kind of coupling reaction and give lower yields. A compet-
ing reaction leading to the formation of cyclopentanol deriv-
atives 20 occurs in certain cases, which reduces the efficacy
of the coupling process. Branched acyclic ketones and con-
formationally more flexible ketyl precursor such as cyclo-
heptanone led to the formation of compound 20, since the
intramolecular hydrogen atom transfer is possible through a
geometrically favoured six-membered transition state.


Aryl-substituted carbonyl compounds and a-phenyl car-
bonyl compounds provide only complex product mixtures.
Employment of 1- or 3-substituted methoxyallene deriva-
tives either led to recovery of starting material or to com-
plex mixtures. The samarium diiodide induced coupling of
8b with benzyloxyallene (25) afforded the expected enol
ethers 26 in only low yields, and a competing intermolecular
addition/spirocyclization sequence leads to the formation of
spirocyclic compounds 27 and 28.


In this novel coupling reaction methoxyallene serves as an
equivalent of acrolein, and the resulting 1,4-dioxygenated


products are obtained by umpolung of reactivity (electro-
philic carbonyl compound!nucleophilic ketyl). The 4-hy-
droxy-1-enol ethers 13 contain a masked aldehyde function-
ality and are valuable building blocks which have been con-
verted into g-lactones 33 or (via g-lactols) into highly substi-
tuted tetrahydrofuran derivatives 34 (Scheme 12).[29] Alter-
natively, aldehydes such as 35 are available after protection
of the hydroxyl group. Further synthetic applications of
compounds 13 are conceivable.


Experimental Section


General methods : Reactions were generally performed under argon in
flame-dried flasks, and the components were added by means of syringe.
Unless otherwise stated, materials were obtained from commercial sup-
pliers and were used without further purification. Hexamethylphosphora-
mide (HMPA, Fluka) was distilled and kept under argon over 4 O molec-
ular sieves. Warning: HMPA has been identified as a carcinogenic re-
agent. Use of gloves is required during handling. Reactions and chroma-
tography should be performed in a well-vented hood.
Tetrahydrofuran (THF) was freshly distilled from sodium/benzophenone
under argon for each of the SmI2 reactions. 1,2-Diiodoethane (Acros)
was dried in vacuo, sublimated before use and kept under argon at 0 8C.
Samarium (�40 mesh) was obtained from Acros and used as supplied.
Products were purified by flash chromatography on silica gel (230–
400 Mesh, Merck) or neutral alumina (activity III, Fluka). Unless other-
wise stated, yields refer to analytically pure samples. Isomer ratios were
derived from suitable 1H NMR integrals.
1H NMR [CDCl3 (7.25 ppm) or TMS (0.00 ppm) as internal standard]
and 13C NMR spectra [CDCl3 (77.0 ppm) as internal standard] were re-
corded on a Bruker AC250, AM270 or AC500 and Joel Eclipse500 in
CDCl3 solution at 25 8C. Missing signals are hidden by signals of the
second compound or they could not be unambiguously identified as a
result of low intensity. Integrals are in accordance with assignments; cou-
pling constants are given in Hz. The assignments refer to IUPAC nomen-
clature; primed numbers belong to the side chain. IR spectra were meas-
ured with an FTIR spectrophotometer Nicolet 5SXC (Perkin–Elmer).
MS and HRMS analyses were performed on Finnigan MAT711 (EI,
8 kV), MAT CH7A (EI, 3 kV) and CH5DF (FAB, 3 kV) at 80 eV. The
peak of the molecular ion (M + , if possible, otherwise a characteristic
fragment was chosen) and the peak with the highest intensity are given.
The complete set of peaks was collected elsewhere.[7] Elemental analysis
were recorded on a Perkin–Elmer elemental analyzer. Melting points
were measured on a Reichert apparatus and are uncorrected.


General procedure for SmI2 induced couplings of carbonyl compounds
with allenes : Samarium powder (2.4–2.5 equiv) and 1,2-diiodoethane
(2.2 equiv) were suspended in freshly distilled anhydrous THF (10 mL


Scheme 11. Proposed mechanism of the coupling of 8b and 25.


Scheme 12. Synthetic applications of 4-hydroxy-1-enol ethers 13.
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per g-atom samarium) under an argon atmosphere and stirred for 2 h at
room temperature. HMPA (18 equiv) was added to the resulting dark
blue solution. Carbonyl compound 8 (1.0 equiv), allene 7, 12 or 25 (1.1–
3.0 equiv) and tert-butanol (2.0 equiv) were dissolved in anhydrous THF
(15 mL per mmol 8) and then added to the deep violet solution. After
16–18 h the mixture was quenched with saturated aqueous sodium bicar-
bonate and water, the organic layer was separated, and the aqueous layer
was extracted three times with diethyl ether. The combined organic
layers were washed once with water and twice with brine, dried with an-
hydrous magnesium sulfate, filtered and evaporated. The resulting crude
oil was purified by column chromatography on silica gel or neutral alumi-
nium oxide (activity III) using n-hexane/ethyl acetate.


1-[(E)-1-Benzyl-2-phenylethenyl]cyclopentan-1-ol (9a): The reaction was
performed according to the general procedure by using 1,3-diphenylal-
lene (7) (0.192 g, 1.00 mmol) and cyclopentanone (8a) (0.076 g,
0.90 mmol). Chromatography on silica gel with n-hexane/ethyl acetate
(95:5) gave a mixture of (E)- and (Z)-1,3-diphenylpropene 10 (0.054 g,
28%, purity >70%) as a yellow oil and 9a (0.173 g, 69%, E :Z>97:3) as
a colourless oil. 1H NMR data of 10 are in accordance with literature
data.[39] 9a : 1H NMR (500 MHz, CDCl3): d=7.29–7.23, 7.20–7.16 (2 m,
8H, 2H; Ph), 7.02 (s, 1H; 2’-H), 3.79 (s, 2H; CH2Ph), 1.88–1.78, 1.70–
1.64 (2m, 2R4H; 2-H, 3-H, 4-H, 5-H), 1.30 ppm (br s, 1H; OH);
13C NMR (126 MHz, CDCl3): d=144.0, 140.3, 137.5 (3s, Ph, C-1’), 128.5,
128.4, 128.3, 126.7, 126.0 (5d, Ph), 127.1 (d, C-2’), 85.6 (s, C-1), 39.9, 23.4
(2 t, C-2, C-3, C-4, C-5), 34.6 ppm (t, CH2Ph); IR (film): ñ=3420 (O�H),
3080–3025 (=C�H), 2960–2870 (C�H), 1600–1495 cm�1 (C=C); MS (EI,
40 8C): m/z (%): 278 (1) [M +], 169 (100) [M +�CH2C6H5�H2O]; elemen-
tal analysis calcd (%) for C20H22O (278.4): C 86.29, H 7.97; found: C
86.51, H 7.81.


1-[(E)-1-Benzyl-2-phenylethenyl]-4-tert-butylcyclohexan-1-ol (9b): Com-
pound 7 (0.190 g, 0.988 mmol) and 4-tert-butylcyclohexanone (8b)
(0.139 g, 0.901 mmol) were treated with SmI2 and HMPA according to
the general procedure. Chromatography on silica gel with n-hexane/ethyl
acetate (90:10 to 70:30) yielded 9b (0.140 g, 45%, E :Z>97:3, dr>97:3)
as a pale yellow oil and trans-4-tert-butylcyclohexanol (0.027 g, 19%, dr>
97:3) as a colourless oil. 1H NMR data of trans-4-tert-butylcyclohexanol
are in accordance with literature data.[40] 9b : 1H NMR (500 MHz,
CDCl3): d=7.39–7.18 (m, 10H; Ph), 7.01 (s, 1H; 2’-H), 3.85 (s, 2H;
CH2Ph), 2.36–2.33, 1.67–1.65, 1.55–1.50, 1.20–1.13 (4m, 2H, 2H, 3H, 3H;
2-H, 3-H, 4-H, 5-H, 6-H, OH), 0.87 ppm (s, 9H; C(CH3)3);


13C NMR
(126 MHz, CDCl3): d=141.2, 140.1, 137.7 (3 s, Ph, C-1’), 130.2, 128.6,
128.6, 128.4, 128.3, 126.8 (6d, Ph), 126.0 (d, C-2’), 75.7 (s, C-1), 47.4 (d,
C-4), 37.5, 24.7 (2 t, C-2, C-3, C-4, C-5), 33.5 (t, CH2Ph), 32.2, 27.5 ppm
(s, q, C(CH3)3); IR (film): ñ=3385 (O�H), 3080–3025 (=C�H), 2950–
2865 (C�H), 1600–1495 cm�1 (C=C); MS (EI, 40 8C): m/z (%): 348 (4)
[M +], 257 (100) [M +�C7H7]; HRMS: m/z : calcd for C25H32O: 348.2453;
found: 348.2462.


(3E)-3-Benzyl-2-methyl-4-phenylbut-3-en-2-ol (9c): Acetone 8c (0.026 g,
0.45 mmol) and 7 (0.110 g, 0.572 mmol) were treated with SmI2 and
HMPA under the described conditions. Chromatography on silica gel
with n-hexane/ethyl acetate (95:5) afforded 9c (0.035 g, 31%, E :Z>97:3)
as a colourless oil. 1H NMR (500 MHz, CDCl3): d=7.31–7.18 (m, 10H;
Ph), 6.98 (s, 1H; 4-H), 3.81 (s, 2H; CH2Ph), 1.39 ppm (s, 6H; 1-H, 2-
CH3); OH signal not observed; 13C NMR (126 MHz, CDCl3): d=146.4,
140.6, 137.8 (3 s, C-3, Ph), 128.8, 128.7, 128.5, 128.5, 126.9, 126.2 (6d, Ph),
126.8 (d, C-4), 74.8 (s, C-2), 34.4 (t, CH2Ph), 30.8 ppm (q, C-1, 2-CH3);
IR (film): ñ=3400 (O�H), 3080–3025 (=C�H), 2975–2855 (C�H), 1600–
1495 cm�1 (C=C); MS (EI, 40 8C): m/z (%): 252 (54) [M +], 161 (100)
[M +�C7H7]; HRMS: m/z : calcd for C18H20O: 252.1514; found: 252.1533.


(1E)- and (1Z)-2-Benzyl-1-phenylnon-1-en-3-ol (9d): The reaction was
carried out according to the general procedure by using 7 (0.104 g,
0.541 mmol) and heptanal (8d) (0.055 g, 0.48 mmol). Chromatography on
silica gel with n-hexane/ethyl acetate (100:0 to 95:5) afforded 9d
(0.031 g, 21%, E :Z 80:20) as a colourless oil. 1H NMR (500 MHz,
CDCl3): E isomer: d=7.38–7.16 (m, 10H; Ph), 6.84 (s, 1H; 1-H), 4.15
(dd, 3J=4.5, 7.4 Hz, 1H; 3-H), 3.86 (d, 2J=15.5 Hz, 1H; CH2Ph), 3.57 (d,
2J=15.7 Hz, 1H; CH2Ph), 1.70–1.20 (m, 11H; 4-H, 5-H, 6-H, 7-H, 8-H,
OH), 0.88 ppm (t, 3J=6.9 Hz, 3H; 9-H); Z isomer: d=7.38–7.16 (m,
10H; Ph), 6.24 (s, 1H; 1-H), 4.72 (dd, 3J=5.6, 8.2 Hz, 1H; 3-H), AB part
of ABX system (dA=3.65, dB=3.53, 2JAB=15.7, 4JAX=1.1 Hz, each 1H;
CH2Ph), 1.70–1.20 (m, 11H; 4-H, 5-H, 6-H, 7-H, 8-H, OH), 0.88 ppm (t,


3J=6.9 Hz, 3H; 9-H); 13C NMR (126 MHz, CDCl3): E isomer: d=127.2
(d, C-1), 75.4 (d, C-3), 34.4 (t, CH2Ph), 36.3, 31.9, 29.3, 25.8, 22.7 (5 t, C-
4, C-5, C-6, C-7, C-8), 14.1 ppm (q, C-9); Z isomer: d=129.7 (d, C-1),
70.4 (d, C-3), 37.3 (t, CH2Ph), 35.6, 31.8, 29.3, 26.0, 22.7 (5 t, C-4, C-5, C-
6, C-7, C-8), 14.1 ppm (q, C-9); the following signals could not be unam-
biguously assigned to one of the isomers: d=144.0, 142.9, 140.3, 139.7,
137.4, 134.9 [6 s, (E)/(Z)-C-2, (E)/(Z)-Ph], 129.7, 129.6, 128.8, 128.7,
128.6, 128.6, 128.5, 128.2, 126.8, 126.7, 126.3, 126.2 ppm [12d, (E)/(Z)-
Ph]; IR (film): ñ=3385 (O�H), 3080–3025 (=C�H), 2955–2855 (C�H),
1600–1495 cm�1 (C=C); MS (EI, 100 8C): m/z (%): 308 (5) [M +], 217
(100) [M +�C7H7]; HRMS: m/z : calcd for C22H28O: 308.2140; found:
308.2152.
1H NMR and 13C NMR data of compounds 13 are presented in Tables 6
and 7, respectively.


1-[(E)/(Z)-3-Methoxyprop-2-enyl]cyclopentan-1-ol (13a): Cyclopenta-
none (8a) (0.084 g, 1.00 mmol) and methoxyallene (12) (0.140 g,
2.00 mmol) were treated with SmI2 and HMPA according to the general
procedure. Chromatography on aluminium oxide (activity III) using n-
hexane/ethyl acetate (90:10 to 80:20) yielded a mixture of (E)-13a and
(Z)-13a (0.133 g, 85%, E :Z 60:40) as a colourless oil. IR (film): ñ=3425
(O�H), 3060–3040 (=C�H), 2955–2830 (C�H), 1665–1655 cm�1 (C=C);
MS (EI, 30 8C): m/z (%): 156 (2) [M +], 72 (100) [C4H8O


+]; HRMS: m/z :
calcd for C9H16O2: 156.1150; found: 156.1163.


SmI2-induced coupling of cyclopentanone (8a) with 3,3-dimethoxyprop-
1-ene (17): Cyclopentanone (8a) (0.084 g, 1.00 mmol) and 3,3-dimethoxy-
prop-1-ene (17) (0.204 g, 2.00 mmol) were treated with SmI2 and HMPA
under the described conditions. Chromatography on aluminium oxide
(activity III) using n-hexane/ethyl acetate (90:10 to 75:25) gave a mixture
of (E)-13a and (Z)-13a (0.080 g, 51%, E :Z 60:40) as a colourless oil.


1-[(E)/(Z)-3-Methoxyprop-2-enyl]cyclobutan-1-ol (13e): The reaction
was performed according to the general procedure using cyclobutanone
(8e) (0.068 g, 0.97 mmol) and 12 (0.140 g, 2.00 mmol). Chromatography
on aluminium oxide (activity III) using n-hexane/ethyl acetate (90:10 to
75:25) yielded a mixture of (E)-13e and (Z)-13e (0.090 g, 65%, purity
according to 1H NMR spectroscopy >95%, E :Z 65:35) as a colourless
oil. IR (film): ñ=3400 (O�H), 3060–2835 (=C�H, C�H), 1670–1655 cm�1


(C=C); MS (EI, 40 8C): m/z (%): 142 (17) [M +], 71 (100) [C4H7O
+];


HRMS: m/z : calcd for C8H14O2: 142.0994; found: 142.0984.


1-[(E)/(Z)-3-Methoxyprop-2-enyl]cyclohexan-1-ol (13 f): Cyclohexanone
(8 f) (0.098 g, 1.00 mmol) and 12 (0.140 g, 2.00 mmol) were treated with
SmI2 and HMPA under the described conditions. Chromatography on
aluminium oxide (activity III) using n-hexane/ethyl acetate (90:10 to
75:25) afforded a mixture of (E)-13 f and (Z)-13 f[41] (0.134 g, 79%, E :Z
60:40) as a colourless oil. IR (film): ñ=3435 (O�H), 3060–3040 (=C�H),
3000–2855 (C�H), 1665–1655 cm�1 (C=C); MS (EI, 30 8C): m/z (%): 170
(2) [M +], 72 (100) [C4H8O


+]; HRMS: m/z : calcd for C10H18O2: 170.1307;
found: 170.1315.


1-[(E)/(Z)-3-Methoxyprop-2-enyl]cycloheptan-1-ol (13g) and 7-(methox-
ymethyl)bicyclo[4.2.1]nonan-1-ol (20g): Cycloheptanone (8g) (0.112 g,
1.00 mmol) and 12 (0.140 g, 2.00 mmol) were treated with SmI2 and
HMPA according to the general procedure. Chromatography on alumini-
um oxide (activity III) using n-hexane/ethyl acetate (90:10 to 75:25 to
50:50) resulted in a mixture of (E)-13g and (Z)-13g (0.054 g, 29%, E :Z
60:40) and 20g (0.062 g, 34%, dr>97:3) as colourless oils. 13g : IR (film):
ñ=3435 (O�H), 3060–3040 (=C�H), 2995–2855 (C�H), 1655 cm�1 (C=
C); MS (EI, 30 8C): m/z (%): 184 (1) [M +], 72 (100) [C4H8O


+]; HRMS:
m/z : calcd for C11H20O2: 184.1463; found 184.1483; elemental analysis
calcd (%) for C11H20O2 (184.3): C 71.70, H 10.94; found C 71.37, H 10.48.
20g : 1H NMR (500 MHz, CDCl3): d=3.30 (s, 3H; OCH3), AB part of
ABX system (dA=3.24, dB=3.19, 2JAB=8.9, 3JAX=7.5, 3JBX=6.5 Hz, each
1H; 7-CH2O), 2.07–2.04, 1.96–1.86, 1.83–1.75, 1.73–1.52, 1.48–1.32 ppm
(5m, 1H, 2H, 3H, 5H, 4H; 2-H, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H,
OH); 13C NMR (126 MHz, CDCl3): d=82.3 (s, C-1), 78.4 (t, 7-CH2O),
58.6 (q, OCH3), 46.5 (d, C-6), 37.6 (d, C-7), 43.8, 43.6, 41.2, 34.2, 24.9,
23.0 ppm (6 t, C-2, C-3, C-4, C-5, C-8, C-9); IR (film): ñ=3395 (O�H),
2920–2735 cm�1 (C�H); MS (EI, 60–80 8C): m/z (%): 184 (3) [M +], 111
(100); HRMS: m/z : calcd for C11H20O2: 184.1463; found 184.1473.


cis- and trans-1-[(E)/(Z)-3-Methoxyprop-2-enyl]-2-methylcyclohexan-1-ol
(cis- and trans-13h): Allene 12 (0.210 g, 3.00 mmol) and 2-methylcyclo-
hexanone (8h) (0.112 g, 1.00 mmol) were treated with SmI2 and HMPA
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Table 6. 1H NMR data (500 MHz, CDCl3) of enol ethers 13.


Enol �CH2CH=CHOMe �CH2CH=CHOMe �OMe CH2CH=CHOMe Other signals
ether d [ppm] (td, J [Hz]) d [ppm] (td, J [Hz]) d [ppm]


(s)
d [ppm] (dd, J [Hz]) d [ppm] (J [Hz])


(E)-13a 6.38 4.78 3.55 2.19 1.85–1.76, 1.67–1.53 (2m, 3H, 6H; 2-H, 3-H, 4-H,
(4J=1.1, 3J=12.6) (3J=7.8, 12.6) (4J=1.1, 3J=7.8) 5-H, OH)


(Z)-13a 6.06 4.48 3.60 2.36 1.85–1.76, 1.67–1.53 (2m, 3H, 6H; 2-H, 3-H, 4-H,
(4J=1.3, 3J=6.3) (3J=7.7, 6.3) (4J=1.3, 3J=7.7) 5-H, OH)


(E)-13e 6.38[a] 4.72 3.52 2.19 2.05–1.96, 1.74–1.64, 1.53–1.42 (3m, 2H, 2H, 2H;
(3J=12.6) (3J=7.6, 12.6) (3J=7.6)[a] 2-H, 3-H, 4-H)[b]


(Z)-13e 6.06 4.44 3.57 2.37 2.05–1.96, 1.74–1.64, 1.53–1.42 (3m, 2H, 2H, 2H;
(4J=1.2, 3J=6.3) (3J=7.6, 6.3) (4J=1.2, 3J=7.6) 2-H, 3-H, 4-H)[b]


(E)-13 f 6.32 4.76 3.54 2.05 1.65 (br s, 1H; OH), 1.61–1.33, 1.28–1.20 (2m, 9H,
(4J=1.2, 3J=12.6) (3J=7.9, 12.6) (4J=1.2, 3J=7.8) 1H; 2-H, 3-H, 4-H, 5-H, 6-H)


(Z)-13 f 6.06 4.45 3.59 2.23 1.69 (br s, 1H; OH), 1.61–1.33, 1.28–1.20 (2m, 9H,
(4J=1.3, 3J=6.3) (3J=7.9, 6.3) (4J=1.3, 3J=7.9) 1H; 2-H, 3-H, 4-H, 5-H, 6-H)


(E)-13g 6.33 4.76 3.55 2.07 1.69–1.35 (m, 13H; 2-H, 3-H, 4-H, 5-H, 6-H,
(4J=1.2, 3J=12.6) (3J=7.9, 12.6) (4J=1.2, 3J=7.9) 7-H, OH)


(Z)-13g 6.06 4.46 3.59 2.24 1.69–1.35 (m, 13H; 2-H, 3-H, 4-H, 5-H, 6-H,
(4J=1.3, 3J=6.3) (3J=7.8, 6.3) (4J=1.3, 3J=7.8) 7-H, OH)


cis-(E)-13h 6.30 4.71 3.54 2.11, 2.08[c,d] 1.68–1.16 (m, 10H; 2-H, 3-H, 4-H, 5-H, 6-H, OH),
(4J=1.2, 3J=12.6) (3J=7.9, 12.6) (2JAB=13.8, 3JAX/


JBX=7.9,
4JAY/JBY=1.2)


0.89 (d, 3J=6.5, 3H; 2-CH3)


cis-(Z)-13h 6.01 4.39[d] 3.59 2.37[d] 1.68–1.16 (m, 10H; 2-H, 3-H, 4-H, 5-H, 6-H, OH),
(4J=1.3, 3J=6.3) (3J=6.3, 7.6, 8.1) (4J=1.3, 3J=7.6,


2J=14.1)
2.17[d] (4J=1.3,
3J=8.1, 2J=14.1)


0.91 (d, 3J=6.6, 3H; 2-CH3)


trans-(E)-13h 6.34 4.74 3.55 2.10, 2.01[c,d] 1.78–1.16 (m, 10H; 2-H, 3-H, 4-H, 5-H, 6-H, OH),
(4J=1.2, 3J=12.6) (3J=7.9, 12.6) (2JAB=14.3, 3JAX/


JBX=7.9, 4JAY=1.2)
0.93 (d, 3J=7.0, 3H, 2-CH3)


trans-(Z)-13h 6.07 4.45 3.59 2.26, 2.18[c,d] 1.78–1.16 (m, 10H; 2-H, 3-H, 4-H, 5-H, 6-H, OH),
(4J=1.4, 3J=6.3) (3J=7.8, 6.3) (2JAB=14.5, 3JAX/


JBX=7.8, 4JAY=1.4)
0.94 (d, 3J=7.0, 3H, 2-CH3)


(E)-13 i 6.31[a] 4.70 3.53 2.16, 2.09[c,d] 1.80–0.99 (m, 10H; 2-H, 3-H, 4-H, 5-H, 6-H, OH),
(3J=12.6) (3J=7.8, 12.6) (2JAB=14.4, 3JAX/


JBX=7.9, 4JAY=0.9)
0.82 (s, 9H; C(CH3)3)


(Z)-13 i 6.05 4.41 3.57 2.32, 2.26[c,d] 1.80–0.99 (m, 10H; 2-H, 3-H, 4-H, 5-H, 6-H, OH),
(4J=1.2, 3J=6.3) (3J=7.9, 6.3) (2JAB=14.5, 3JAX/


JBX=7.9, 4JAY=0.9)
0.81 (s, 9H; C(CH3)3)


(E)-13b 6.34 4.74 3.55 2.14 1.61 (br s, 1H; OH), 1.81–1.75, 1.70–1.66, 1.42–1.34,
(4J=1.1, 3J=12.6) (3J=7.9, 12.6) (4J=1.1, 3J=7.9) 1.13–1.02 (4m, 2H, 2H, 2H, 3H; 2-H, 3-H, 4-H,


5-H, 6-H), 0.86 (s, 9H; C(CH3)3)
(Z)-13b 6.08 4.45 3.59 2.31 1.91 (br s, 1H; OH), 1.81–1.75, 1.70–1.66, 1.42–1.34,


(4J=1.3, 3J=6.3) (3J=7.9, 6.3) (4J=1.3, 3J=7.9) 1.13–1.02 (4m, 2H, 2H, 2H, 3H; 2-H, 3-H, 4-H,
5-H, 6-H), 0.86 (s, 9H; C(CH3)3)


(E)-13j 6.31[a] 4.72 3.52 2.05 3.92 (m, 4H; 2-H, 3-H), 1.91–1.84, 1.64–1.55 (2m,
(3J=12.6) (3J=7.9, 12.6) (4J=1.1, 3J=7.9) 2H, 6H; 6-H, 7-H, 9-H, 10-H), 1.41 (br s, 1H; OH)


(Z)-13j 6.05 4.42 3.56 2.23 3.92 (m, 4H; 2-H, 3-H), 1.91–1.84, 1.64–1.55 (2m,
(4J=1.2, 3J=6.3) (3J=8.0, 6.3) (4J=1.2, 3J=8.0) 2H, 6H; 6-H, 7-H, 9-H, 10-H), 1.69 (br s, 1H; OH)


(E)-13k 6.34[a] 4.73 3.55 2.07 3.79, 3.18 (m, 4H; 4H, 2-H, 6-H), 1.81, 1.78 (2br s,
(3J=12.6) (3J=7.9, 12.6) (4J=1.1, 3J=7.9) 1H, 1H; OH), 1.59–1.48 (m, 8H; 3-H, 5-H),


1.46, 1.45 (2 s, 9H, 9H; C(CH3)3)
[e]


(Z)-13k 6.08 4.43 3.60 2.24
(4J=1.2, 3J=6.2) (3J=8.0, 6.2) (4J=1.2, 3J=8.0)


(E)-13c 6.32 4.77 3.55 2.07 1.53 (br s, 1H; OH), 1.20 (s, 6H; 1-H, 2-CH3)
(4J=1.2, 3J=12.6) (3J=7.9, 12.6) (4J=1.2, 3J=7.9)


(Z)-13c 6.04 4.45 3.59 2.25 1.75 (br s, 1H; OH), 1.21 (s, 6H; 1-H, 2-CH3)
(4J=1.3, 3J=6.3) (3J=7.9, 6.3) (4J=1.3, 3J=7.9)


(E)-13 l 6.33 4.75 3.55 2.07, 2.05[c,d] 1.69 (br s, 1H; OH), 1.53–1.44 (m, 2H; 2-H),
(4J=1.2, 3J=12.6) (3J=7.9, 12.6) (2JAB=14.0, 3JAX/


3JBX=7.9, 4JAY/
JBY=1.2)


1.13 (s, 3H; 3-CH3), 0.91 (t, 3J=7.5, 3H; 1-H)


(Z)-13 l 6.04 4.43 3.59 2.25, 2.22[c,d] 1.75 (br s, 1H; OH), 1.53–1.44 (m, 2H; 2-H),
(4J=1.3, 3J=6.3) (3J=7.8, 6.3) (2JAB=14.2, 3JAX/


3JBX=7.8, 4JAY/
JBY=1.3)


1.14 (s, 3H; 3-CH3), 0.91 (t, 3J=7.5, 3H; 1-H)


(E)-13m 6.30 4.69 3.52 2.02 1.48–1.41 (m, 4H; CH2), 1.31 (br s, 1H; OH),
(4J=1.0, 3J=12.6) (3J=7.9, 12.6) (4J=1.0, 3J=7.9) 0.85 (t, 3J=7.5, 6H; CH3)
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according to the general procedure. Chromatography on aluminium
oxide (activity III) with n-hexane/ethyl acetate (100:0 to 75:25) yielded
cis-13h (0.026 g, 14%, purity according to 1H NMR spectroscopy >90%,
E :Z 50:50) as a colourless oil and trans-13h (0.038 g, 21%, purity accord-
ing to 1H NMR spectroscopy >90%, E :Z 55:45) as a colourless oil.


3-tert-Butyl-1-[(E)/(Z)-3-methoxyprop-2-enyl]cyclohexan-1-ol (13 i) and
5-tert-butyl-6-(methoxymethyl)bicyclo[3.2.1]octan-1-ol (20 i): 3-tert-Butyl-
cyclohexanone (8 i) (0.154 g, 1.00 mmol) and 12 (0.140 g, 2.00 mmol) were
treated with SmI2 and HMPA under the described conditions. Chroma-
tography on silica gel using n-hexane/ethyl acetate (90:10 to 75:25, +1%
triethylamine) afforded a mixture of (E)-13 i and (Z)-13 i (0.066 g, 29%,
purity according to 1H NMR spectroscopy >70% E :Z 60:40) and 20 i
(0.097 g, 43%, purity according to 1H NMR spectroscopy >80%, dr
60:40) as colourless oils. 13 i : IR (film): ñ=3405 (O�H), 3060–3040 (=C�
H), 2940–2865 (C�H), 1665–1655 cm�1 (C=C); MS (EI, 40 8C): m/z (%):
226 (1) [M +], 72 (100) [C4H8O


+]; HRMS: m/z : calcd for C14H26O2:
226.1933; found: 226.1953. 20 i : 1H NMR (500 MHz, CDCl3): isomer A:
d=3.72 (dd, 3J=3.8, 2J=8.0 Hz, 1H; 6-CH2O), 3.32 (s, 3H; OCH3), 3.23
(dd, 2J=8.0, 3J=10.4 Hz, 1H; 6-CH2O), 2.05–1.16 (m, 11H; 2-H, 3-H, 4-
H, 6-H, 7-H, 8-H, OH), 0.89 ppm (s, 9H; C(CH3)3); isomer B: d=3.53
(dd, 3J=4.1, 2J=9.1 Hz, 1H; 6-CH2O), 3.35 (dd, 2J=9.1, 3J=11.6 Hz,
1H; 6-CH2O), 3.29 (s, 3H; OCH3), 2.05–1.16 (m, 12H; 2-H, 3-H, 4-H, 6-
H, 7-H, 8-H, OH), 0.92 ppm (s, 9H; C(CH3)3);


13C NMR (126 MHz,
CDCl3): isomer A: d=86.2 (t, 6-CH2O), 58.8 ppm (s, OCH3); isomer B:
d=74.8 (t, 6-CH2O), 58.7 ppm (s, OCH3); because of the impurities the
missing signals could not be assigned; IR (film): ñ=3380 (O�H), 2955–
2810 cm�1 (C�H); MS (EI, 40 8C): m/z (%): 226 (1) [M +], 153 (100) [M +


�C4H9O]; HRMS: m/z : calcd for C14H24O [M +�H2O]: 208.1827; found:
208.1834.


trans-4-(tert-Butyl)-1-[(E)/(Z)-3-methoxyprop-2-enyl]cyclohexan-1-ol
(13b): 4-tert-Butylcyclohexanone (8b) (0.463 g, 3.00 mmol) and 12
(0.630 g, 8.99 mmol) were treated with SmI2 and HMPA according to the
general procedure. The resulting crude oil was purified by column chro-
matography on aluminium oxide (activity III) using n-hexane/ethyl ace-
tate (90:10 to 70:30) to furnish 8b (0.188 g, 41%) and a mixture of (E)-
13b and (Z)-13b (0.397 g, 58%, E :Z 60:40, dr>97:3) as a colourless
solid. M.p. 49–50 8C; IR (KBr): ñ=3410 (O�H), 3060–3040 (=C�H),
2940–2865 (C�H), 1655 cm�1 (C=C); MS (EI, 30 8C): m/z (%): 226 (1)
[M +], 72 (100) [C4H8O


+]; HRMS: m/z : calcd for C14H26O2: 226.1933;
found 226.1956; elemental analysis calcd (%) for C14H26O2 (226.4): C
74.29, H 11.58; found C 74.04, H 11.12.


8-[(E)/(Z)-3-Methoxyprop-2-enyl]-1,4-dioxaspiro[4.5]decan-8-ol (13 j):
The reaction was performed using 1,4-dioxaspiro[4.5]decan-8-one (8j)
(0.156 g, 1.00 mmol) and 12 (0.140 g, 2.00 mmol) according to the general
procedure. Chromatography on aluminium oxide (activity III) using n-
hexane/ethyl acetate (85:15 to 70:30 to 50:50) yielded a mixture of (E)-
13j and (Z)-13j (0.124 g, 54%, E :Z 55:45) as a colourless oil. IR (film):
ñ=3480 (O�H), 3040–3020 (=C�H), 2935–2885 (C�H), 1655 cm�1 (C=
C); MS (EI, 30 8C): m/z (%): 228 (3) [M +], 129 (100) [M +�C5H7O2];
HRMS: m/z : calcd for C12H20O4: 228.1362; found 228.1383; elemental
analysis calcd (%) for C12H20O4 (228.3): C 63.14, H 8.83; found C 62.65,
H 8.56.


N-(tert-Butoxycarbonyl)-4-[(E)/(Z)-3-methoxyprop-2-enyl]piperidin-4-ol
(13k): Boc-protected piperidinone 8k (0.199 g, 1.00 mmol) and 12
(0.140 g, 2.00 mmol) were treated with SmI2 and HMPA under the descri-
bed conditions. Chromatography on aluminium oxide (activity III) using
n-hexane/ethyl acetate (70:30 to 50:50) gave N-tert-butoxycarbonylpiperi-
din-4-ol (0.023 g, 11%), a mixture of (E)-13k and (Z)-13k (0.137 g, 51%,


Table 6. (Continued)


Enol �CH2CH=CHOMe �CH2CH=CHOMe �OMe CH2CH=CHOMe Other signals
ether d [ppm] (td, J [Hz]) d [ppm] (td, J [Hz]) d [ppm]


(s)
d [ppm] (dd, J [Hz]) d [ppm] (J [Hz])


(Z)-13m 6.01 4.38 3.57 2.19 1.60 (br s, 1H; OH), 1.48–1.41 (m, 4H; CH2),
(4J=1.3, 3J=6.3) (3J=7.8, 6.3) (4J=1.3, 3J=7.8) 0.85 (t, 3J=7.5, 6H; CH3)


(E)-13n 6.33 4.76 3.55 2.11, 2.05[c,d] 1.75 (br s, 1H; OH), 1.76–1.60 (m, 1H; 2-H),
(4J=1.1, 3J=12.6) (3J=7.8, 12.6) (2JAB=14.1, 3JAX/


3JBX=7.8, 4JBY=1.1)
1.06 (s, 3H; 3-CH3), 0.90, 0.90 (2d, 3J=6.8, each
3H;
1-H, 2-CH3)


(Z)-13n 6.05 4.46 3.59 2.28, 2.23[c,d] 1.76–1.60 (m, 1H; 2-H), 1.50 (br s, 1H; OH),
(4J=1.3, 3J=6.3) (3J=7.8, 6.3) (2JAB=14.3, 3JAX/


3JBX=7.8, 4JBY=1.3)
1.07 (s, 3H; 3-CH3), 0.94, 0.94 (2d, 3J=6.9, each
3H;
1-H, 2-CH3)


(E)-13o[f] 6.27[a] 4.76 3.52 –[g] 1.06, 1.05 (2 s, each 3H; 3-CH3),
(3J=12.4) (3J=7.9, 12.4) 0.92, 0.91 (2 s, each 9H; C(CH3)3)


[e,b]


(Z)-13o[f] 6.03[a] 4.46 3.55 –[g]


(3J=6.4) (3J=7.6, 6.4)
(E)-13p 6.37[a] 4.78 3.56 2.19–2.11[h] 7.31–7.28, 7.22–7.18 (2m, 2H, 3H; Ph),


(3J=12.6) (3J=7.8, 12.6) 2.80–2.65 (m, 2H; 1-H), 1.81–1.73 (m, 3H; 2-H,
OH),
1.24 (s, 3H; 3-CH3)


(Z)-13p 6.07 4.49 3.60 2.33, 2.29[c,d] 7.29–7.25, 7.21–7.15 (2m, 2H, 3H; Ph), 2.75–2.65
(4J=1.2, 3J=6.3) (3J=7.9, 6.3) (2JAB=14.1, 3JAX/


3JBX=7.9,
4JAY/


4JBY=1.2)


(m, 2H; 1-H), 1.82–1.73 (m, 2H; 2-H),


1.62 (br s, 1H; OH), 1.24 (s, 3H; 3-CH3)
(E)-13d 6.33[a] 4.68[d] 3.51 2.14[i] 3.52–3.47 (m, 1H; 4-H), 1.69 (d, 3J=3.7, 1H; OH),


(3J=12.6) (3J=7.0, 8.2, 12.6) (4J=1.2, 3J=4.2, 7.0,
2J=14.0),


1.45–1.23 (m, 10H; 5-H, 6-H, 7-H, 8-H, 9-H),


1.95[i] (4J=0.7,
3J=7.7,
8.2, 2J=14.0)


0.86 (t, 3J=6.9, 3H; 10-H)


(Z)-13d 6.00 4.39 3.57 2.22–2.18[h] 3.61–3.56 (m, 1H; 4-H), 1.84 (d, 3J=4.0, 1H; OH),
(4J=1.3, 3J=6.3) (3J=7.5, 6.3) 1.45–1.23 (m, 10H; 5-H, 6-H, 7-H, 8-H, 9-H),


0.86 (t, 3J=6.9, 3H; 10-H)


[a] Allylic coupling could not be detected. [b] The signal of the hydroxyl group was not observed. [c] AB part of ABXY system. [d] ddd. [e] The signals
could not be assigned to one of the isomers. [f] Mixture with 20o. These signals in the 1H NMR spectrum of the mixture can be assigned to compound
13o. [g] Signals are not observed. [h] Multiplet. [i] dddd.
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E :Z 50:50) as a colourless oil and a mixture (0.053 g), which probably
contains a bicyclic compound like 20g. 13k : IR (film): ñ=3445 (O�H),
3040–2830 (=C�H, C�H), 1695, 1670 cm�1 (C=O, C=C); MS (EI, 80 8C):
m/z (%): 271 (4) [M +], 57 (100) [C4H9


+]; HRMS: m/z : calcd for
C14H25NO4: 271.1784; found 271.1765; elemental analysis calcd (%) for
C14H25NO4 (271.4): C 61.97, H 9.29, N 5.16; found C 61.59, H 8.95, N
5.05.


(E)- and (Z)-5-Methoxy-2-methylpent-4-en-2-ol (13c): Acetone 8c
(0.058 g, 1.00 mmol) and 12 (0.140 g, 2.00 mmol) were treated with SmI2
and HMPA according to the general procedure. Chromatography on alu-
minium oxide (activity III) using n-hexane/ethyl acetate (90:10 to 70:30)
yielded a mixture of (E)-13c and (Z)-13c (0.034 g, 26%, E :Z 65:35) as a
yellow oil. IR (film): ñ=3430 (O�H), 2995–2915 (=C�H, C�H),
1655 cm�1 (C=C); MS (EI, 30 8C): m/z (%): 130 (2) [M +], 59 (100)
[C3H7O


+]; HRMS: m/z : calcd for C7H14O2: 130.0994; found 130.0986. An
elemental analysis could not be recorded due to the high volatility of the
compound.


(E)- and (Z)-6-Methoxy-3-methylhex-5-en-3-ol (13 l): The reaction was
carried out using 12 (0.140 g, 2.00 mmol) and butan-2-one (8 l) (0.072 g,
1.00 mmol) according to the general procedure. Chromatography on alu-
minium oxide (activity III) with n-hexane/ethyl acetate (80:20 to 70:30)


afforded 13 l (0.052 g, 36%, E :Z=60:40) as a colourless oil. IR (film):
ñ=3425 (O�H), 3060–3040 (=C�H), 2955–2835 (C�H), 1655 cm�1 (C=
C); MS (EI, 30 8C): m/z (%): 144 (3) [M +], 72 (100) [C4H8O


+]; HRMS:
m/z : calcd for C8H16O2: 144.1150; found 144.1173.


(E)- and (Z)-3-Ethyl-6-methoxyhex-5-en-3-ol (13m): Diethylketone (8m)
(0.086 g, 1.00 mmol) and 12 (0.140 g, 2.00 mmol) were treated with SmI2
and HMPA under the described conditions. Chromatography on alumini-
um oxide (activity III) using n-hexane/ethyl acetate (100:0 to 80:20) af-
forded a mixture of 13m (E :Z 55:45) and 1-ethyl-3-methoxymethylcyclo-
pentan-1-ol (20m) (dr>97:3) in a ratio of 85:15 (0.082 g, 52%, purity
>90%) as a colourless oil. 13m : IR (film): ñ=3460 (O�H), 3060–3040
(=C�H), 2965–2830 (C�H), 1665–1655 cm�1 (C=C); MS (EI, 40 8C): m/z
(%): 158 (1) [M +], 72 (100) [C4H8O


+]; HRMS: m/z : calcd for C9H18O2:
158.1307; found 158.1318. 20m : The following signals in the 1H NMR of
the mixture can be assigned to 20m : 1H NMR (500 MHz, CDCl3): d=
3.40 (s, 3H; OCH3), 3.39 (m, 2H; CH2OCH3), 3.07 (br s, 1H; OH),
0.99 ppm (t, 3J=7.5 Hz, 3H; CH3).


(E)- and (Z)-6-Methoxy-2,3-dimethylhex-5-en-3-ol (13n) and 4-methoxy-
methyl-1,2-dimethylcyclopentan-1-ol (20n): The reaction was performed
according to the general procedure using 12 (0.140 g, 2.00 mmol) and 3-
methylbutan-2-one (8n) (0.086 g, 1.00 mmol). Chromatography on alumi-


Table 7. 13C NMR data (500 MHz, CDCl3) of enol ethers 13.


Enol �CH2CH=


CHOMe
�CH2CH=


CHOMe
HO�CR3 �OMe �CH2CH=


CHOMe
Other signals


ether d [ppm] (d) d [ppm] (d) d [ppm] (s) d [ppm] (q) d [ppm] (t) d [ppm]


(E)-13a 149.8 97.8 81.5 56.0 39.5 39.2, 39.1, 23.9 (3 t, CH2)
[a]


(Z)-13a 148.3 101.9 82.0 59.5 35.6
(E)-13e 149.9 96.7 73.9 55.9 37.8 35.3, 35.0, 11.8 (3 t, CH2)


[a]


(Z)-13e 148.7 101.0 74.8 59.5 33.9
(E)-13 f 149.7 96.8 70.8 56.0 40.4 37.4, 37.2, 25.8, 25.8, 22.4, 22.2 (6 t, CH2)


[a]


(Z)-13 f 148.4 101.1 71.7 59.5 36.3
(E)-13g 149.8 97.2 74.8 56.0 41.5 40.9, 40.8, 29.8, 29.8, 22.4, 22.4 (6 t, CH2)


[a]


(Z)-13g 148.4 101.4 75.7 59.5 37.5
cis-(E)-13h 149.3 97.5 72.6 56.0 38.8 38.4, 37.9 (2d, C-2), 36.2, 36.2, 30.7, 30.6, 25.6, 25.6, 21.9, 21.7


(8 t, CH2), 15.0, 14.9 (2q, 2-CH3)
[a]


cis-(Z)-13h 147.9 101.6 73.4 59.5 35.1
trans-(E)-13h 149.5 96.5 73.3 56.0 32.4 40.9, 40.4 (2d, C-2), 36.2, 35.9, 31.0, 30.8, 24.1, 23.8, 23.2, 23.0


(8 t, CH2), 15.2, 15.1 (2q, 2-CH3)
[a]


trans-(Z)-13h 148.4 101.0 74.3 59.5 28.6
(E)-13 i 149.7 96.6 73.7 56.1 35.5 [b]


(Z)-13 i 148.6 101.1 71.7 59.6 32.3 [b]


(E)-13b 149.8 96.7 71.4 56.0 34.8 47.5 (d, C-4), 38.5, 38.2, 24.5, 24.3 (4 t, C-2, C-3, C-5, C-6),
32.2, 27.6 (s, q, C(CH3)3)


(Z)-13b 148.6 101.1 72.5 59.5 31.1 47.6 (d, C-4), 38.5, 38.2, 24.5, 24.3 (4 t, C-2, C-3, C-5, C-6),
36.1, 27.6 (s, q, C(CH3)3)


(E)-13j 105.1 96.5 69.7 56.1 40.6 108.9 (s, C-5), 64.2, 64.1 (2 t, C-2, C-3)[c]


(Z)-13j 148.7 100.7 70.8 59.5 36.5 108.9 (s, C-5), 64.2, 64.1 (2 t, C-2, C-3)[c]


(E)-13k 150.2 95.8 –[d] 56.9 41.0 154.8 (s, CO)[e]


(Z)-13k 148.8 99.9 –[d] 59.5 36.8 154.8 (s, CO)[e]


(E)-13c 149.8 97.7 70.2 56.1 41.9 28.8 (q, C-1, 2-CH3)
(Z)-13c 149.3 101.8 71.0 59.5 38.1 28.9 (q, C-1, 2-CH3)
(E)-13 l 149.7 97.4 72.2 56.0 39.5 33.9 (t, C-2), 25.8 (q, 3-CH3), 8.1 (q, C-1)
(Z)-13 l 148.3 101.5 73.1 59.5 35.7 34.2 (t, C-2), 25.9 (q, 3-CH3), 8.3 (q, C-1)
(E)-13m 149.6 97.2 74.0 56.1 36.7 30.8, 30.6 (2 t, CH2), 7.9, 7.8 (2q, CH3)


[a]


(Z)-13m 148.2 101.4 75.0 59.5 33.0
(E)-13n 149.6 97.2 74.0 56.0 37.9 36.4 (d, C-2), 22.4 (q, 3-CH3), 17.7, 17.6 (2q, C-1, 2-CH3)
(Z)-13n 148.3 101.4 75.0 59.5 34.2 36.8 (d, C-2), 22.5 (q, 3-CH3), 17.0, 16.9 (2q, C-1, 2-CH3)
(E)-13p 149.8 97.1 71.9 56.0 40.3 142.5 (s, Ph), 128.3,[f] 125.7 (2d, Ph), 43.3 (t, C-2), 30.2


(t,C-1), 26.3 (q, 3-CH3)
(Z)-13p 148.5 101.2 72.9 59.6 36.3 142.8 (s, Ph), 128.3,[f] 125.6 (2d, Ph), 43.7 (t, C-2), 30.5


(t, C-1), 26.6 (q, 3-CH3)
(E)-13d 149.4 98.2 71.4 56.0 35.7 14.0 (q, C-10)[g]


(Z)-13d 148.2 102.1 71.7 60.0 31.8 14.0 (q, C-10)[g]


[a] The signals could not be assigned to one of the isomers. [b] Because of the impurities the missing signals could not be assigned. [c] The following sig-
nals could not be assigned to one of the isomers: d=34.6, 34.5, 30.6, 30.5 (4 t, CH2). [d] The signals could not be assigned to one of the isomers: d=69.9,
68.9 (2 s, C-4). [e] The following signals could not be assigned to one of the isomers: d=79.2, 79.1, 28.4, 28.4 (2s, 2q, C(CH3)3), 39.8 (br t, C-2, C-6), 36.5,
36.3 (2 t, C-3, C-5). [f] Signal shows doubled intensity. [g] The following signals could not be assigned to one of the isomers: d=36.9, 36.5, 32.0, 31.8, 29.3,
29.3, 25.7, 25.6, 22.6 (9 t, C-5, C-6, C-7, C-8, C-9).
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nium oxide (activity III) with n-hexane/ethyl acetate (95:5 to 60:40) af-
forded a mixture of 13n (E :Z 55:45) and 20n (0.038 g, 24%, 13n :20n
85:15) as a colourless oil. 13n : IR (film): ñ=3470 (O�H), 3060–3040 (=
C�H), 2960–2830 (C�H), 1655 cm�1 (C=C); MS (EI, 30 8C): m/z (%): 158
(1) [M +], 72 (100) [C4H8O


+]; HRMS: m/z : calcd for C9H18O2: 158.1307;
found 158.1322. The following signals in the 1H and 13C NMR spectra of
the mixture can be assigned to compound 20n : 1H NMR (500 MHz,
CDCl3): d=3.37 (s, 3H; OCH3), 3.32 (m, 2H; CH2OCH3), 3.11 (br s, 1H;
OH), 1.19 ppm (s, 3H; 1-CH3);


13C NMR (126 MHz, CDCl3): d=78.1 (s,
C-1), 76.3 (t, CH2OCH3), 58.9 (q, OCH3), 44.8, 35.0, 35.0 (2 t, d, CH,
CH2), 24.4 (q, 1-CH3), 11.9 ppm (q, 2-CH3).


4-Methoxymethyl-1,2,2-trimethylcyclopentan-1-ol (20o) and (E)/(Z)-6-
methoxy-2,2,3-trimethylhex-5-en-3-ol (13o): Pinacolone (8o) (0.088 g,
1.00 mmol) and 12 (0.140 g, 2.00 mmol) were treated with SmI2 and
HMPA according to the general procedure. Chromatography on alumini-
um oxide (activity III) using n-hexane/ethyl acetate (90:10 to 70:30) gave
a mixture of 13o (E :Z 60:40) and 4-methoxymethyl-1,2,2-trimethylcyclo-
pentan-1-ol (20o) (dr>97:3) in a ratio of 20:80 (0.039 g, 26%) as a col-
ourless oil. 20o : 1H NMR (500 MHz, CDCl3): d=3.33 (s, 3H; OCH3),
AB part of ABX system (dA=3.29, dB=3.27, 2JAB=8.6, 3JAX=3.9, 3JBX=


3.7 Hz, each 1H; 4-CH2), 3.05 (br s, 1H; OH), 2.31–2.23 (m, 1H; 4-H),
2.11 (dd, 3J=11.4, 2J=14.2 Hz, 1H; 5-H), 1.65 (dd, 3J=8.8, 2J=12.8 Hz,
1H; 3-H), 1.53 (dd, 3J=3.2, 2J=14.2 Hz, 1H; 5-H), 1.48 (dd, 3J=9.0, 2J=
12.8 Hz, 1H; 3-H), 1.08, 0.94, 0.83 ppm (3s, each 3H; 1-CH3, 2-CH3, 2-
CH3);


13C NMR (126 MHz, CDCl3): d=81.0 (s, C-1), 76.1 (t, 4-CH2), 58.9
(q, OCH3), 46.2 (s, C-2), 42.6 (t, C-5), 41.2 (t, C-3), 33.7 (d, C-4), 25.9,
21.1, 20.4 ppm (3q, 1-CH3, 2-CH3, 2-CH3); IR (film): ñ=3475 (O�H),
2940–2870 cm�1 (C�H); MS (EI, 60 8C): m/z (%): 172 (6) [M +], 43 (100)
[C2H3O


+]; HRMS: m/z : calcd for C10H20O2: 172.1463; found 172.1482.


(5E)- and (5Z)-6-Methoxy-3-methyl-1-phenylhex-5-en-3-ol (13p): 4-Phe-
nylbutan-2-one (8p) (0.148 g, 1.00 mmol) and 12 (0.140 g, 2.00 mmol)
were treated with SmI2 and HMPA under the described conditions. Chro-
matography on aluminium oxide (activity III) with n-hexane/ethyl ace-
tate (95:5 to 80:20) afforded an 85:15 mixture (0.137 g) of 13p (E :Z
85:15) and 4-phenylbutan-2-ol as a colourless oil. Separation using HPLC
[nucleosil 50-5, n-hexane/ethyl acetate (85:15), 128 mLmin�1, 112 bar]
yielded (Z)-13p (0.013 g, 6%) as a colourless oil and a mixture (0.094 g)
of (E)-13p and 4-phenylbutan-2-ol in a ratio of 85:15. (Z)-13p : IR (film):
ñ=3450 (O�H), 3085–2825 (=C�H, C�H), 1665–1495 cm�1 (C=C); MS
(EI, 40 8C): m/z (%): 220 (2) [M +], 91 (100) [C7H7


+]; HRMS: m/z : calcd
for C14H20O2: 220.1463; found: 220.1447. (E)-13p : IR (film): ñ=3435
(O�H), 3085–2835 (=C�H, C�H), 1670–1495 cm�1 (C=C); MS (EI,
60 8C): m/z (%): 220 (1) [M +], 91 (100) [C7H7


+]. The following signal
can be assigned to 4-phenylbutan-2-ol: d=3.82 ppm (m, 1H; 2-H).


(E)- and (Z)-1-Methoxydec-1-en-4-ol (13d): The reaction was performed
with heptanal (8d) (0.114 g, 1.00 mmol) and 12 (0.140 g, 2.00 mmol) in
accordance with the general procedure. Chromatography on aluminium
oxide (activity III) using n-hexane/ethyl acetate (90:10 to 80:20) yielded
a mixture of (E)-13d and (Z)-13d (0.081 g, 43%, E :Z 55:45) as a colour-
less oil. IR (film): ñ=3440 (O�H), 3040 (=C�H), 2960–2830 (C�H),
1655 cm�1 (C=C); MS (EI, 30 8C): m/z (%): 186 (1) [M +], 101 (100) [M +


�C5H9O2]; HRMS: m/z : calcd for C10H19O [M +�OCH3]: 155.1436;
found 155.1453; elemental analysis calcd (%) for C11H22O2 (186.3): C
70.92, H 11.90; found C 70.94, H 11.65.


1-(3-Methoxybut-2-enyl]cyclopentanol (24): Cyclopentanone (8a)
(0.084 g, 1.00 mmol) and 23 (0.126 g, 1.50 mmol) were treated with SmI2
and HMPA under the described conditions. Chromatography on alumini-
um oxide (activity III) using n-hexane/ethyl acetate (90:10 to 70:30) af-
forded 24 (0.031 g, 18%, purity >70%) as a colourless oil. 1H NMR
(270 MHz, CDCl3): d=4.40 (t, 3J=7.9 Hz, 1H; 2’-H), 3.47 (s, 3H;
OCH3), 2.22 (d, 3J=7.9 Hz, 2H; 1’-H), 1.87–1.50 (m, 9H; 2-H, 3-H, 4-H,
5-H, OH), 1.76 ppm (s, 3H; 4’-H).


4-tert-Butyl-1-(2-oxaspiro[4.5]deca-3,6,9-trien-4-ylmethyl)cyclohexanol
(27), 4-tert-butyl-1-(2-oxaspiro[4.5]deca-3,6,8-trien-4-ylmethyl)cyclohexa-
nol (28) and 4-tert-butyl-1-[(2E)/(2Z)-3-benzyloxyprop-2-enyl]cyclohexa-
nol (26): The reaction was carried out according to the general procedure
using 25 (0.219 g, 1.50 mmol) and 4-tert-butylcyclohexanone (8b)
(0.154 g, 1.00 mmol). Chromatography on aluminium oxide (activity III)
with n-hexane/ethyl acetate (95:5 to 75:25) followed by separation by
HPLC [nucleosil 50–5, n-hexane/isopropanol (98:2), 64 mLmin�1, 65 bar]


afforded (E)-26 (0.044 g, 15%, purity >95%), 27 (0.061 g, 20%), 28
(0.024 g, 8%, dr>97:3) and (Z)-26 (0.036 g, 12%, dr>97:3) all as colour-
less solids. 27: m.p. 98–100 8C; 1H NMR (500 MHz, CDCl3): d=6.34 (s,
1H; 3’-H), 5.84 (td, 3J=3.3, 10.2 Hz, 1H; 7’-H, 9’-H), 5.56 (td, 4J=2.1,
3J=10.2 Hz, 2H; 6’-H, 10’-H), 4.05 (s, 2H; 1’-H), 2.62 (m, 2H; 8’-H), 2.10
(s, 2H; 4’-CH2), 1.81–1.78, 1.63–1.60, 1.34–1.29, 1.06–0.99 (4m, 2H, 2H,
2H, 3H; 2-H, 3-H, 4-H, 5-H, 6-H), 1.77 (br s, 1H; OH), 0.82 ppm (s, 9H;
C(CH3)3);


13C NMR (126 MHz, CDCl3): d=142.8 (d, C-3’), 129.8 (d, C-6’,
C-10’), 125.4 (d, C-7’, C-9’), 116.2 (s, C-4’), 81.2 (t, C-1’), 71.7 (s, C-1),
50.4 (s, C-5’), 47.3 (d, C-4), 38.5, 24.5 (2 t, C-2, C-3, C-5, C-6), 32.2, 27.5
(s, q, C(CH3)3), 30.3 (t, 4’-CH2), 26.0 ppm (t, C-8’); IR (film): ñ=3340
(O�H), 3025–2815 (=C�H, C�H), 1660–1630 cm�1 (C=C); MS (EI,
80 8C): m/z (%): 302 (1) [M +], 148 (100) [M +�C10H18O]; HRMS: m/z :
calcd for C20H30O2: 302.2246; found 302.2240. 28 : m.p. 117–118 8C;
1H NMR (500 MHz, CDCl3): d=6.29 (s, 1H; 3’-H), 5.94 (dd, 3J=5.1,
9.6 Hz, 1H; 7’-H), 5.86–5.79, 5.74–5.67 (2m, each 1H; 8’-H, 9’-H), 5.51
(d, 3J=9.6 Hz, 1H; 6’-H), AB system (dA=4.06, dB=3.97, 2JAB=8.8 Hz,
each 1H; 1’-H), 2.55–2.46, 2.34–2.27 (2m, each 1H; 10’-H), 2.25 (s, 2H;
4’-CH2), 1.92–1.81, 1.67–1.60, 1.41–1.23, 1.07–0.97 (4m, 2H, 3H, 3H, 2H;
2-H, 3-H, 4-H, 5-H, 6-H, OH), 0.82 ppm (s, 9H; C(CH3)3);


13C NMR
(126 MHz, CDCl3): d=141.9 (d, C-3’), 130.7, 125.1, 124.5, 123.2 (4d, C-6’,
C-7’, C-8’, C-9’), 117.0 (s, C-4’), 80.9 (t, C-1’), 72.0 (s, C-1), 48.3 (s, C-5’),
47.4 (d, C-4), 39.5, 38.3, 24.6, 24.5 (4 t, C-2, C-3, C-5, C-6), 33.8 (t, C-10’),
30.5 (t, 4’-CH2), 32.2, 27.6 ppm (s, q, C(CH3)3); IR (film): ñ=3340 (O�
H), 3050–2800 (=C�H, C�H), 1650 cm�1 (C=C); MS (EI, 90 8C): m/z
(%): 302 (1) [M +], 148 (100) [M +�C10H18O]; HRMS: m/z : calcd for
C20H28O [M +�H2O]: 284.2140; found 284.2153. (E)-26 : m.p. 64–65 8C;
1H NMR (500 MHz, CDCl3): d=7.38–7.28 (m, 5H; Ph), 6.36 (d, 2J=
12.6 Hz, 1H; 3’-H), 4.87 (td, 3J=7.9, 12.6 Hz, 1H; 2’-H), 4.77 (s, 2H;
OCH2), 2.13 (d, 3J=7.9 Hz, 2H; 1’-H), 1.73–1.62, 1.40–1.34, 1.10–0.98
(3m, 5H, 2H, 3H; 2-H, 3-H, 4-H, 5-H, 6-H, OH), 0.85 ppm (s, 9H;
C(CH3)3);


13C NMR (126 MHz, CDCl3): d=148.5 (d, C-3’), 137.0, 128.5,
127.9, 127.5 (s, 3d, Ph), 98.9 (d, C-2’), 71.4 (s, C-1), 71.2 (t, OCH2), 47.5
(d, C-4), 38.1, 24.2 (2 t, C-2, C-3, C-5, C-6), 34.8 (t, C-1’), 32.2, 27.6 ppm
(s, q, C(CH3)3); IR (film): ñ=3435 (O�H), 3090–2865 (=C�H, C�H),
1670–1650 cm�1 (C=C); MS (EI, 50 8C): m/z (%): 302 (1) [M +], 91 (100)
[C7H7


+]; HRMS: m/z : calcd for C16H21O2 [M +�C4H9]: 245.1541; found
245.1562. (Z)-26 : m.p. 52–53 8C; 1H NMR (500 MHz, CDCl3): d=7.36–
7.28 (m, 5H; Ph), 6.23 (td, 4J=1.1, 3J=6.3 Hz, 1H; 3’-H), 4.80 (s, 2H;
OCH2), 4.51 (dt, 3J=7.8, 6.3 Hz, 1H; 2’-H), 2.36 (dd, 4J=1.1, 3J=7.8 Hz,
2H; 1’-H), 1.86 (br s, 1H; OH), 1.81–1.77, 1.65–1.62, 1.38–1.32, 1.15–1.06,
1.03–0.95 (5 m, 2H, 2H, 2H, 2H, 1H; 2-H, 3-H, 4-H, 5-H, 6-H),
0.83 ppm (s, 9H; C(CH3)3);


13C NMR (126 MHz, CDCl3): d=146.7 (d, C-
3’), 137.3, 128.5, 127.9, 127.4 (s, 3d, Ph), 101.9 (d, C-2’), 73.8 (t, OCH2),
72.6 (s, C-1), 47.5 (d, C-4), 38.5, 24.5 (2 t, C-2, C-3, C-5, C-6), 31.3 (t, C-
1’), 32.2, 27.6 ppm (s, q, C(CH3)3); IR (film): ñ=3330 (O�H), 3090–2840
(=C�H, C�H), 1665 cm�1 (C=C); MS (EI, 100 8C): m/z (%): 302 (1)
[M +], 91 (100) [C7H7


+]; HRMS: m/z : calcd for C20H30O2: 302.2246;
found 302.2262.
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Enantioselective Conjugate Addition of Dialkylzinc and Diphenylzinc to
Enones Catalyzed by a Chiral Copper(i) Binaphthylthiophosphoramide or
Binaphthylselenophosphoramide Ligand System


Min Shi,* Chun-Jiang Wang, and Wen Zhang[a]


Introduction


The conjugate addition of various organometallic reagents
to a,b-unsaturated carbonyl compounds is an important
process for C�C bond formation in organic synthesis.[1]


Many chiral auxiliaries and stoichiometric reagents have
been described during the last few years, which allow enan-
tioselective addition.[2] A prominent position in this rapidly
expanding field is occupied by the copper-catalyzed and
chiral-ligand-accelerated conjugate addition of organozinc
reagents originally introduced and rendered practical by
Alexakis, Feringa and Pfaltz.[3] In particular, chiral phos-
phoramidites,[4a–c] phosphites,[4d–k] phosphines,[4l] aminophos-
phanes,[4m–o] sulfonamides,[4p,q] peptide-based phosphines[4r]


and diaminocarbene compounds[4s–u] were used as ligands in
the addition to cyclic enones with very good enantioselectiv-


ities. Most of them are derived from axially chiral binaph-
thalenediol, and are trivalent phosphorus ligands, which are
very sensitive to ambient air and moisture. However, the de-
velopment of an air-stable and all-encompassing ligand ef-
fective in the conjugate addition of dialkylzincs to all of the
five-, six-, and seven-membered cyclic enones and acyclic
enones has been less successful.[4q,5]


Recently, we are interested in the syntheses and applica-
tions of novel ligands based on a series of chiral diamines.[6]


Axially chiral binaphthalenediamine (BINAM)[7] has been
much less popular in contrast to the widely used other axial-
ly chiral binaphthalene skeletons such as 1,1’-bi-2-naphthol
(BINOL) and 2-amino-2’-hydroxy-1,1’-binaphthyl (NOBIN)
and other chiral diamines such as 1,2-cyclohexanediamine
and 1,2-diphenylethylenediamine in the field of catalytic
asymmetric synthesis.[8] Researches in our laboratory, involv-
ing novel axially chiral binaphthylthiophosphoramide li-
gands L1–L7 derived from axially chiral binaphthalenedia-
mine (BINAM), has led to the development of AgOTf-pro-
moted enantioselective allylation of aldehydes with allyltri-
butyltin (up to 98% ee),[9] and CuI-promoted catalytic asym-
metric addition of diethylzinc to sulfonylimines (up to 93%
ee)[10] and CuII-promoted catalytic asymmetric addition of
diethylzinc to diphenylphosphinoylimines (up to 85% ee).[11]


The effectiveness of chiral binaphthylthiophosphoramide li-
gands L1–L7 in the aforementioned programs led us to in-
vestigate their utilities in other asymmetric C�C bond form-
ing transformations.


[a] Prof. Dr. M. Shi, Dr. C.-J. Wang, Dr. W. Zhang
State Key Laboratory of Organometallic Chemistry
Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences
354 Fenglin Lu
Shanghai 200032 (China)
Fax: (+86)216-416-6128
E-mail : mshi@pub.sioc.ac.cn


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. 1H and 13C NMR
spectral and analytic data for L1–L10 and conjugate addition prod-
ucts and experimental details.


Abstract: The enantioselective conju-
gate addition of dialkylzinc or diphe-
nylzinc to enones was catalyzed by a
copper(i)-axially chiral binaphthylthio-
phosphoramide or binaphthylseleno-
phosphoramide ligand system at room
temperature (20 8C) or 0 8C, affording
the Michael adducts in high yields with
excellent ee for cyclic and acyclic
enones. The enantioselectivity and re-
action rate achieved here are one of
the best results yet for the Cu-cata-


lyzed conjugate addition to enones. It
was revealed that this series of chiral
phosphoramides was a novel type of
S,N-bidentate ligands on the basis of
31P NMR and 13C NMR spectroscopic
investigations. The mechanism of this
asymmetric conjugate addition system


has been investigated as well. We
found that the acidic proton of phos-
phoramide in these chiral ligands play
a significant role in the formation of
the active species. A bimetallic catalyt-
ic process has been proposed on the
basis of previous literature. The linear
effect of product ee and ligand ee fur-
ther revealed that the active species is
a monomeric CuI complex bearing a
single ligand [CuI:ligand 1:1].


Keywords: asymmetric synthesis ·
chiral ligands · conjugate addition
reaction · enantioselectivity
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Herein, we wish to report the results of our studies on the
catalytic enantioselective conjugate addition of dialkylzinc
or diphenylzinc to enones. The method described here
allows efficient, catalytic and highly enantioselective func-
tionalization of not only six- and seven-membered cyclic
enones, but also of cyclopentenone, acyclic aromatic enones
and aliphatic enones.[12]


Results and Discussion


Ligand survey: The chiral S,N-ligands L1–L7 are easily ob-
tained from (R)-(+)-1,1’-binaphthyl-2,2’-diamine only in 1–
2 steps in very high yields through lithiation of the relevant
diamines with butyllithium and then, phosphorylation with
dialkyl-, dialkoxyl- or diarylthiophosphoryl chloride (see
Supporting Information).[10] In addition, they are rather
stable and can be easily recovered from the reaction mixture
in 80–85% through column chromatography after usual
workup and can be reused in this asymmetric reaction with-
out loss of enantioselectivity.
By using 2-cyclohexen-1-one (1) as the substrate and di-


ethylzinc as the Michael addition reagent, we examined the
conjugate addition reaction in the presence of Cu(CH3CN)4-
ClO4 and ligands L1–L7 to select the optimal ligand.


[13] The
chiral catalyst was in situ prepared by stirring a solution of
the chiral thiophosphoramide ligand and Cu(CH3CN)4ClO4


in toluene in a molar ratio of 2:1 at room temperature.
Without the isolation of catalyst, the reaction was carried
out by adding 2-cyclohexen-1-one (1) into the catalyst so-
lution at the same temperature, followed by the addition of
diethylzinc and treatment with 1n HCl at the end of reac-
tion. The desired 3-ethylcyclohexanone (2) was afforded.
The enantioselectivity of product 2 was determined by
chiral GC. The absolute configuration was established by
comparing the sign of optical rotation of the product with
that reported in the literature.[4q] The screening of ligands
revealed that in our ligand system, all of the asymmetric re-
actions can be finished very quickly within 30 min, and the
product 2 was formed in high yields and the achieved enan-
tioselectivities depending on the employed chiral ligands.
The results were summarized in Table 1.
As can be seen from Table 1, L2 and L4 are the best


chiral ligands for this enantioselective conjugate addition re-
action with 94% ee (90% yield) and 92% ee (95% yield) in
toluene at room temperature (20 8C), respectively (Table 1,
entries 2 and 4). It is noteworthy that a clear trend in favor
of N-substituted chiral thiophosphoramide ligands can be
delineated from the results detailed in Table 1. The chiral in-
duction effect of the N-ethyl chiral ligands L2, L4, and L7 is
generally better than that of those N-unsubstituted chiral li-
gands L1, L3, and L6 (Table 1, entries 1, 3, 6 and 2, 4, 7).
However, chiral ligand L5 having a N,N-dimethyl group
gave the conjugate addition product in low ee with opposite
absolute configuration under the same conditions (Table 1,
entry 5). These results suggest that the substituents of amino
group in binaphthalenediamine skeleton play an important
role in this asymmetric conjugate addition reaction. In addi-
tion, since in the absence of ligand, this addition reaction is


sluggish, the enantioselective conjugate addition by our cat-
alytic ligand system is apparently a ligand-accelerated pro-
cess.[14]


Reaction condition optimization : Encouraged by the ob-
tained results described above, we then investigated the ef-
fects of solvent, catalyst precursor, temperature and the
ratio of ligand to copper salt to optimize the reaction condi-
tions. The results were summarized in Table 2.
The catalytic ability of Cu(CH3CN)4ClO4/L4 complex in


representative solvents was determined by using the stan-
dard procedure. The solvent survey revealed a dramatic sol-
vent effect. Toluene was the optimal solvent for this trans-
formation, providing the product of asymmetric conjugate
addition reaction in high yield with high enantioselectivity
(Table 2, entry 4). In solvents containing a precoordinative
oxygen atom such as THF and Et2O, the reaction not only
became sluggish but also afforded the product in lower yield
with lower enantionselectivities (Table 2, entries 2 and 3).
Dichloromethane was also found to give similar results to
those of Et2O, although the reaction in CH2Cl2 proceeded
more smoothly than that in Et2O (Table 2, entry 1).
Besides Cu(CH3CN)4ClO4/L4 complex, other copper salt/


L4 complexes prepared in situ by stirring a solution of L4
and the corresponding copper salts were also screened in
this asymmetric reaction. Among the examined copper salts,
the results of catalytic ability using CuI salts as the precur-
sors were generally better than that using CuII salt as precur-
sor because the Cu(OTf)2/L4 complex provided the product
in moderate yield and enantioselectivity under the same
conditions (Table 2, entries 4, 5, 6 and 7). Our results
showed that Cu(CH3CN)4BF4 was the same excellent cata-
lyst precursor as Cu(CH3CN)4ClO4, which gave high yield of
the asymmetric conjugate addition reaction in even a little
higher ee (Table 2, entries 4 and 5).


Table 1. Asymmetric 1,4-addition reaction of 2-cyclohexen-1-one with
ZnEt2 catalyzed by Cu(CH3CN)4ClO4 and chiral binaphthylthiophosphor-
amide ligands at room temperature.


Entry Ligand Yield[a] [%] ee[b] [%] Config.[c]


1 L1 92 71 R
2 L2 90 94 R
3 L3 88 75 R
4 L4 95 92 R
5 L5 64 16 S
6 L6 72 78 R
7 L7 87 81 R


[a] Isolated yield. [b] Determined by chiral GC. [c] Determined by the
sign of the specific rotation.
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Interestingly, when L4 was used as a chiral ligand and
Cu(CH3CN)4BF4 as a catalytic precursor, lowering the tem-
perature from +20 to 0 and �20 8C, the ee of the product 2
remarkably decreased to 89 and 45%, respectively (Table 2,
entries 8 and 9). However, when L2 was used as a chiral
ligand, the optimal reaction temperature for obtaining the
highest enantioselectivity (97%) is 0 8C (Table 1, entry 2 and
Table 2, entry 10).
The effect of the ratios of L4 to Cu(CH3CN)4BF4 on


enantioselectivity was also examined. The catalyst prepared
from Cu(CH3CN)4BF4:L4 1:1 and 1:2 showed the very simi-
lar results on yields and enantioselectivities (Table 2, en-
tries 5 and 11). The addition of more than two equivalents
of ligand had little effect on the enantioselectivity (Table 2,
entry 12). In addition, the reaction was completed in 30 min
without loss of yield and ee even with only 0.5 mol% of
copper salt and 1 mol% of ligand (Table 2, entry 13). But
when CuI:chiral ligand was reduced to 0.1 mol%:0.2 mol%,
the reaction became sluggish and the achieved ee became
lower under the same conditions (Table 2, entry 14). More-
over, the recovered L4, isolated from the reaction mixture
by column chromatography
after usual workup, gave the
addition product in the similar
yield and enantioselectivity
(Table 2, entry 15). The best re-
action conditions are using
Cu(CH3CN)4BF4 or
Cu(CH3CN)4ClO4 as a catalytic
precursor and L4 or L2 as a
chiral ligand in toluene at room
temperature or 0 8C, the ratio
of chiral ligand to CuI salt is 1:1
or 1:2. The reaction can be


completed within 30 min under
these optimized conditions.
Thus, based on the above-


mentioned results, it is very
clear that the asymmetric con-
jugate addition reaction can be
carried out under mild condi-
tions with high enantioselectivi-
ty in our catalytic system, which
offers another advantage of our
chiral thiophosphoramide li-
gands over most of other li-
gands that normally needed a
lower temperature.[3,4a–f] Fur-
thermore, our chiral thiophos-
phoramide ligand system is
quite stable, easily available, re-
coverable and reusable in asym-
metric catalysis.


Substrate generality : Until now,
the most widely studied sub-
strate for copper-promoted
enantioselective conjugate addi-
tion reaction has been 2-cyclo-


hexen-1-one.[3,4d–f] For most of the chiral ligands reported in
literature, higher enantioselectivities can be obtained only
when six or larger than six-membered cyclic enones are
used as the substrates. 2-Cyclopenten-1-one and acyclic
enones are the more problematic substrates, which usually
afforded the addition product in lower enantioselectivity
than 2-cyclohexen-2-one by means of the same chiral ligand.
But recently Zhang,[4n] Hoveyda,[4r,5a–c] Alexakis,[4b,5d] and
Pflatz[3b,4d] made significant progresses on the enantioselec-
tive conjugate addition for these two kinds of substrates.
The reactivity of larger than six-membered ring enones is


similar to that of 2-cyclohexen-1-one in our asymmetric cat-
alytic system as well. Under the optimized reaction condi-
tions, 2-cyclohepten-1-one (3) also gave the corresponding
conjugate addition product 4 in very high yield and ee
within 30 min at room temperature, especially when L2 was
used as a chiral ligand at room temperature, the enantiose-
lectivity of the corresponding product 4 was up to 97%
(Table 3, entry 2).
Then, we turned our attention to the most problematic


substrate cyclopentenone 5. The performance was similar to


Table 2. Effects of solvents, copper salts, reaction temperature and the ratio of copper salt to ligand on the
asymmetric 1,4-addition reaction of 2-cyclohexen-1-one with ZnEt2.


Entry Copper salt Solvent Ligand T [8C] t [h] Yield [%][a] ee [%][b]


1 Cu(MeCN)4ClO4 CH2Cl2 L4 20 3 70 55
2 Cu(MeCN)4ClO4 Et2O L4 20 20 89 51
3 Cu(MeCN)4ClO4 THF L4 20 6 48 12
4 Cu(MeCN)4ClO4 PhMe L4 20 0.5 95 92
5 Cu(MeCN)4BF4 PhMe L4 20 0.5 94 93
6 CuOTf·1=2C6H6 PhMe L4 20 0.5 95 88
7 Cu(OTf)2 PhMe L4 20 0.5 87 68
8 Cu(MeCN)4BF4 PhMe L4 0 0.5 89 89
9 Cu(MeCN)4BF4 PhMe L4 �20 6 92 45
10 Cu(MeCN)4BF4 PhMe L2 0 0.5 95 97
11[c] Cu(MeCN)4BF4 PhMe L4 20 0.5 90 91
12[d] Cu(MeCN)4BF4 PhMe L4 20 0.5 95 89
13[e] Cu(MeCN)4BF4 PhMe L4 20 0.5 91 92
14[f] Cu(MeCN)4BF4 PhMe L4 20 6 80 83
15[g] Cu(MeCN)4BF4 PhMe L4 20 0.5 95 94


[a] Isolated yield. [b] Determined by chiral GC. [c] Copper salt is 3 mol% and ligand is 3 mol%. [d] Copper
salt is 3 mol% and ligand is 9 mol%. [e] Copper salt is 0.5 mol% and ligand is 1.0 mol%. [f] Copper salt is
0.1 mol% and ligand is 0.2 mol%. [g] Recovered L4 was used.


Table 3. Asymmetric 1,4-addition reaction of 2-cyclohepten-1-one with ZnEt2 catalyzed by Cu(CH3CN)4BF4
and chiral phosphoramide ligands.


Entry Ligand T [8C] t [h] Yield [%][a] ee [%][b] Config.[c]


1 L4 20 0.5 94 91 R
2 L2 20 0.5 93 97 R
3 L2 0 0.5 93 95 R


[a] Isolated yield. [b] Determined by chiral GC. [c] Determined by the sign of the specific rotation.
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that of 2-cyclohexen-1-one or 2-cyclohepten-1-one as that
mentioned above. To our great delight, we found that in our
catalytic system, the desired 3-ethylcyclopentanone 6 was
produced within 30 min in good yield (75%) and excellent
enantioselectivity (up to 98%) (Table 4, entry 3). It is worth
noting that all the results were obtained at room tempera-
ture or 0 8C, which are the milder reaction conditions than
those reported in the previous literature.[3,4d,q]


Encouraged by the results
obtained especially for 2-cyclo-
penten-1-one 5, we next investi-
gated a variety of acyclic aro-
matic enones 7 such as chalcone
and its derivatives to probe
their behavior by the current
catalytic system and under the
similar conditions. To the best
of our knowledge, there is only
one case that 95–98% ee was
obtained for this kind of sub-
strate, in which the reaction
must be performed at �20 8C
for 48 h.[4n]


Chalcone 7a was firstly se-
lected as the substrate for test-
ing the reaction conditions. The
results using chiral thiophos-
phoramide ligands L2 and L4 were summarized in Table 5.
We were delightful to find that the reactions were also fin-
ished within 10 min at room temperature in almost quantita-
tive yields (Table 5, entries 1–4). This should be the most ef-
ficient catalytic system for conjugate addition reaction of
acyclic aromatic enones. Although ligand L2 showed a little
higher asymmetric induction than L4 for cyclic enones, the
opposite trend was observed for chalcone. By using L2 as a
chiral ligand, the enantioselectivity of the asymmetric conju-
gate addition reaction product 8a was 87% ee at 0 8C or
room temperature. However, up to 96% ee was obtained
when L4 was used as a chiral ligand under the same condi-
tions (Table 5, entries 1, 2 and 3). We can not exactly ex-
plain the above results at the present stage, but we can pos-
tulate that it is presumably caused by the potential p–p in-
teraction of aromatic rings between the aromatic substrate
7a and the ligand L4, which is beneficial to the improve-
ment of the enantioselectivity. Under the optimal conditions


for asymmetric addition of diethylzinc to chalcone, several
other acyclic aromatic enones 7 with various substituents on
the benzene ring were successfully transformed to the corre-
sponding addition products 8 in excellent yields and ex-
tremely high ee (95–97%) at room temperature within
10 min (Table 5, entries 5–9). The enantioselectivity ach-
ieved was not affected by the electron effect of the substitu-
ents on the benzene rings in the employed substrates. The


recovered L4, isolated from the
reaction mixture by column
chromatography after usual
workup, gave the addition prod-
uct in the similar yield and
enantioselectivity (Table 5,
entry 10). Therefore, our cata-
lytic system is the most efficient
system for various acyclic aro-
matic enones so far.[4n,q,5a–d]


This highly catalytic enantio-
selective conjugate addition re-


action system also can be applied to a variety of acyclic ali-
phatic enones, which have been much less studied despite
the fact that they can provide wider applications in the syn-
thesis of biologically active compounds.[3,5] The results were
summarized in Table 6. Thus, as can be seen from entry 1 in
Table 6, treatment of 3-octen-2-one 9a with diethylzinc by
using L4 as a chiral ligand at room temperature led to gen-
erate the desired addition product only in 30% ee and 77%
yield (Table 6, entry 1). However, by using L2 as a chiral
ligand under the same conditions, the enantioselectivity was
remarkably increased to 93% ee within 30 min (Table 6,
entry 3). We also found that the yield and enantioselectivity
were slightly affected by the sequence of addition of diethyl-
zinc and substrate to the reaction solution of the CuI/ligand
mixture because treatment a solution of CuI/ligand mixture
with diethylzinc before the addition of enone led to a little
higher yield and ee, which is similar to the case reported by
Hoveyda using peptide-based phosphines as ligands


Table 4. Asymmetric 1,4-addition reaction of 2-cyclopenten-1-one with ZnEt2 catalyzed by Cu(CH3CN)4BF4
and chiral phosphoramide ligands.


Entry Ligand T [8C] t [h] Yield [%][a] ee [%][b] Config.[c]


1 L4 20 0.5 62 85 R
2 L2 20 0.5 73 96 R
3 L2 0 0.5 75 98 R


[a] Isolated yield. [b] Determined by chiral GC. [c] Determined by the sign of the specific rotation.


Table 5. Asymmetric 1,4-addition reaction of chalcone and its derivatives with ZnEt2 catalyzed by
Cu(CH3CN)4BF4 and ligand L4 or L2.


Entry R1 R2 Substrate Ligand T [8C] Yield[a] [%] ee[b] [%] Config.[c]


1 C6H5 C6H5 7a L2 20 97 87 S
2 C6H5 C6H5 7a L2 0 96 87 S
3 C6H5 C6H5 7a L4 20 98 96 S
4[e] C6H5 C6H5 7a L4 20 95 96 S
5 1-C10H7 C6H5 7b L4 20 98 96 �[d]


6 C6H5 p-BrC6H4 7c L4 20 99 96 + [d]


7 C6H5 p-MeOC6H4 7d L4 20 98 96 S
8 p-BrC6H4 C6H5 7e L4 20 97 95 �[d]


9 p-MeOC6H4 C6H5 7 f L4 20 87 97 S
10[f] C6H5 C6H5 7a L4 20 98 97 S


[a] Isolated yield. [b] Determined by chiral HPLC. [c] The absolute configuration was assigned by the optical
rotation. [d] Sign of the optical rotation. [e] Cu(CH3CN)4BF4 is 3 mol% and L4 is 3 mol%. [f] Recoverd L4
was used.
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(Table 6, entries 2 and 3).[5] For other substrates described
above, no such phenomenon could be observed.
In order to further probe the steric effects of the acyclic


aliphatic enones on this catalytic asymmetric conjugate addi-
tion system, we synthesized several aliphatic acyclic enones


9b–e with sterically bulky substituents at the side of either
double bond or carbonyl group.[15] As shown in entries 3–6
of Table 6, the enantioselectivity, yield and reaction rate de-
creased gradually along with the enhancement of the steric
hindrance of the substituent group in the substrates, but for
acyclic enones 9b–d, the conju-
gate addition products (10b–d)
were still obtained in 82–92%
yields with 80–90% ee (Table 6,
entries 4–6). Only for enone 9e
having the sterically bulkiest
tert-butyl group beside the car-
bonyl group, the desired addi-
tion product 10e was detected
in trace under the same condi-
tions (Table 6, entry 7). There-
fore, our chiral thiophosphor-
amide ligand system is also very
effective for some aliphatic acy-
clic enones.


Scope of organozinc reagents : Organozinc compounds rep-
resent ideal reagents for copper-catalyzed enantioselective
Michael addition because of their low reactivity towards the
substrate in the absence of a copper catalyst. Moreover, one
of the major advantages of dialkylzinc reagents is their func-
tional compatibility. This variation of the diorganozinc re-
agent allows for high synthetic versatility. Among the asym-
metric conjugate addition reaction of dialkylzinc reagents to
enones catalyzed by copper salt, diethylzinc is nearly always
the alkylating agent probed. Dimethylzinc and diphenylzinc
have seldom been used, which are much less reactive and
generally need longer reaction times than diethylzinc.[4f] In
order to clarify the scope and limitations of organozinc re-
agents in our CuI/thiophosphoramide ligand system. We ex-


amined the asymmetric conjugate addition reaction of di-
methylzinc and diphenylzinc to 2-cyclohexen-1-one (1) in
the presence of L2 or L4 under the optimized conditions.
The results were shown in Table 7. As can be seen from
Table 7, the relatively less reactive Me2Zn and Ph2Zn can be


employed in the asymmetric
conjugate addition of 1 effi-
ciently with appreciable asym-
metric induction in our catalytic
system as well. By using L2 as a
chiral ligand, transformation
with Me2Zn delivered the de-
sired product in 71% yield with
87% ee at room temperature
and in 77% yield with 85% ee
at 0 8C, respectively within 4–
6 h (Table 7, entries 1 and 2).
Using L4 as a chiral ligand, sim-
ilar results were obtained
(Table 7, entries 3 and 4). For
Ph2Zn in the presence of L2
and L4, the reaction was much
more sluggish, but still gave the


product in almost quantitative yield with up to 89% ee,
which was better than the result reported in the literature
(Table 7, entries 5 and 6).[16] Thus, our catalytic system pre-
sented here is not limited to diethylzinc and should be suit-
able to a broad spectrum of organozinc reagents.


Reaction mechanism : According to the previous litera-
ture,[2f] the proposed pathway for the catalytic asymmetric con-
jugate addition is shown in Scheme 1. The mechanism of the
reaction calls for the transfer of an alkyl group from zinc to
a chiral copper complex, which is subsequently capable of
delivering the alkyl group to the enone enantioselectively.
While, a mechanistic insight should be given to explain


why this type of ligands combined with CuI salt can be so ef-
fective in the asymmetric conjugate addition reaction with
dialkylzinc or diphenylzinc. The first question that we need
to elucidate is the potentially coordinated atoms of the
chiral phosphoramide ligands to CuI in our catalytic system.
Although the real active species is not yet fully under-


stood in this catalytic addition reaction, we believe that the


Table 6. Asymmetric 1,4-addition reaction of acyclic aliphatic enones with ZnEt2 catalyzed by
Cu(CH3CN)4BF4 and ligand L4 or L2.


Entry R1 R2 Substrate Ligand t [h] Yield[a] [%] ee[b] [%]


1 Me n-butyl 9a L4 0.5 77 30
2 Me n-butyl 9a L2 0.5 80 92
3[c] Me n-butyl 9a L2 0.5 89 93
4[c] Me isopropyl 9b L2 1 82 90
5[c] isobutyl n-butyl 9c L2 1 92 85
6[c] isopropyl n-butyl 9d L2 3 92 80
7[c] tert-butyl n-butyl 9e L2 8 trace –


[a] Isolated yield. [b] Determined by chiral GC. [c] Diethylzinc was first added into the reaction mixture
before the addition of the corresponding enone.


Table 7. The asymmetric 1,4-addition reaction of 2-cyclohexen-1-one with ZnR2 catalyzed by Cu(CH3CN)4BF4
and chiral binaphthylthiophosphoramide ligands.


Entry Ligand R Product T [8C] t [h] Yield [%][a] ee [%][b] Config.[c]


1 L2 Me 11a 0 6 77 85 R
2 L2 Me 11a 20 4 71 87 R
3 L4 Me 11a 0 6 73 79 R
4 L4 Me 11b 20 4 70 85 R
5 L2 Ph 11b 0 8 97 89 R
6 L4 Ph 11b0 8 98 77 R


[a] Isolated yield. [b] Determined by chiral HPLC or GC. [c] Determined by the sign of the specific rotation.


Chem. Eur. J. 2004, 10, 5507 – 5516 www.chemeurj.org E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5511


Enantioselective Conjugate Addition 5507 – 5516



www.chemeurj.org





series of phosphoramides L1–L7 are bidentate ligands in
this catalytic asymmetric reaction. It is well known that
sulfur atom can strongly coordinate to late transition
metal[17] and CuI compounds have a greater affinity for soft
ligands (olefins, sulfur, phosphorus and selenium atoms).[18]


In order to further verify this speculation, we synthesized di-
phenylphosphoramide ligand L8 and diphenylselenophos-
phoramide ligand L9 using the same way as that described
above and applied them in the asymmetric conjugate addi-
tion reaction of diethylzinc to cyclic and acyclic enones
(Scheme 2).


As a result, it was found that the sulfur atom on phospho-
rus was crucial for this catalytic asymmetric reaction to be
so effective because the corresponding axially chiral diphe-
nylphosphoramide ligand L8 showed no enantioselectivity
for this conjugate addition reaction under the same condi-
tions.[19] The reason of this phenomenon maybe due to that
oxygen atom is a harder ligand than sulfur atom (Scheme 3).
It can not smoothly coordinate to softer metal center such
as CuI center according to the soft/hard acid and base
theory.
On the other hand, the sele-


nium atom is thought to have
the great affinity to CuI com-
pounds according to the soft/
hard acid and base theory.[20]


Consequentially, we believe
that chiral ligand L9 should in-
dicate the similar catalytic abili-
ties as those of L4. The results
were shown in Scheme 4 and
Table 9.
As can be seen from the


Scheme 4, when using L9 as a
chiral ligand under the optimal
reaction conditions, excellent


enantioselectivities and moderate to high yields were also
obtained not only for 2-cyclohexen-1-one and 2-cyclohept-
en-1-one but also for 2-cyclopenten-1-one within 20 min at
room temperature (20 8C), which are very similar to the
transformations using L4 as a chiral ligand. The reaction
rates even became faster, because the reaction time could
be reduced to 20 min under the same conditions. In addi-
tion, the asymmetric conjugate addition reactions of chal-
cone and its derivatives using chiral ligand L9 provided the
excellent enantioselectivies and quantitative yields of the
corresponding adducts within 10 min at room temperature
(20 8C) as well (Table 8, entries 1, 2 and 4–7). The recovered
ligand L9, isolated from the reaction mixture by column
chromatography after usual workup, gave the addition prod-
uct in the similar yield and enantioselectivity (Table 8,
entry 3). To the best of our knowledge, this is the first case
for a chiral selenophosphoramide ligand used in the asym-
metric conjugate addition to enones to achieve excellent ee
in good yields.
In order to get more information on the coordination of


thiophosphoramide and selenophosphoramide ligands to


Scheme 1.


Scheme 2.


Scheme 3.


Scheme 4.


Table 8. The asymmetric 1,4-addition reaction of chalcone and its deriveatives with ZnEt2 catalyzed by
Cu(CH3CN)4BF4 and ligand L9.


Entry R1 R2 Substrate Yield [%][a] ee [%][b] Config.[c]


1 C6H5 C6H5 7a 98 96 S
2 1-C10H7 C6H5 7b 95 96 S
3[e] 1-C10H7 C6H5 7b 98 96 �[d]


4 C6H5 p-BrC6H4 7c 99 96 + [d]


5 C6H5 p-MeOC6H4 7d 98 96 S
6 p-BrC6H4 C6H5 7e 97 95 �[d]


7 p-MeOC6H4 C6H5 7 f 87 97 S


[a] Isolated yield. [b] Determined by chiral HPLC. [c] The absolute configuration was assigned by the optical
rotation. [d] Sign of the optical rotation. [e] Recovered L9 was used.
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CuI, the 31P NMR spectra measurements of ligands L2, L4,
L7 and L9 were carried out in the absence or presence of
CuI salt. The apparent changes of chemical shift were ob-
served through comparing the corresponding 31P NMR spec-
tra of chiral ligands L2, L4, L7 and L9 with those in the
presence of Cu(CH3CN)4BF4 (1:1 mixture) in CDCl3 at
room temperature. In the absence of Cu(CH3CN)4BF4, the
phosphorus signal of L2, L4, L7 and L9 appeared at d 56.68,
53.28, 66.57 and 50.40, respectively. While, the downfield
shift of phosphorus atom connected to the sulfur or seleni-
um atom at d 62.37 55.52 and 57.36 for L2, L4 and L9 as
well as upfield shift at d 64.99 for L7 were observed in the
presence of CuBF4. While, for L8 (P=O), no chemical shift
was observed (Table 9, entries 1 and 2) (see also Supporting
Information). These results clearly suggest that the sulfur or
selenium atom on the phosphorus atom indeed coordinate
to CuI-metal center.


Besides the sulfur atom, another precoordinative atom in
our chiral thiophosphoramide or selenophosphoramide
ligand system is the nitrogen atom of ArNR1R2. Firstly, we
can preliminarily draw this conclusion from the experiments
on the screening of chiral ligands. The results shown in
Table 1 has already suggested that the asymmetric induction
effect of the N-ethyl chiral ligands L2, L4, or L7 was gener-
ally better than that of those N-unsubstituted chiral ligands
L1, L3, or L6, that is, one ethyl group on the nitrogen of ani-
line (ArNHCH2CH3) is the best choice in our thiophosphor-
amide ligand system. In comparison with ArNHCH2CH3,
the steric hindrance of nitrogen atom of ArNMe2 in chiral
Ligand L5 is so large that the corresponding nitrogen atom
can not effectively coordinate to CuI. Although less hin-
dered nitrogen atom of aniline (ArNH2) should coordinate
to copper better than more hindered nitrogen atom of ani-
line (ArNMe2), the lower catalytic ability lever is still at-
tained, which may be caused by its less steric bulkiness in
comparison with that of NHCH2CH3. Namely, an appropri-
ate steric bulkiness around nitrogen atom is required for
this novel thiophosphoramide ligand system to achieve high
ee. Secondly, in order to get the further evidence of the co-
ordination of nitrogen atom of aniline (ArNHCH2CH3) to
CuI compound, the 13C NMR studies of L4/Cu(CH3CN)4BF4
complex (1:1 mixture) and L9/Cu(CH3CN)4BF4 complex
(1:1 mixture) in CDCl3 at room temperature were carried
out, respectively (Table 10 and see also Supporting Informa-
tion). In the absence of Cu(CH3CN)4BF4, the carbon signals
of the two carbons in the ethyl group of L4 appeared at d
38.31 and 15.00, but the two corresponding carbons signals
appeared at d 40.92 and 14.88 in the presence of
Cu(CH3CN)4BF4, respectively. Meanwhile, another new


carbon signal was observed at d 1.88, which was attributed
to the carbon of methyl group in acetonitrile. Similar results
were observed for chiral ligand L9 (Table 10, and see Sup-
porting Information). All these results may suggest that
Cu(CH3CN)4BF4 can be potentially coordinated by S,N
atoms in the phosphoramide ligands, although at present we
do not have a crystal structure of this chiral CuI–ligand com-
plex.
Comparing our catalytic system with those reported in the


previous literature,[3,4] the significant advantages are the ex-
tremely fast reaction rate, mild reaction conditions and the
general applicability for almost all of the common cyclic and
acyclic enones besides the advantage of the thiophosphora-
mide ligands themselves mentioned above. The second ques-
tion we need to clarify is the potential reason leading to
such remarkably ligand-accelerated effect.
After consulting the previous literature, we noticed that


Noyori and Kitamura reported that a mixture of CuCN and
N-benzylbenzenesulfonamide catalyzed the conjugate addi-
tion of dialkylzinc or diarylzinc to enones to give the desired
products in nearly quantitative yields.[21] They found that N-
monosubstituted sulfonamides worked much better than N-
unsubstituted compounds, but a bulky group on the nitrogen
atom considerably lowered the reaction rate. Moreover,
N,N-dibenzylbenzenesulfonamide was totally ineffective. In
their proposed catalytic cycle, they suggested that the first
step was N-benzylbenzenesulfonamide reacted with ZnR2 to
form RZnNR’SO2Ar complex by elimination of hydrocar-
bon RH; it was then combined with CuR formed by meta-
thesis to give the mixed complex A, which acted as a bimet-
allic catalyst (Cu/Zn) for the reaction. That is, the acidic
proton (H) played a significant role in their catalytic system
(Scheme 5).
Recently, Reiser et al.[16] reported that the famous bisoxa-


zoline ligands, which have been widely applied in the CuI-
catalyzed asymmetric reactions, showed no catalytic abilities
in the enantioselective conjugate addition reactions. Howev-
er, when a hydroxymethylene side chain was introduced in
this ligand system, up to 94% ee and 74% ee of conjugate
addition products were obtained for 2-cyclohexen-1-one by
using diethylzinc and diphenylzinc as the Michael addition
reagents, respectively (Scheme 6). They also postulated that
a possible bimetallic complex was decisive for their catalytic
system and the two hydroxyl groups in the modified bisoxa-
zoline ligands were the key factor for achieving high enan-
tioselectivity.
Based on the reported literature and the obtained results,


we can assume that our catalytic ligand system also undergo


Table 9. The 31P NMR chemical shift of chiral ligands before and after
addition of equal molar amount of Cu(CH3CN)4BF4.


Entry L2 L4 L7 L8 L9


1[a] +56.68 +53.28 +66.57 +17.89 +50.40
2[b] +62.37 +55.52 +64.99 +17.88 +57.36


[a] Before addition of Cu(CH3CN)4BF4. [b] After addition of
Cu(CH3CN)4BF4.


Table 10. The 13C NMR chemical shift of CH2CH3 in the chiral ligand L4
and L9 before and after addition of equal molar amount of
Cu(CH3CN)4BF4.


Entry L4 L9
CH2 CH3 CH2 CH3


1[a] 38.31 15.00 38.37 15.15
2[b] 40.92 14.88 41.49 14.92


[a] Before addition of Cu(CH3CN)4BF4. [b] After addition of
Cu(CH3CN)4BF4.
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a similar bimetallic catalytic process. Besides the CuI center
being coordinated by S,N-bidentate ligand, the Zn center
formed through the acidic proton (H) of thiophosphoramide
in the ligand with R2Zn is the other key factor in the poten-
tial catalytic active species (Figure 1).


In order to verify the postulation, we synthesized the
ligand L10 from compound 9[7] using the same method as
that mentioned above (Scheme 7). L10 is a phopshoramide
in which the acidic proton (H) is replaced by a methyl
group. Under the optimal reaction conditions, chiral ligand
L10 showed no asymmetric induction effect for the addition
of diethylzinc to cyclohexenone (<2% ee), although the re-


action can be also finished within 30 min at room tempera-
ture (Scheme 7). From the remarkable change of enantiose-
lectivity caused by the modification of ligand structure, we
can draw the conclusion that the acidic H of thiophosphor-
amide in our thiophosphoramide ligand system also played
a significant role in the catalytic reaction process, which was
very similar to those reported in the previous literature.[16,21]


In addition, we also confirmed that in the 1H NMR spec-
trum of L2, the acidic proton in NH-P(S)Me2 moiety at
4.61 ppm (a doublet) disappeared in the presence of Et2Zn
(sees Figure 13 and 14 in the Supporting Information); its
31P NMR spectrum with CuI clearly indicated a chemical
shift to 61.56 in the presence of Et2Zn (see Table 9 and
Figure 15 in the Supporting Information). All these results
suggest that the active species shown in Figure 1 could exist
in the reaction system.


In order to gain further mechanistic insight into the
nature of the possible active species that is formed in our
catalytic system, we have examined the relationship between
product ee and ligand ee. As shown in Figure 2, using L4 as
chiral ligand, we observed a clear linear effect in the asym-
metric conjugate addition of diethylzinc to chalcone. Such a
linear correlation between product ee and ligand ee indicates
that the active species is a monomeric CuI complex bearing
a single chiral ligand [CuI:ligand 1:1] (also see Table 2, en-
tries 5, 11, 12 and Table 5 entries 3, 4).[22] All these results
suggest that our thiophosphoramide or selenophosphora-
mide ligands system in CuI-promoted conjugate addition re-
action is a single bidentate ligand to CuI combined with a bi-
metallic catalytic cycle.


Scheme 5.


Scheme 6.


Figure 1. The possible active species in our catalytic system.


Scheme 7.


Figure 2. Linear effect for the asymmetric 1,4-addition reaction of dieth-
ylzinc to chalcone catalyzed by L4/Cu(CH3CN)4BF4.
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Conclusion


We described in this paper an efficient catalytic ligand
system for the enantioselective conjugate addition of dieth-
ylzinc to enones catalyzed by CuI and axially chiral binaph-
thylthiophosphoramides, which are easily available, quite
stable, recoverable and reusable. The system allows efficient,
catalytic and highly enantioselective functionalization of not
only six and seven-membered cyclic enones (97% ee), but
also of cyclopentenone (98% ee) and acyclic enones (up to
97% ee). Moreover, other zinc reagents such as Me2Zn and
Ph2Zn can be also employed in this ligand system. In addi-
tion, most of the reactions can be completed under mild
conditions (20 or 0 8C) within 10–30 min. To the best of our
knowledge, the enantioselectivities and reaction rates ach-
ieved here are one of the best yet results for the Cu-cata-
lyzed enantioselective conjugate addition to enones. In addi-
tion, we confirmed that this series of chiral phosphoramides
was a novel type of S,N-bidentate ligands through 31P NMR,
13C NMR spectroscopic experiments. We deduced that the
mechanism of asymmetric Michael addition in our reaction
system may be a bimetallic catalytic process and the acidic
proton (H) of thiophosphoamide in the ligands plays a sig-
nificant role in the formation of the active species. The
linear effect of product ee and ligand ee further revealed
that the active species is a monomeric CuI complex bearing
a single ligand [CuI:ligand 1:1].
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New Organosilyl Derivatives of the Dawson Polyoxometalate
[a2-P2W17O61(RSi)2O]6�: Synthesis and Mass Spectrometric Investigation


C)dric R Mayer,*[a] Catherine Roch-Marchal,[a] H)l-ne Lavanant,[c] Ren) Thouvenot,[e]


Nicole Sellier,[b] Jean-Claude Blais,[d] and Francis S)cheresse[a]


Introduction


Control of the functionalization of inorganic nanobuilding
blocks (NBBs) is crucial for the elaboration of new hybrid
organic–inorganic systems.[1] These inorganic NBBs have
been chosen because they cover a large domain of proper-
ties, sizes, and structures. Indeed, the interactions between


the organic and inorganic moieties define the nature of the
hybrid systems. In the field of hybrid organic–inorganic mate-
rials, the systems based on polyoxometalates (POMs) consti-
tute a major class of compounds. In fact, these metallic oxo
clusters play a great role in important domains such as cataly-
sis, electro- and photochromism, magnetism, and medicine.[2]


Several recent studies describe the covalent functionaliza-
tion of POMs, for which the covalent grafting of organic
functions is dependent on the nature of the starting POM.
Recently Peng and co-workers described the functionaliza-
tion of isopolyoxomolybdate with organoimido groups, the
goal being to bridge together two polyoxomolybdates.[3] As
for lacunary heteropolyoxotungstates, the most current func-
tionalization of POMs consists of the grafting of electrophil-
ic groups on the lacunary surface. Three main groups of
electrophilic reagents have been described. Namely, organo-
stannyl derivatives, which have been largely studied by Pope
and co-workers,[4] organophosphoryl derivatives, for which
we very recently described dimeric systems based on a diva-
cant polyoxotungstate,[5] and organosilyl compounds, the
studies of which have mostly been concerned with the func-
tionalization of lacunary Keggin type anions, namely mono-,
di-, and trivacant POMs.[6,7,8] To the best of our knowledge,
nothing has been reported on the synthesis of organosilyl
derivatives of lacunary Dawson polyoxotungstates. Herein,
we describe the synthesis and characterization of new func-
tionalized POMs by reaction of the monovacant polyoxo-
tungstate [a2-P2W17O61]


10� with organosilane groups. These
derivatives have been characterized by a combination of
multinuclear NMR spectroscopy (183W, 29Si and 31P) and
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Abstract: In the field of functionalized
polyoxometalates, organosilyl deriva-
tives of polyoxotungstate constitute a
special class of hybrid organic–inorgan-
ic system. The first organosilyl deriva-
tive of the monovacant Dawson hetero-
polyoxotungstate [a2-P2W17O61]


10� was
obtained by three different methods.
The use of two organosilanes as re-
agents enabled the preparation of the


functionalized polyoxometalate [a2-
P2W17O61(RSi)2O]


6� in good yield.
Electrospray (ESI-MS) and matrix-as-
sisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spec-


trometry, and 183W, 31P, and 29Si NMR
spectroscopy were used to characterize
the composite systems. In several cases,
ESI-MS analyses generated reduction
processes which were compared to
those related to [PMo11VO40]


4�, the
highly reducible Keggin polyoxometa-
late.


Keywords: mass spectrometry · or-
ganic–inorganic hybrid composites ·
organosilanes · polyoxometalates
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mass spectrometry (MALDI-TOF). This is followed by a de-
tailed electrospray ionization mass spectrometry (ESI-MS)
study in which, depending on the experimental conditions
(solvent, counterions, spectrometer and concentrations), the
presence of reduced hybrid POM cluster anions was ob-
served. These features are discussed and compared to the
mass data obtained from a highly reducible Keggin polyoxo-
molybdovanadate [PMo11VO40]


4�.


Results and Discussion


Synthesis and spectroscopic characterization : Several studies
have been devoted to the synthesis of hybrid materials
based on organosilyl–POM derivatives. The first work, by
Judeinstein and co-workers,[9] concerned the synthesis of
hybrid polymers, another described the synthesis of a hybrid
gel,[10] and very recently the synthesis of Langmuir–Blodget
monolayer was reported by Chambers and co-workers.[11] In
all these studies, organosilyl derivatives are commonly used
because of the great variety of their organic functions. In
fact, the reactivity of the organosilyl reagent differs depend-
ing on the nature of X in RSiX3 (X=Cl or OR). The hydrol-
ysis of Si�Cl bonds is rapid, whereas for Si�OR bonds the
hydrolysis is usually accelerated by addition of hydrochloric
acid. The addition, however, can generate the formation of
a Keggin anion as impurity depending on the nature of the
starting lacunary POM. In the case of [PW9O34]


9� ions, to
prevent the formation of this impurity, only organotrichloro-
silanes were used.[8] However, the diversity of organotrialk-
oxysilanes is larger than that of organotrichlorosilanes for
the elaboration of hybrid materials, but only a few POMs
are stable enough towards the addition of HCl. Very recent-
ly Neumann and co-workers described the formation of or-
ganosilyl derivatives of [SiW11O39]


8� in acidic aqueous solu-
tion.[12]


In this study, our aim was to investigate different methods
of synthesis using K10[a2-P2W17O61]·20H2O and different or-
ganosilanes to obtain derivatives of POMs soluble in organic
solvents and in aqueous media. Three methods were used
depending on the nature of the organosilane (Scheme 1). In
Method A, which was applied only to organotrichlorosi-
lanes, the reaction was performed under phase-transfer con-
ditions in pure actonitrile. Methods B and C were used for
trialkoxysilanes. Method B was carried out similarly to
Method A in acetonitrile. The addition of a hydrochloric
acid solution allowed the grafting of organosilanes on the la-
cunary surface of the POM, and the tetrabutylammonium
salt acted as phase-transfer agent. For both Methods A and
B, the pure product was obtained after precipitation of the
mother solution with ethanol followed by recrystallization in
dimethyl formamide. Method C was performed in a mixed
H2O/CH3CN solution in the absence of tetrabutylammoni-
um, and the reaction occurred when the pH of the solution
was adjusted to 1.8. Moreover, in method C the reaction
mixture was stirred overnight at room temperature, contrary
to Methods A and B in which the solution was left to stand
at 0 8C for 6 h. The resulting product was a potassium salt.
After evaporation of the acetonitrile, the crude product was


recovered by precipitation with an aqueous solution of tetra-
butylammonium bromide.
For all the methods, two equivalents of organosilane re-


acted with one equivalent of K10[a2-P2W17O61]. The deriva-
tives were characterized by several techniques such as IR
and multinuclear NMR spectroscopy (183W, 29Si, and 31P)
and mass spectrometry. Although different organic groups
were tested, we focused our attention exclusively on phenyl-
silane and a modified phenysilane bearing a phosphonate
group (see inset in Figure 4).
For methods A, B, and C, spectra obtained by MALDI-


TOF mass spectrometry in the positive ion mode displayed
the same peaks in the region of m/z 5500–6500, regularly
spaced with 242.5 u, corresponding to the mass of the
NBu4


+ counterion. These peaks were therefore assigned to
the cationic entities [M + xNBu4 + (7�x)H]+ (Figure 1),
where M is the mass of one {P2W17O61} unit and one {C6H5-
Si-O-Si-C6H5} unit. The observed experimental values are
consistent with the calculated mass for the different cations,
within the estimated experimental accuracy of �2 u in the
m/z 5500–6500 range (see Experimental Section). Thus, the
MALDI-TOF results unambiguously confirm that the poly-


Scheme 1. Synthetic routes for preparation of [a2-P2W17O61(PhSi)2O]
6� as


tetrabutylammonium or potassium salts by Methods A–C.


Figure 1. Positive-ion MALDI-TOF mass spectrum of [a2-P2W17O61(Ph-
Si)2O]


6�. The peak * corresponds nominally to [H2TBA5M�O]+. This
loss of an oxygen atom could however not be interpreted.
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anionic structure was maintained and that two phenylsilanes
were grafted on the POM, and in addition they indicated
the presence of one Si-O-Si bond between the two silyl
groups.
The 183W NMR spectrum exhibits nine lines with


1:2:2:2:2:2:2:2:2 relative intensities (Figure 2). These fea-
tures confirmed that the {a2-P2W17O61} framework retained


its original symmetry, with two organosilyl units grafted on
the surface. Moreover, the shifting of the lines with respect
to those of the lacunary anion is consistent with a modifica-
tion of the lacunary surface. Heteronuclear 2JW,P couplings
are not resolved but some homonuclear tungsten–tungsten
couplings were partially observed and are presented in the
Experimental Section. However, no definitive assignment
was possible due to the complexity of the lines. 31P and
183W NMR data suggested the presence of a sole species
with a symmetric grafting of the two organosilane groups,
the original symmetry of the starting POM being conserved.
These different data allowed us to establish the formula


[P2W17O61(PhSi)2O]
6�, for which two isomers (I and II) can


be considered; the two phenylsilane groups can be grafted
in two different positions on the lacunary surface through
four different oxygen atoms (Figure 3).
In I, each phenylsilane group is linked to the same diad,


while in II each phenylsilane is bonded to two different
diads. Accordingly, I would generate two lines in the
29Si NMR spectrum, whereas for II only one line is expected.
As in the 29Si NMR spectrum, which was recorded under 1H
broad-band decoupling, only one line is observed at d=


�65.1 ppm, with two different couplings 2J(183W, 29Si)=10
and 20 Hz,[20] it can be concluded that each silyl group is
linked to two tungsten atoms located in two different diads
(II). Moreover, these 2J(183W, 29Si) coupling values are consis-
tent with those observed by Judeinstein and co-workers[6]


for the derivatives [SiW11O39(RSi)2O]
4�, and by Hill and co-


workers for [PW11O39(PhPO)2]
3�.[13]


The 31P NMR spectrum exhibits two lines at d=�8.8 and
�11.9 ppm, which are attributed to {PW6} and {PW9} moiet-
ies, respectively. This result confirmed that the POM struc-


ture was maintained and that only one species was present
in solution. To observe the organosilyl groups, a modified
phenylsilane incorporating a para-phosphonate group was
used (Figure 4). This modification allowed us to observe one
additional line without coupling 2J(183W, 31P), with a relative
intensity of 2 compared with the corresponding lines of the
POM framework (Figure 4). This is consistent with the pres-
ence of two organosilyl groups on the POM and the grafting
of each silyl group on two different diads, as confirmed by
29Si NMR experiments (see above).


Study by ESI-MS : In recent work, we showed that ESI-MS
can be reliably used to characterize the structure of compo-
site systems.[5] Herein, ESI-MS was used again as the domi-
nant technique to analyze the mixtures obtained by methods
A–C. Indeed, this technique requires only a small quantity
of product and permits direct analyses of the mother solu-
tion.
For each method, but in particular for methods A and B,


the final product gave the same negative-ion mass spectrum
with two main intense signals that were attributed to
[(NBu4)3M]


3� and [(NBu4)2M]
4�, respectively.[20] For method


C, mass spectra were recorded at two different stages of the
synthesis: from the primary H2O/CH3CN solution in the ab-


Figure 2. 183W NMR (12.5 MHz) spectrum of [a2-P2W17O61(PhSi)2O]
6�.


Figure 3. Schematic representation of the grafting of two organosilanes
on the lacunary surface of the polyoxotungstate framework.


Figure 4. 31P NMR (121.5 MHz) spectrum of [a2-P2W17O61{4-
[(C2H5O)2P(=O)CH2]-C6H4-Si}2O]


6� with a schematic drawing of the
ligand.
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sence of tetrabutylammonium, and after precipitation with
an aqueous solution of tetrabutylammonium bromide. The
first stage corresponds to the formation of a potassium salt
of [P2W17O61(C6H5SiOSiC6H5)]


6�. The negative-ion mass
spectrum was obtained by using a 10�3m solution in CH3CN/
H2O (v/v 1/2) at 200 8C.[20] Identical results were obtained at
400 8C. Three sets of multiply charged ions were detected
corresponding to three different charge states 5�, 4�, and
3�. For charge state 5�, in addition to the expected signal
at m/z 878, six other peaks were observed regularly spaced
at intervals of about 8 on the m/z scale. Three possible ex-
planations were first envisaged to account for these peaks:
1) the addition of acetonitrile as solvate molecules (m/z
8.2), 2) the substitution of protons from the organic moiety
for potassium cations (m/z 7.6), or 3) the addition of potassi-
um cations with reduction of the resulting aggregate with
the POM anion (m/z 7.8). In this latter hypothesis, reduction
of the POM is required to maintain the 5� charge state.
The occurrence of electrochemical oxidation or reduction
reactions has been observed before[14] and is thought to
depend on the redox properties of the analyte, the concen-
tration, and the flow dynamics in the electrospray emitter.[15]


For the set of peaks corresponding to charge states 4� and
3�, the same additional peaks were observed with incre-
ments of 10 and 13 on the m/z scale, respectively, for which
the same attributions could be proposed.
The solvate molecules hypothesis was tested first by modi-


fying the value of the declustering potential. The increase of
this potential enhanced the loss of residual solvent mole-
cules and led to a modification of the relative intensities of
the different charge states. However, we did not observe
these two phenomena, which was not in favor of the addi-
tion of acetonitrile as solvate molecules. To further test the
solvate molecule hypothesis, a change of solvent was investi-
gated. After subsequent evaporation of the acetonitrile/
water solvent, the product was dissolved in a solution of
MeOH/H2O (v/v: 50/50) to give a concentration of 10�3m,
and mass spectra were recorded under the same experimen-
tal conditions. The resulting data (Figure 5a) displayed the
same multiplicity of peaks as before with similar m/z
values.[20] This important result eliminated the solvate mole-
cules hypothesis, as the increment for methanol should have
changed to 6.4, 8, or 10.7 for charge states 5�, 4�, and 3�,
respectively.
Mass spectra were also recorded for a concentration of


10�5m, in the same medium (MeOH/H2O) and with same
experimental protocol. In this case, only the signals normally
expected were observed, indicating a dependence on dilu-
tion for the appearance of incremental signals with potassi-
um (Figure 4b).[20]


Finally, we proceeded to test the influence of organic
groups which could, though it seemed unlikely, provide pro-
tons for substitution with potassium cations. For this, we
chose a saturated Keggin POM known for its high capacity
to be reduced, namely [PMo11VO40]


4�.[16] We analyzed this
POM under similar conditions of sampling, concentration
(10�3m), solvent (MeOH/H2O), temperature, and ion spray
voltage. Three sets of multiply charged ions corresponding
to three different charge states 4�, 3�, and 2� (Figure 6)


were detected.[20] As for the organosilyl derivatives, the set
of peaks corresponding to the charge state 4� presented
five signals regularly spaced at intervals of 10, which were
assigned to an increment of potassium ions. Here, as no pro-
tons are available for substitution, the only possible attribu-
tion is the addition of potassium cations with reduction of
the resulting aggregate with the [PMo11VO40]


4� polyoxome-


Figure 5. Negative-ion ESI mass spectra of potassium salts of
[P2W17O61(C6H5SiOSiC6H5)]


6� obtained by Method C in MeOH/H2O
(v/v: 50/50): a) at a concentration of 10�3m and b) at a concentration of
10�5m. The inset is an expansion of the {K0–5M}


5�/5 signals.


Figure 6. Negative-ion ESI mass spectrum of [PMo11VO40]
4� (denoted


POM) at a concentration of 10�3m. The inset is an expansion of the
{K0–4POM}


4�/4 signals.


H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5517 – 55235520


FULL PAPER C. R. Mayer et al.



www.chemeurj.org





talate. We therefore concluded that hypothesis 3 was the
one to be retained for the attribution of the incremental
peaks in the hybrid system.
Electrospray mass spectra were also recorded for the final


product obtained by method C after precipitation from an
aqueous solution by tetrabutylammonium bromide. The
mass spectrum (Figure 7a) displayed several sets of peaks
corresponding to ions of three different charge states 5�,
4�, and 3�, with either protons, tetrabutylammonium
(TBA), or potassium cations as counterions.[20] For the
charge state 5�, in addition to the expected signal of
{H[M]}5�, several regularly spaced peaks were attributed, as
discussed before, to the reduced aggregate {K1–5[M]}


5� ions.
In addition to the signal corresponding to the ion with one
TBA counterion {TBA[M]}5�, four other peaks were ob-
served regularly spaced at intervals of about 8 on the m/z
scale. Again these features were attributed to a reduced ag-
gregate of the POM with potassium ions. The charge state
4� was detected with several combinations of counterions.
Similarly, the charge state 3� was detected with one proton
and two TBA ions, or three TBA ions as counterions. In
both charge states, neither potassium was found, nor any
sign of reduced aggregates. The reduction reaction therefore
seems related to the presence of potassium counterions.
In this particular case, a second instrument was used to


record additional mass spectra: an HP5989B quadrupole
mass spectrometer, fitted with an electrospray source incor-


porating a glass transfer capillary[17] at the interface between
the atmospheric pressure region and the primary stage
pumping zone of the instrument. Surprisingly, the mass spec-
tra displayed neither signals of potassium nor any significant
presence of reduced aggregates of the POM (Figure 7b).[20]


The reasons for this result are still being investigated. It
seems, however, that the electrospray source geometry may
also play an important role in the redox behavior of these
weakly bonded aggregates.
The reduction processes on the studied POM were there-


fore found to depend on three factors: 1) the concentration
of the solution, 2) the geometry of the electrospray source,
and 3) the nature of the counterions, as reduced aggregates
were observed only in the presence of potassium cations
and not TBA. Factors 1) and 2) might be expected as they
should indeed play an important role in the flow dynamics
and electrospray current that determine the flux of analyte
molecules on the metallic surface of the emitter capillary
that served here as cathode.[14b] The exact element of the
source geometry responsible for the onset of the redox pro-
cess in this paticular case, however, remains to be found.
The electrospray emitter is suspected but the presence of
the heated transfer capillary should also be taken into ac-
count, as such devices have been known to disrupt weak in-
teractions in noncovalently bound complexes.[18] Here, as po-
tassium ions were easily displaced by TBA in solution, the
aggregates were thought to be very weakly bound. Further-
more, the shape of the peaks and noise in the mass spectra
recorded on the instrument equipped with the Analytica of
Branford ion source indicated the presence of low quantities
of reduced potassium aggregates could not be excluded.
The reduced aggregates with up to five potassium ions im-


plied the existence of a hybrid POM bearing up to 10 charg-
es. This, in turn, implied that four W atoms might be in the
oxidation state +v. This seemed quite surprising as, to our
knowledge, such entities have never been observed in solu-
tion by classic electrochemistry. The fact that reduced aggre-
gates were only observed with potassium ions was also
rather unexpected and remains to be explained. A detailed
study on these phenomena with other POMs is currently un-
derway in our laboratory and will be reported shortly.


Conclusion


The synthesis of the new functionalized POM [a2-
P2W17O61(RSi)2O]


6� (see I in Figure 3) constitutes an alter-
native way for the elaboration of new hybrid materials.
Moreover, even if no X-ray structure is available, the perfect
combination of NMR spectroscopy and mass spectrometry
serves as a valuable alternative tool in the characterization
of these new NBBs. These new derivatives corresponded to
the grafting of two organosilanes linked together by an Si-
O-Si bridge. Each organosilane forms two Si-O-W bonds
with two different diads of the POM framework. This work
was followed by a thorough study by ESI-MS which showed
unusual redox phenomena in the form of reduced clusters of
POMs with potassium ions. The observation of this reduc-
tion was found to depend on the geometry of the electro-


Figure 7. Negative-ion ESI mass spectra of [P2W17O61(C6H5Si)2O]
6� ob-


tained by Method C and precipitated by using tetrabutylammonium bro-
mide in acetonitrile at a concentration of 10�3m a) on an API 3000 (ESI/
MS/MS) PE-SCIEX triple quadrupole and b) on a HP 5989B single
quadrupole.


Chem. Eur. J. 2004, 10, 5517 – 5523 www.chemeurj.org H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5521


Organosilyl Derivatives of the Dawson Polyoxometalate 5517 – 5523



www.chemeurj.org





spray source, on the concentration of the solution analyzed,
and on the nature of the counterion (potassium or TBA).
Although much remains to be done to achieve a complete
understanding of these processes, one can imagine ESI-MS
could be used as a means to check the redox properties of
these systems under catalytic conditions, particularly in ho-
mogeneous catalysis, where the operating conditions are
comparable to that used in electrospray mass spectrometry.
Furthermore, the elaboration of sophisticated hybrid sys-
tems based on these hybrid NBBs is now in progress and
will be reported in due course.


Experimental Section


General procedures and chemicals : K10[a2-P2W17O61]·10H2O and
K4[PMo11VO40] were prepared according to the literature.


[16] , [19] Other re-
agents and solvents were purchased from Aldrich and used as received.
IR spectra (4000–250 cm�1) were recorded on a Nicolet Magna 550 spec-
trometer sampled with KBr pellet samples. ESI-MS measurements were
carried out with an API 3000 (ESI/MS/MS) PE-SCIEX triple quadrupole
mass spectrometer and HP 5989B single quadrupole mass spectrometer
equipped with an electrospray source from Analytica of Branford. Both
instruments were operated in the negative-ion mode. For the API 3000
(ESI/MS/MS) PE SCIEX triple quadrupole mass spectrometer, the ex-
periments were performed either by direct infusion with a syringe pump
with a flow rate of 10 mLmin�1 or by flow injection acquisition with a
flow rate of 200 mLmin�1. Standard experimental conditions were as fol-
lows: sample concentration: 10�3 to 10�5m, nebulizing gas: N2, ion spray
voltage: �5.00 kV, temperature: 200–400 8C, declustering potential:
�20 V, focusing potential: �200 V, entrance potential: 10 V. For the HP
5989B single quadrupole mass spectrometer the source parameters were:
Vneedle=0 V, Vcyl=3500 V, Vend=3000 V, and Vcap=3500 V. Purified air
was used as nebulizing and drying gas, the presence of oxygen helped to
prevent corona discharge which is often a problem in negative-ion opera-
tion. The pressures of nebulizing and drying gas were 0.34 and 1.7 bar, re-
spectively, and the nebulizing gas was heated to approximately 150 8C.
Mass spectra were obtained by direct infusion with a Harvard Apparatus
syringe pump of 10�4, 5.10�5, or 10�5m sample solutions in pure distilled
acetonitrile at a flow rate of 5 mLmin�1. The cone voltage Vc was varied,
but most often used at low values of 10 to 40 V relative to the capillary
exit voltage. The mass spectra depicted are the result of approximately
20 scans summed from m/z 500 to 1950. The mass axis was calibrated by
using the cluster ions observed from a 50 ngmL�1 solution of SDS
(sodium dodecylsulfate) in acetonitrile.


The MALDI-TOF mass spectra were recorded by using a Voyager Elite
Time-of-Flight Mass Spectrometer (PerSeptive Biosystems, Boston, MA,
USA). In this apparatus, the pulsed N2 laser beam (337 nm, 3 ns pulse du-
ration, repetition rate 2 Hz) was focused onto the target with an inci-
dence angle of 458. In all these experiments the mass spectrometer was
tuned in the linear mode by using delayed extraction and a beam wire
guide. The target voltage was set to +20 kV. The extraction delay and
pulse voltage were adjusted to obtain the best mass resolution, and the
wire guide voltage was adjusted to obtain the best transmission. All mass
spectra were recorded and averaged over 256 laser shots by a Tektronix
TDS 520 oscilloscope (Beaverton, OR, USA). The samples were pre-
pared as follows: the compound (2 mg) was dissolved in acetonitrile
(500 mL; solution A), and dithranol (12 mg) was dissolved in CH2Cl2
(500 mL; matrix solution). Then 1 mL of solution A was added to 50 mL of
the matrix solution. An external calibration of the instrument with a
POE 5000 standard was used.


The 31P NMR spectra (121.5 MHz) were obtained at room temperature
in 5 mm o.d. tubes on a Bruker Avance 300 spectrometer equipped with
a QNP probe head. The chemical shifts are given according to the
IUPAC convention with respect to 85% H3PO4. The 29Si NMR
(59.6 MHz) and 183W NMR (12.5 MHz) spectra were recorded at 300 K
on nearly saturated DMF/CD3CN (90/10, v/v) solutions in 10 mm o.d.
tubes on the same spectrometer equipped with a low-frequency special


VSP probe head. For the 183W NMR spectra (12.5 MHz), the chemical
shifts are given with respect to a 2m Na2WO4 aqueous solution and were
determined by the substitution method using a saturated D2O solution of
tungstosilicic acid H4SiW12O40 as a secondary standard (d=�103.8 ppm).
Synthesis by Method A


(NBu4)6[a2-P2W17O61(C6H5Si)2O] from C6H5SiCl3 : C6H5SiCl3 (65 mL,
4 mmol) was added dropwise to a suspension of K10[a2-P2W17O61]·20H2O
(1 g, 0.2 mmol) and NBu4Br (0.42 g, 1.3 mmol) in acetonitrile (60 mL) at
0 8C. The resulting mixture was stirred for six hours. Then the acetonitrile
solution was concentrated to half its volume and the crude product was
filtered after precipitation of the mother solution with ethanol. The anal-
ysis was performed after purification by crystallization in DMF. Yield:
1.1 g (0.19 mmol, 94%). 1H NMR (300 MHz, CD3CN) : d=7.8 (m, 3H),
7.4 ppm (m, 2H); 29Si NMR (59.6 MHz, DMF/CD3CN, TMS): d=


�65.1 ppm (s, 2J(29Si,183W)=10, 20 Hz, 2Si); 31P NMR (121.5 MHz, DMF/
CD3CN, H3PO4): d=�8.8 (s, PW8), �11.9 ppm (s, PW9);


183W NMR
(12.5 MHz, DMF/CD3CN, Na2WO4): d=�113.4 (s, 1W), �115.8 (s, 2W),
�160.1 (s, 2W), �161.0 (s, 2W), �162.3 (s, 2W), �171.7 (s, 2W), �177.0
(s, 2W), �195.7 (s, 2W), �315.9 ppm (s, 2W); IR (KBr): ñ=3068 (vw),
3040 (vw), 1129 (w), 1090 (vs), 1042 (s), 1031 (w), 949.5 (vs), 918 (vs),
806 (vs), 759 cm�1 (vs); MALDI-TOF MS: positive-ion mode: 5844
({HTBA6[M]}


+ , calcd: 5845.6) and 6086.6 ({TBA7[M]}
+ , calcd: 6087).


Synthesis by Method B


(NBu4)6[a2-P2W17O61(C6H5Si)2O] from C6H5Si(OCH3)3 : C6H5Si(OCH3)3
(82 mL, 0.44 mmol) was added to a suspension of K10[a2-
P2W17O61]·20H2O (1 g, 0.2 mmol) and NBu4Br (0.42 g, 1.3 mmol) in ace-
tonitrile (60 mL) at 0 8C, followed by addition of a hydrochloric aqueous
solution (2.5 mL, 2.4m). The synthesis and analysis was analogous to that
previously described.


(NBu4)6[a2-P2W17O61(4-((C2H5O)2P(=O)CH2)-C6H4-Si)2O]: The proce-
dure was similar except the starting 4-((C2H5O)2P(O)CH2)-C6H4-
Si(OC2H5)3 (82S10�3 g, 0.21 mmol). Yield: 1.0 g (0.16 mmol, 82%).
1H NMR (300 MHz, CD3CN): d=7.8 (d, 2H), 7.3 (d, 2H), 4.0 (q, 4H),
1.2 (t, 6H), n.d. ppm (d, 2H of Ar-CH2-P);


31P NMR (121.5 MHz, DMF/
CD3CN, H3PO4): d=27.8 (s, 2, -�P(=O)(OC2H5)2), �9.2 (s, 1, PW8),
�12.2 ppm (s, 1, PW9); IR (KBr): ñ=3070 (vw), 3044 (vw), 1128 (w),
1087 (vs), 1043 (s), 1032 (w), 950 (vs), 918 (vs), 805 (vs), 760 cm�1 (vs);
ESI-MS: most intense peaks, m/z (%): 947 (90) ([K(POM)]5�, calcd:
945.8 u), 1173.9 (90) ([H2(POM)]


4�, calcd: 1174.2 u), 1294.1 (100)
([TBA2POM]


4�, calcd: 1293.7 u), 1806.7 (30) ([TBA3-POM]
3�, calcd:


1805.8 u).


Synthesis by Method C


(NBu4)6[a2-P2W17O61(C6H5Si)2O] from C6H5Si(OCH3)3 : A solution of
H2O/CH3CN (20/10 mL v/v) became turbid when C6H5Si(OCH3)3 (82 mL,
0.44 mmol) was added dropwise at room temperature. Then solid K10[a2-
P2W17O61]·20H2O (1 g, 0.2 mmol) was added to the solution which had
been acidified to pH�1.8 with 1m HCl. The clear solution was stirred
overnight. The analysis by ESI-MS and 31P NMR spectroscopy showed
that this potassium derivative was in a pure form (see Discussion). Then
CH3CN was evaporated and NBu4Br (0.84 g, 2.6 mmol) was added to the
aqueous solution to precipitate the expected product as a tetrabutylam-
monium salt. Then, the product was crystallized as above in Method A in
DMF. The analysis was similar.
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EPR Studies of Amine Radical Cations, Part 1: Thermal and Photoinduced
Rearrangements of n-Alkylamine Radical Cations to their Distonic Forms in
Low-Temperature Freon Matrices


I. Janovský,[a] W. Knolle,*[a] S. Naumov,[a] and F. Williams[b]


Introduction


Amines are excellent electron donors on account of their
low ionisation potentials;[1] therefore, it is not surprising that
radical cations as diverse as those of N,N,N’,N’-tetramethyl-
p-phenylenediamine (TMPD)[2] and 1,4-diazabicy-
clo[2.2.2]octane (DABCO)[3] are counted among the most
stable forms of ionised organic molecules found in solution.
Nevertheless, many radical cations derived from amines
with diverse structures display significant reactivity, and
their chemistry finds many useful applications. In fact,
amines and their radical cations play a significant role in
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Abstract: The thermal and photochem-
ical transformations of primary amine
radical cations (n-propyl 1C+ , n-
butyl 5C+) generated radiolytically in
freon matrices have been investigated
by using low-temperature EPR spec-
troscopy. Assignment of the spectra
was facilitated by parallel studies on
the corresponding N,N-dideuterio-
amines. The identifications were sup-
ported by quantum chemical calcula-
tions on the geometry, electronic struc-
ture, hyperfine splitting constants and
energy levels of the observed transient
radical species. The rapid generation of
the primary species by a short exposure
(1–2 min) to electron-beam irradiation
at 77 K allowed the thermal rearrange-
ment of 1C+ to be monitored kinetically
as a first-order reaction at 125–140 K
by the growth in the well-resolved
EPR signal of the distonic radical
cation CCH2CH2CH2NH3


+ . By compari-
son, the formation of the correspond-
ing CCH2CH2CH2CH2NH3


+ species
from 5C+ is considerably more facile
and already occurs within the short ir-
radiation time. These results directly


verify the intramolecular hydrogen-
atom migration from carbon to nitro-
gen in these ionised amines, a reaction
previously proposed to account for the
fragmentation patterns observed in the
mass spectrometry of these amines.
The greater ease of the thermal rear-
rangement of 5C+ is in accordance with
calculations on the barrier heights for
these intramolecular 1,5- and 1,4-hy-
drogen shifts, the lower barrier for the
former being associated with minimisa-
tion of the ring strain in a six-mem-
bered transition state. For 1C+ , the 1,4-
hydrogen shift is also brought about di-
rectly at 77 K by exposure to ~350 nm
light, although there is also evidence
for the 1,3-hydrogen shift requiring a
higher energy. A more surprising result
is the photochemical formation of the
H2C=NC radical as a minor product
under hard-matrix conditions in which


diffusion is minimal. It is suggested
that this occurs as a consequence of
the b-fragmentation of 1C+ to the ethyl
radical and the CH2=NH2


+ ion, fol-
lowed by consecutive cage reactions of
deprotonation and hydrogen transfer
from the iminonium group. Additional-
ly, secondary ion–molecule reactions
were studied in CFCl2CF2Cl under
matrix conditions that allow diffusion.
The propane-1-iminyl radical
CH3CH2CH=NC was detected at high
concentrations of the n-propylamine
substrate. Its formation is attributed to
a modified reaction sequence in which
1C+ first undergoes a proton transfer
within a cluster of amine molecules to
yield the aminyl radical
CH3CH2CH2NCH. A subsequent dispro-
portionation of these radicals can then
yield the propane-1-imine precursor
CH3CH2CH=NH, which is known to
easily undergo hydrogen abstraction
from the nitrogen atom. The corre-
sponding butane-1-iminyl radical was
also observed.


Keywords: amines · density func-
tional calculations · EPR spectros-
copy · matrix isolation · radical
cations
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many areas of polymer, biological and synthetic chemistry.
Thus, in polymerisation reactions, the role of aliphatic
amines as co-initiators in radiation- and UV-induced curing
is well established,[4,5] the reaction mechanism consisting of
a one-electron oxidation of the amine followed by proton
transfer to generate a neutral radical. This is exemplified by
the camphorquinone/amine initiator system widely used in
practice for dental restorative materials.[6] In addition, so-
called donor/acceptor systems that avoid the use of tradi-
tional photoinitiators have been developed.[7,8] While the
formation of radical ion pairs again constitutes the first step
towards the initiation of the polymerisation in such systems,
the use of unsaturated amines as the donor component
allows a fast rearrangement of the amine radical cation to
occur, thereby reducing the probability of electron back-
transfer and increasing the yield of initiating species. It is
also noteworthy that the antioxidant action of HALS com-
pounds (sterically hindered amine light stabilisers) is similar-
ly based on electron transfer reactions and intermediate
amine radical cations.[9]


The reactivity of amine radical cations is also of consider-
able biological significance.[10,11] Due to their formation as in-
termediates, they generally afford a relatively low-energy
path for the metabolism of endogenous amines to the corre-
sponding imines by enzymes such as monoamine oxidase.[10]


The most likely mechanism for the one-electron oxidation
occurs by means of electron transfer to the flavin group of
the enzyme.[10d,e] Another facet of considerable biological in-
terest concerns exogenous amines that function as enzyme in-
hibitors. These are often described rather dramatically as “sui-
cide inactivators”,[11a] and this terminology defines a class of
enzyme inhibitors that are mechanism-based[10e] and become
reactive only after interaction with the enzymeMs active site.
For certain of these amine inhibitors, the suicide action upon
oxidation is considered to result from the rearrangement of
the primarily formed nitrogen-centred aminium radical cation
to a more potent chemical form, in which the biologically
active species is thought to be a carbon-centred radical.[10d]


Aminium cation radicals[12] also serve as important inter-
mediates in the Hofmann–LNffler–Freytag chain reaction[13]


for the synthesis of pyrrolidine derivatives. Typically, these
aminium species are generated by the oxidation of N-haloal-
kylamines under acid conditions,[12a,13d,13e] and the key propa-
gation steps in the accepted mechanism of this overall reac-
tion consist of an intramolecular 1,5-hydrogen transfer from
the alkyl group to the nitrogen atom of the aminium radical
cation,[13c] followed by reaction of the alkyl radical with the
substrate by means of chlorine atom transfer. This results in
a substituted ammonium ion pre-product, which, upon treat-
ment with base, undergoes deprotonation and the elimina-
tion of hydrogen chloride with the generation of the desired
substituted pyrrolidines.[13] Although detailed mass-spectro-
metric[14] and associated computational[15] studies of analo-
gous abstraction reactions have been carried out on much
simpler molecules, such as those of ionised alkylamines,
even here the gas-phase processes are frequently accompa-
nied by -NH3


+ group migration and fragmentation,[14g–i] and
there do not appear to be any previous investigations of
such elementary reactions in the condensed phase.


Consequently, there is much interest in studying model re-
actions of amine radical cations under conditions in which
the individual reaction steps can be isolated and well de-
fined.[14i] Matrix isolation at low temperatures coupled with
rapid generation of the ionised species by electron-beam ir-
radiation and EPR detection provides an ideal method for
following specific reaction pathways unhindered by compet-
ing processes. Here, in the first of two papers, we describe
EPR, deuterium-labelling and computational studies on the
intramolecular hydrogen-atom abstraction reactions that
result in the rearrangement of the primary aminium radical
cations of n-propylamine and n-butylamine to their diston-
ic[16] forms. The photochemical reactivity of these primary
radical cations has also been examined. A subsequent paper
will report on the rearrangements of radical cations derived
from several unsaturated amines, including those of allyl-
amine, propargylamine and their derivatives.


Results and Discussion


EPR spectral assignments


n-Propylamine in the CF3CCl3 matrix : The EPR spectra of
frozen solutions of n-propylamine (PrNH2) in CF3CCl3
taken after irradiation at 77 K are shown in Figure 1. Initial-
ly, the spectrum observed in the dark at 77 K (Figure 1a),
consists of a broad multiplet with a total spectral width of


Figure 1. EPR spectra of a frozen solution (1:500) of n-propylamine in
CF3CCl3 irradiated at 77 K and measured at the temperatures indicated.
Spectrum c) obtained by quick warming to 143 K and spectrum e) by
direct cooling down after spectrum c) was measured. Note that spec-
trum c) is plotted with seven-fold intensity in comparison to spectrum d).
The hfc parameters used for stick plot of species 2C+ are a[G]: 44 (1H),
21.4 (2H) and 7.6 (1H).
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approximately 245 G. The resolution of the pattern is slight-
ly better at 95 K, and the spectral change is reversible in this
low-temperature range. However, on increasing the temper-
ature up to and above 120 K, a well-resolved spectrum
grows in (Figure 1b–d and stick plot) with coupling con-
stants of 44 G (1H), 21.4 G (2H) and 7.6 G (1H), as derived
from the final 143 K spectrum. Although this transformation
proceeds rather slowly at 140 K and takes three hours for
completion, the process is quantitative with no loss of spin
concentration (see Figure 8 below in kinetics section). Also,
the broad outer features (marked with an asterisk in Fig-
ure 1c) are seen to disappear concomitantly with the forma-
tion of the secondary species. Confirmation that these sig-
nals belong to the primary species comes from the observa-
tion that the outermost features of the original spectrum are
reproduced by cooling the sample back to 95 K immediately
after a short (2 min) annealing at 140 K (Figure 1a and e). It
should be noted that the overall splitting of ~185 G at
143 K is less than that observed at 77 K, an effect that is
likely to result from a net reduction in the hyperfine aniso-
tropy and from dynamic averaging of b-proton couplings
(see later). Also, the outer features are not observed at
120 K (Figure 1b), possibly due to dynamic line broadening
at this intermediate temperature.
To assist in the assignment of the initial and final spectra,


N,N-dideuteriopropylamine (PrND2) was synthesised for a
comparative study. While its corresponding spectrum at
77 K (Figure 2a) is less resolved than that of the nondeuter-
ated compound, there are some common features, such as
the coincident positions of the sharper lines. The main dif-
ference lies in the overall spectral width, and although this
is difficult to determine exactly, it is clear that the PrND2


spectrum extends for only ~200 G, which is ~45 G narrower
than that of the non-deuterated sample. However, this con-
traction is easily rationalised by assuming that the NH2 pro-
tons each contribute an ~25–30 G (2H) splitting to the 77 K


spectrum. Since the deuterium splittings are reduced by a
factor of 6.54, they are not resolved due to the natural line
width of ~5 G in the low-temperature matrix, and this
effect contributes to a further broadening of the PrND2


spectral lines. Hence, the deuteration not only eliminates
the hydrogen splittings, but also increases the apparent line
width, as observed.
Therefore, we assigned the initial 77 K spectrum to the


parent radical cation 1C+ of n-propylamine. Quantum chemi-
cal calculations (Tables 1 and 2) are consistent with the
above estimates for the hfs of the NH2 protons. Moreover,
the values are in good agreement with the literature data
for other alkyl amines (~22–23 G).[17] According to the


Figure 2. EPR spectra of a frozen solution (1:500) of [D2]propylamine in
CF3CCl3 irradiated at 77 K and measured at the temperatures indicated.
Spectrum d) measured after complete annealing at 143 K.


Table 1. Spin density (1), Mullikan charge distribution (q) and coupling constants (a[G]) for isomeric amine radical cations and radicals, calculated with
B3LYP/6–31G(d). Data are given for the most stable conformer. Relative stability DE[kJmol�1] (including zero point vibrational energy) is given with
respect to the most stable isomer.


1aC+ 1bC+ 2C+ 3C+ 4C+ 7C 8C 9C 10C


DE(E0+ZP) 0.0 +10.3 �4.8 �22.1 +7.5 +18.9 0.0 +27.3 +44.4


1(N) 0.746 0.877 0.009 0.048 �0.047 0.987 0.151 0.082 0.003
1(C1) 0.026 �0.005 0.020 �0.016 1.019 �0.066 0.859 �0.059 0.014
1(C2) 0.186 �0.003 �0.063 0.951 �0.070 0.002 �0.057 0.999 �0.077
1(C3) 0.034 0.001 1.040 �0.069 0.020 0.000 0.006 �0.079 1.087


q(N) 0.390 0.442 0.557 0.547 0.573 �0.163 �0.070 �0.111 �0.131
q(C1) 0.309 0.359 0.265 0.239 0.234 0.123 0.092 0.118 0.123
q(C2) 0.142 0.088 0.125 0.113 0.118 0.057 �0.008 0.012 0.040
q(C3) 0.158 0.111 0.053 0.101 0.075 0.018 �0.013 �0.019 �0.032


a(N) 13.6 16.2 1.1 21.1[a] �2.0 13.6 6.2 1.9 �0.3
a(H,N) �19.5(2H) �23.2(2H) �0.6(3H) 0.4(3H) 17.7(3H) �21.8 4.0/5.3 �2.4(2H) 0.1
a(H,C1) 18.9/18.9 85.2(2H) �0.7(2H) 6.5/7.9 �23.2 46.0(2H) �11.4 6.9/4.9 0.7(2H)
a(H,C2) �2.8(2H) 2.4(2H) 45.5/3.4 �22.8 55.2/7.3 �0.5(2H) 10.4/35.4 �22.3 51.1/13.2
a(H,C3) 7.8(3H) 0.2(3H) �19.9/�22.8 27.7(3H) �0.5(3H) 0.1(3H) �0.5(3H) 24.1(3H) 23.9(2H)


[a] Due to strong through-space spin polarisation.
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given empirical relationship between hydrogen and nitrogen
couplings in nitrogen-centred radicals, an aiso(N) value of
~18 G can thus be expected. The literature[18] suggests that
the corresponding anisotropic components of the nitrogen
hfs tensor would then be in the region of Ak(N)=45 G and
A?(N)=5 G. The determination of the b-proton couplings
is less straightforward, as the primary radical cation spec-
trum at 77 K shows anisotropic contributions, probably due
to both the nitrogen atoms, as mentioned above, as well as
the a-protons on the amino group. However, even taking
into account this anisotropy, it is clear that the total spectral
width can only be explained by a geometry resulting in large
b-proton couplings. Furthermore, the observation of the
common, sharp features for PrNH2 and PrND2 (Figures 1a
and 2a) can be rationalised by assuming that they result
from the MI=0 transitions for the two amino protons/deu-
terons, in which case they correspond to only b-proton cou-
plings. Also, it may be noted that since these sharp lines are
unaffected by the nitrogen anisotropy, they presumably
belong to the MI(


14N)=0 spectral components. From the dis-
tance between the outer sharp lines, a sum of b-proton cou-
plings (at 77 K) in the region of 130 G is estimated. At
143 K, an estimate of the b-proton hfc (hyperfine coupling
constant) can be made from the difference between the
spectrum taken immediately after warming to 143 K (Fig-
ure 1c) and that recorded three hours later (Figure 1d). The
multiplet spectrum obtained was simulated satisfactorily (in
an isotropic powder approximation) with couplings of 43 G
(2Hb), 24.6 G (2Ha(N)) and 20.1 G (Niso). Interestingly, two
conformers (1aC+ and 1bC+) are calculated (Scheme 1), dif-
fering mainly in the orientation of the p-radical at the
(nearly planar) NH2 group with respect to the neighbouring
methylene group; the eclipsed conformer (1bC+) with the
large b-H couplings has a slightly higher heat of formation


(+10.3 and +2.7 kJmol�1 by B3LYP and BH&HLYP, re-
spectively, see Tables 1 and 2).
Reconciliation of the experimental results above with the


calculations (Tables 1 and 2) suggests that at 143 K, averag-
ing of the b-proton hfc may occur either due to interconver-
sion of the two conformers or by nearly complete rotational
averaging. However, in order to account for the reduced
spectral width at 143 K (Figure 1c, asterisk) relative to 77 K
(Figure 1a) as well as the large b-couplings associated with
the 77 K spectrum, this explanation would require the
eclipsed conformer 1bC+ with the larger b-proton hfc to be
the more stable form, reversing the order predicted by the
calculations. As the calculated energy difference between
1aC+ and 1bC+ is very small, the reversed order could be a
result of interaction with the matrix. It is also interesting to
consider the singlet ground-state geometry of the neutral
molecule. Two real conformers s1 and s2 (no negative fre-
quencies in this case) are calculated (Scheme 1), showing
the expected high pyramidality on nitrogen with the lone-
pair orbital positioned anti and gauche, respectively, to the
ethyl group. In comparison with the conformers of the radi-
cal cation, the neutral ground-state conformers are separat-
ed by a much higher energy difference (ca. 40 kJmol�1). The
more stable conformer s2 clearly exhibits a more favourable


Table 2. Spin density (1), Mullikan charge distribution (q) and coupling constants (a[G]) for isomeric amine radical cations and radicals, calculated with
BH&HLYP/6–31G(d). Data are given for the most stable conformer. Relative stability DE[kJmol�1] (including zero point vibrational energy) is given
with respect to the most stable isomer.


1aC+ 1bC+ 2C+ 3C+ 4C+ 7C 8C 9C 10C


DE(E0+ZP) 0.0 +2.7 �15.5 �29.9 �3.4 +12.1 0.0 +24.9 +38.6


1(N) 0.902 0.980 0.009 0.042 �0.058 1.020 0.124 0.067 0.002
1(C1) �0.036 �0.051 0.020 �0.047 1.063 �0.088 0.914 �0.079 0.015
1(C2) 0.138 0.000 �0.083 1.027 �0.092 0.004 �0.075 1.060 �0.099
1(C3) 0.024 0.000 1.087 �0.094 0.020 �0.001 0.007 �0.101 1.128


q(N) 0.450 0.476 0.559 0.551 0.574 �0.169 �0.094 �0.134 �0.148
q(C1) 0.301 0.344 0.276 0.259 0.247 0.132 0.112 0.142 0.141
q(C2) 0.113 0.070 0.116 0.093 0.108 0.057 �0.009 0.006 0.034
q(C3) 0.136 0.110 0.049 0.095 0.071 �0.015 �0.009 �0.014 �0.027


a(N) 20.5 22.0 0.7 16.2[a] �2.4 17.3 5.6 2.88 �0.3
a(H,N) �27.0(2H) �29.0(2H) �0.9(3H) 0.1(3H) 18.0(3H) �25.3 4.7/3.1 �2.4(2H) 0.1/�0.1
a(H,C1) 18.5(2H) 68.6(2H) �0.8/�0.8 7.0/8.1 �27.2 43.6(2H) �14.8 7.8/5.8 �0.9(2H)
a(H,C2) �3.6(2H) 0.1(2H) 45.7/4.1 �25.8 52.5/7.2 �0.7(2H) 11.2/36.0 �26.3 50.1/13.3
a(H,C3) 3.2(3H) 0.3(3H) �23.6/�26.7 27.5(3H) �0.7(3H) 0.1(3H) �0.6(3H) 24.4(3H) 28.0(2H)


[a] Due to strong through-space spin polarisation.


Scheme 1.
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geometry for the formation of the radical cation 1bC+ , which
could explain further the initial observation of 1bC+ after
ionisation.
Annealing the PrND2 sample above 110 K leads to the ap-


pearance of the same secondary spectrum as in the case of
PrNH2. The transformation at 140 K proceeds at a similar
rate to that of PrNH2, the broad outer features (marked
with asterisks in Figure 2b) again decaying concomitantly
with the formation of the secondary spectrum. As expected
from the results at 77 K (vide supra), the overall spectral
width defined by these features at 120–140 K is again some
30–40 G narrower than that in the corresponding PrNH2


case. Therefore, although the primary PrND2 spectrum is
subject to a greater congestion of lines, it can be assigned to
the parent radical cation by analogy to the results for
PrNH2. Even more significantly for these two systems, the
spectra that grow in at �140 K are seen to be completely
identical (Figures 1d and 2c). Thus, in view of the same split-
ting constants for these spectra and the absence of any deu-
terium effect on the rate of the transformation (Figure 8
below), the only reasonable assignment for the secondary
radical is to the distonic radical cation 2C+ and its deuterated
analogue (Scheme 2), formed in each case by the intramo-


lecular 1,4-hydrogen-atom transfer from the terminal methyl
group to the ionised amine group (reaction enthalpies and
activation energies are given in Figure 3).


The assignment is strongly supported by the quantum
chemical calculations for 2C+ , as the hfc constants calculated
(Tables 1 and 2) agree well with the experimental values
given in the caption to Figure 1. (Note that the hfcMs are cal-
culated for the most stable conformer, which has indeed a
geometry similar to the transition-state geometry 1C+!2C+ .)


n-Propylamine in the CF3CCl3 matrix—photobleaching ex-
periments : To check the stability of the primary radical


cation to excitation, photobleaching experiments were per-
formed. Whereas illumination of the samples at 77 K with
light of l>400 nm had no effect, a transformation was in-
duced on using UV light in the range 350–400 nm (below
350 nm the light is not transmitted due to the use of a glass
sample cell), leading to essentially the same spectral pattern
for both PrNH2 and PrND2 (Figure 4a and b). The spectral


changes observed upon warming (Figure 4c) are completely
reversible and are mainly due to improved resolution result-
ing from the smaller intrinsic line width at the higher tem-
peratures. By comparison with the spectra of the distonic
species 2C+ recorded at 140 and 95 K (Figure 2c and d), one
can deduce that the spectra after photobleaching result from
the overlapping patterns of several species, one of which is
easily identified as species 2C+ . It should be noted that dis-
tonic isomer 2C+ is produced directly at 77 K upon photo-
bleaching, its three main lines dominating the central part of
the spectrum at low temperature (95 K, see Figure 4a), and
no further increase in intensity is observed upon raising the
temperature to 143 K.
The remaining spectrum was more difficult to assign. The


outer lines with a spacing of about 175 G actually belong to
a triplet spectrum marked 11C in Figure 4. This triplet is also
formed to a certain extent if the sample is kept at 140 K
until the transformation from 1C+ into 2C+ is completed
(without a preceding illumination), and then subjected to
photobleaching. The difference between the spectra taken at
140 K before and after photobleaching shows a 1:2:1 triplet


Scheme 2.


Figure 3. Energy diagram for transformations of propyl- and butylamine
radical cations.


Figure 4. EPR spectra after photobleaching (l�350–400 nm) at 77 K of
frozen solutions (1:500) of propylamine (a and c) and [D2]propylamine
(b) in CF3CCl3, irradiated at 77 K and measured at the temperatures indi-
cated. The hfc parameters used for the stick plots and for the simulation
(d) are given in the text. (Relative concentrations of 11C, 2C+ and 3C+ are
5%, 25% and 70%, respectively.)
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of narrow lines and a coupling constant of 87.8 G, each of
these lines being accompanied by broad wing features
(Figure 5). At first sight, the large coupling constant would
seem to indicate a radical of the CCF2X type containing 2a-
fluorine atoms, and an almost identical a(2F) coupling of


87.6 G was found for the CF3CF2C radical in solution.[19]


However, an assignment of this signal carrier to the corre-
sponding CCl3CF2C species formed from CF3CCl3 seems im-
probable, given that the spectra of neutral freon radicals
with isotropic line shapes are usually observed only well
above the matrix softening points (150 K for CF3CCl3).


[20]


Considering that the sharp lines (2 G line widths) of the
triplet are observed even at temperatures well below 143 K
(77–95 K, Figure 4a and b), and that the signals from 11C are
only detected in experiments when the n-propylamines are
present in the matrix, a more reasonable assignment is to
the small methyleneiminyl radical H2C=NC, for which a(2H)
is reported to be in the range 87–91 G, depending on the
matrix.[21] Moreover, the additional wing features present in
the spectrum (Figure 4c, T10) can be interpreted as origi-
nating from the anisotropic coupling of around 30 G to the
nitrogen atom. Indeed, confirmation of this assignment is
provided by the fact that the difference spectrum (see
Figure 5) is virtually identical to that of the H2C=NC radical
derived directly by the photolysis of formaldazine in a rigid
matrix at 77 K.[21d] The contribution of 11C to the total spin
population is in the order of 5% or less, and, therefore, it is
a minor product in these transformations of the propylamine
radical cations. A possible pathway for its formation is dis-
cussed below.
Having identified two species present in the spectrum of


Figure 4c, namely 2C+ and 11C, the remaining spectral fea-
tures are spaced by 20–25 G splittings with an overall spec-
tral width of 125 G. Assuming that only intramolecular rear-
rangement reactions are possible in CF3CCl3 below 145 K,
calculations suggest that the distonic isomer 3C+ of the radi-
cal cation, formed by 1,3-hydrogen transfer from the C2
atom to the amino group, is favoured over isomer 4C+ ,
formed by 1,2-hydrogen transfer from C1 (see Scheme 3 and
the energy diagram in Figure 3).


The exclusion of species 4C+ is supported further by the
observation that deuteration of the amino group in the b-po-
sition to C1 did not change the observed spectrum. Coupling
constants a(H) of 24 (3H, CH3), 21 (Ha) and 11.9/6.9 G
(2Hb) were derived for 3C+ by taking the calculated values
given in Tables 1 and 2 as a starting point for the simulation.
It should be noted that an unexpectedly high nitrogen cou-
pling of 21 G is calculated as a result of a strong through-
space spin polarisation in this isomer. Some weak wing com-
ponents (see Figure 4c, asterisk) that are not covered by the
simulation (Figure 4d) can be assigned tentatively to this ni-
trogen coupling.
Considering the possibility of deprotonation of the pri-


mary radical cation 1C+ , the a-aminoalkyl radical 8C would be
superior over the nitrogen-centred radical 7C and the other
two carbon-centred radicals 9C and 10C by +18.9, +27.3 and
+44.4 kJmol�1, respectively (see Table 1). However, if the
energetically preferred radical 8C or even the less stable
amino radical 7C would be formed, deuteration of the amino
group should affect the observed EPR spectrum. However,
this is not the case. Also, deprotonation in freon matrix usu-
ally occurs only if a proton acceptor (i.e., another solute
molecule) is available. Even at the rather high concentration
of 1:20 no significant differences are observed. Therefore,
radical formation by deprotonation can be ruled out in the
“hard” freon.
Another possible reaction channel of the radical cat-


ion 1C+ will now be discussed. The b-fragmentation reaction
(also known as the a-cleavage of a C�C bond in the mass
spectrometry literature[14]) is found to be a main reaction
channel at high ionisation energies in the gas phase for pri-
mary n-alkyl amines, and would lead in the case of 1C+ to
the ethyl radical and the CH2=NH2


+ ion. The dissociation
energy is estimated (in vacuo) to be rather low, only +20 to
40 kJmol�1; however, the separation of both fragments is
considered to be unlikely in the frozen matrix. Even if the
remaining spectrum can be fitted well with a set of two and
three magnetically equivalent protons, the coupling con-
stants of 21 G (2H) and 23 G (3H), respectively, obtained in
that case do not agree with the data for the ethyl radical. In
particular, the value for the methyl protons of the ethyl radi-
cal is much larger (26.8 G (3H, CH3)).


[22] Although this ex-
cludes the ethyl radical as a contributor to the observed
spectrum, the ethyl radical produced by such a b-fragmenta-
tion reaction in the solid state may readily abstract a hydro-
gen atom from the geminate CH2=NH2


+ ion or its conjugate
base, CH2=NH. Quantum chemical calculations show that
whereas the former reaction is unlikely (DH~
+120 kJmol�1), the latter would be possible due to an en-
thalpy change of �71 kJmol�1. In this case, hydrogen ab-
straction from the nitrogen leads to the methyleneiminyl


Figure 5. EPR spectrum of methyleneiminyl radical 11C obtained at 143 K
in the CF3CCl3 matrix (noisy grey line, for experimental details see text)
and at 77 K after photobleaching of formaldazine[21d] (smooth black line,
reproduced with permission from J. Phys. Chem. 1971, 75, 164. Copyright
by the American Chemical Society).


Scheme 3.
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radical CH2=NC, which, as mentioned earlier, is the signal
carrier responsible for the triplet spectrum labelled 11C. The
whole reaction sequence is considered to proceed under
cage-like conditions and may be written formally as shown
in Scheme 4, in which the deprotonation step probably in-
volves transfer to a negatively charged matrix species like
Cl� .


n-Propylamine in the CFCl2CF2Cl matrix : The EPR spectra
of irradiated frozen solutions (1:500) of PrNH2 and PrND2


in CFCl2CF2Cl taken at 77 K and 95 K are broad and rela-
tively structureless. The width of the spectra of both amines
is similar to that in CF3CCl3 matrix and it is likely that the
primary radical cation 1C+ is observed in F-113 as well. At
the low concentration of 1:500 a temperature increase to ~
100 K leads to some irreversible changes in the spectra. Al-
though the spectra remain relatively unresolved, the new
features do not correspond to the splittings of the distonic
species 2C+ observed in CF3CCl3. In contrast to the latter
matrix, F-113 is commonly used to study ion–molecule reac-
tions,[20c] the onset of these reactions being around 105 K.
To check if the observed changes are due to such ion–


molecule reactions, concentrated solutions (1:10) were inves-
tigated. As a result, the EPR patterns that appeared at ~
100 K at the lower concentration now already dominate the
spectra at 77–95 K (Figure 6a and b). Comparison of the
spectra of PrND2 and PrNH2 clearly shows the loss of one


proton coupling of 28 G upon exchange of the amine pro-
tons. Therefore, the most likely explanation for the radical
structure in both cases is the aminyl radical 7C
CH3CH2CH2NCH or its deuterated analogue
CH3CH2CH2NCD, in which the deuterium splitting is unre-
solved due to the natural line width in this matrix. As for
the preceding radical cation 1C+ (see above), radical 7C re-
tains a conformation with two large b-proton couplings of
approximately 53 G each. The additional nitrogen splitting
has an aiso(N) value of approximately 22 G, but the remain-
ing anisotropy is clear (Figure 6a). From the EPR spectra it
is impossible to decide if the radical cation 1C+ deprotonates
or abstracts a hydrogen atom from a neutral molecule. In
either case, radical 7C is formed together with the ammoni-
um-type cation R�NH3


+ (Scheme 5). We propose that at


high concentration the amine does not dissolve in freon to
give isolated single molecules, but associates through hydro-
gen bonding to give dimeric or higher clusters (the stabilisa-
tion energy of a hydrogen-bonded dimer is calculated to be
�20.8 kJmol�1), in which deprotonation/abstraction may
readily occur at 77 K; at lower concentration the reaction
occurs after softening of the matrix. The preferential forma-
tion of the aminyl radical 7C, which is energetically less
stable than the a-amino alkyl radical 8C by 18.9 kJmol�1, is
also explained well by the hydrogen bonding between the
amino groups.
By increasing the temperature to 105 K in the case of the


high concentration, a doublet spectrum (ca. 80 G) appears
(Figure 6c), showing an additional anisotropic nitrogen split-
ting, similar to that observed for the aminyl radical 7C (Fig-
ure 6a). At low concentration this doublet appears after
warming the sample to 115–120 K. The spectrum is quite
well resolved at 125 K (Figure 6d, note that the central part
of the spectrum contains lines from another species) and
coupling constants of 80.5 G (1Hb), 9.9 G (1Niso) and 2.8 G
(2Hg) are derived. The values agree exactly with the data
for the propane-1-iminyl radical 12C (CH3CH2CH=NC), ob-
served in the case of cyclopropylamine in the same matrix
after ring opening and subsequent hydrogen transfer.[23] The
observation of radical 12C seems to be surprising at first
sight, but the assignment can be regarded as definitive. A
possible (and probably the most likely) explanation is based
on two further reaction steps involving radicals and/or the
primary radical cations. Considering the termination reac-
tion of two aminyl radicals 7C, quantum chemical calculations
predict the disproportionation reaction leading to the imine/
amine pair to be superior to the recombination reaction
(DH=�330 and �250 kJmol�1, respectively). The subse-
quent hydrogen abstraction from the imine by an aminyl
radical 7C is exothermic by �91 kJmol�1 and leads to 12C
(Scheme 6). The latter is also formed in the case of PrND2,
although in much smaller amounts, pointing to an isotope
effect in these reaction steps.


Scheme 4.


Figure 6. EPR spectra of frozen solutions (1:10) of PrND2 (a) and PrNH2


(b–d) in F-113 irradiated at 77 K and measured at temperatures indicat-
ed.


Scheme 5.
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Replacing one aminyl radical by the primary radical cat-
ion 1C+ in each of the above equations results in calculated
reaction enthalpies of �313 and �77 kJmol�1 that are of
comparable exothermicity, the driving force arising from the
formation of the highly stabilised ammonium-type RNH3


+


ion. The pronounced formation of the iminyl radical already
at 105 K at high concentration is best explained if one as-
sumes the presence of not only dimeric but also higher clus-
ters of amine molecules, all associated through hydrogen
bonding in a head-to-head arrangement of the amine
groups.


n-Butylamine in the CF3CCl3 and CFCl2CF2Cl matrices : In
the transformations of the primary radical cations of alkyl-
amines carried out by mass-spectrometric studies, it has
been shown that hydrogen transfer to the amino group is fa-
cilitated for alkyl chains containing at least four carbon
atoms.[14–16] For this reason, n-butylamine (BuNH2) and par-
tially deuterated [D2]n-butylamine (BuND2) were investigat-
ed in order to evaluate the effect of chain length on the effi-
cacy of the rearrangement. In both cases, exactly the same
spectra are observed in CF3CCl3 already at 77 K, and these
do not change upon increasing the temperature to the
matrix softening point of 143 K (Figure 7a), except for some


line width narrowing in the latter case. The spectrum is well
analysed as a doublet (a(1H)=50 G) of triplets (a(2H)=
19.6 G) with further small splittings in the order of 4–6 G.
The best simulation is achieved by using an additional
proton coupling of a(1H)=6 G and an isotropic nitrogen
coupling of a(N)=4.9 G (Figure 7b). The spectrum can be


straightforwardly assigned to the distonic radical cation 6C+


(see Figure 3), with 2a- and 2b-protons (19.6 G (2Ha) and
50/6 G (2Hb)). The assignment is supported by the stability
of the species under different experimental conditions and
the absence of any effect from deuteration. It also agrees
well with quantum chemical calculations for the hyperfine
couplings in species 6C+ . Additionally, the calculated activa-
tion energy of the six-membered transition state is smaller
and the reaction enthalpy larger than in the case of propyla-
mine with a five-membered transition state (Figure 3). Thus,
it is hardly surprising that at 77 K, this hydrogen transfer in
the butylamine radical cation 5C+ already occurs too rapidly
to be observed, whereas for propylamine, additional energy
in the form of a temperature increase or UV illumination is
needed to drive the reaction.
Irradiation of BuNH2 and BuND2 in the CFCl2CF2Cl


matrix at a concentration of 1:500 leads to the same spec-
trum (no effect of deuteration) as that observed in CF3CCl3.
This signal is stable up to 110 K and despite some broaden-
ing similar to that encountered in the CF3CCl3 matrix, the
spectrum can be confidently assigned to the distonic spe-
cies 6C+ . Even at the rather high concentration of 1:9, 6C+


contributes significantly to the overall spin population, in
contrast to the case of propylamine. By careful comparison
of the spectra for propyl- and butylamine solutions at high
concentration, it can be proved that the formation of the
aminyl radicals -CH2NCH or -CH2NCD also occurs in the case
of butylamines, and their contribution to the overall spin
population can be estimated at about 50%.
As it can be reasonably assumed that clusters associated


by hydrogen bonding would also be formed at the high bu-
tylamine concentration, our results indicate the competitive-
ness of the 1,5-hydrogen shift over the hydrogen/proton-
transfer reaction in the hydrogen-bridged complex. At
125 K an iminyl radical can be observed (Figure 7c), with a
set of coupling constants (a/G: 80.8 (1Hb), 9.9 (Niso) and ~
2.2 (3Hg.d)) similar to the propane-1-iminyl radical, differing
only in an additional, small 2 G splitting. We also note that
after illumination of 6C+ with UV light (l~350 nm), small
bands with a spacing of 175 G are observed outside the
main spectrum; these bands indicate the formation of the
methyleneiminyl radical 11C at low concentration, as in the
case of propylamine.


Kinetics of intramolecular hydrogen atom abstraction in
case of n-propylamine : The transformation of the parent
radical cation 1C+ into the distonic cation 2C+ was studied in
the temperature range 130–145 K. The kinetics at 140 K as
an example is given in Figure 8. The formation rate of 2C+


(0.71 h�1, measured with the amplitude of its main line, Fig-
ure 1d) and the decay rate of 1C+ (0.66 h�1, measured with
its relatively noisy outer line, marked with an asterisk in Fig-
ure 1c) agree reasonably well. Further evidence for the 1:1
transformation is given by the constant total spin concentra-
tion. The transformation rate does not depend on the con-
centration and it is independent of deuteration at the NH2


group. In the investigated temperature range, an apparent
activation energy of 10.8 kJmol�1 can be derived for this hy-
drogen migration reaction (Figure 8, inset). However, if


Scheme 6.


Figure 7. EPR spectra of frozen butylamine/freon solutions, irradiated at
77 K and measured at the temperatures indicated. a) 1:500, CF3CCl3; c)
1:9, CFCl2CF2Cl. The hfc parameters used for simulation (b) are a/G: 50
(1H), 19.6 (2H), 6 (1H) and 4.9 (Niso); these parameters are assigned to
the distonic radical cation 6C+ formed from the n-butylamine radical
cation 5C+ by an intramolecular 1,5-hydrogen shift (see Figure 3).
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quantum tunnelling contributes to the reaction rate, the acti-
vation energy may be much less than the true barrier height.
Incidentally, it should be noted here that kinetic measure-
ments taken over a narrow temperature interval[24] are un-
likely to reveal the nonlinear Arrhenius plots that are symp-
tomatic of hydrogen-atom tunnelling.[24c,26b–26d] For n-butyl-
amine the transformation kinetics could not be studied
quantitatively, as the reaction at 77 K is so fast that it is al-
ready complete one minute after irradiation.
As noted in the introduction to this paper, there is already


much evidence from mass-spectrometric isotope-labelling
studies[14e,g] that n-alkylamine radical cations in the gas
phase can undergo facile 1,5-, 1,6- and 1,7-intramolecular
hydrogen-atom abstraction reactions prior to NH3 migration
and fragmentation. Similarly, a 1,5-hydrogen transfer to an
aminium radical cation is considered to represent the first
step in the Hofmann–LNffler–Freytag synthesis of pyrroli-
dines.[12,13] However, in none of these studies has the hydro-
gen atom transfer reaction been isolated for kinetic study,
and only estimates are available from such experiments for
the barriers to these hydrogen shifts.[14f, 15] In essence, the re-
sults of these previous investigations have established that
1,5- and more distant 1,n- (n>5) shifts are favoured over
1,4-shifts, and that 1,3- and 1,2-shifts are not generally ob-
served.[14f] This conclusion is also in agreement with theoret-
ical calculations,[15] showing that the barrier height increases
by approximately 50 kJmol�1 in going from a 1,5-shift in the
n-butylamine radical cation to a 1,4-shift in the n-propyl-
amine radical cation.
The present work is consistent with these previous find-


ings, but adds significant quantitative information concern-
ing the kinetics at low temperatures. Firstly, a low barrier to
the 1,5-shift in the n-butylamine radical cation is indicated
by the fact that the reaction already occurs within the short
irradiation time of a few minutes at 77 K. The results of the
calculations displayed in Figure 3 give a barrier of
13.5 kJmol�1, in reasonable agreement with the earlier esti-
mate of 18 kJmol�1.[15] Secondly, in contrast to the ease of


this 1,5-shift, the 1,4-shift in the n-propylamine radical
cation is undetectable at 77 K, but can be observed directly
over a period of hours after raising the temperature above
120 K. In this case the barrier height (Figure 3) is calculated
to be 71.6 kJmol�1, which agrees closely with the 68 kJmol�1


reported earlier.[15]


According to the theoretical calculations of Yates and
Radom,[15] the rate constant at 298 K and the Arrhenius acti-
vation energy for this latter reaction are estimated to be
4.2T101 s�1 and 57 kJmol�1, respectively. Using these values,
which only incorporate the Wigner correction for the rela-
tively small degree of tunnelling applicable at 298 K,[25a,b]


the rate constants for the n-propylamine radical cation at
120 and 140 K are predicted to be 6.4T10�14 and 2.2T
10�10 s�1, respectively. These rate constants are much too
small to account for our results. For example, the observed
reaction half-life of around 1 h at 140 K corresponds to a
rate constant of 1.93T10�4 s�1, which is a factor of ~106


larger than the theoretical value extrapolated from 298 K.
Thus it seems likely that the tunnelling correction at 140 K
is far larger than that (~360) suggested by the Wigner equa-
tion.[25a,b] In previous studies of hydrogen-atom abstraction
reactions at cryogenic temperatures,[26] tunnelling correc-
tions have ranged from 105 to 1015,[25b] so it is not surprising
that extensive tunnelling can augment the reaction rate for
the n-propylamine radical cation at 140 K. This is entirely
consistent with the fact that the apparent activation energy
for the latter system of 10.8 kJmol�1 is considerably lower
than the calculated barrier height of around 70 kJmol�1.[27]


In contrast, the more rapid reaction for the n-butylamine
radical cation at 77 K can be explained qualitatively without
recourse to a large tunnelling “correction.” Thus, an “over-
the-barrier” estimate with a frequency factor of 1.5T1012 s�1


and an Arrhenius factor exp (�Ea/RT) of 1.4T10
�11 based


on a predicted barrier of around 16 kJmol�1 (vide supra)
gives a rate constant of 2.1T101 s�1, some three orders of
magnitude above the observable lower limit of around 1T
10�2 s�1. However, since the actual rate constant could in
fact be very much higher than this limit, a contribution from
tunnelling cannot be ruled out.


Conclusion


In this work, direct evidence from low-temperature EPR
studies has established the elementary reactions that consti-
tute the pathways for the thermal and photoinduced rear-
rangements of the n-propylamine and n-butylamine radical
cations. This has been achieved through the detailed assign-
ment of the EPR spectra, corresponding to the initial and
final signal carriers, and by monitoring the kinetics of the
thermal transformation for the n-propylamine cation. In the
case of the thermal reactions, the isolated single-reaction ini-
tial processes are shown to be the intramolecular 1,4- and
1,5-hydrogen shifts from carbon to nitrogen; these processes
are of key mechanistic significance in the classical Hof-
mann–LNffler–Freytag reaction. The rates of these reactions
are found to be in accordance with theoretical calculations
that predict a much lower barrier for the 1,5-shift in the n-


Figure 8. Time dependence of total spin concentration (!) (normalised
to 100%) and relative concentrations of species 1C+ (&) and 2C+ (*) as
measured at 140 K. Inset: Arrhenius plot (of the apparent activation
energy) for the transformation 1C+!2C+ for PrNH2 (&) and PrND2 (~).


G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5524 – 55345532


FULL PAPER W. Knolle et al.



www.chemeurj.org





butylamine radical cation than for the 1,4-shift in the n-pro-
pylamine radical cation. The fact that the apparent Arrhe-
nius activation energy (10.8 kJmol�1) derived from the ki-
netic studies on the ionised n-propylamine over the narrow
temperature range of 125–140 K is much lower than the bar-
rier height predicted theoretically (ca. 60–70 kJmol�1)
strongly suggests that a large contribution from quantum
mechanical tunnelling becomes significant under these cryo-
genic conditions. The contribution from tunnelling in the
case of the n-butylamine radical cation rearrangement at
77 K appears to be less significant in view of the much
lower barrier height.
The photoinduced reactions of the primary n-propylamine


radical cation 1C+ also result in a 1,3-hydrogen shift, leading
to the distonic radical cation 3C+ with spin located at a sec-
ondary carbon atom. Although the latter is energetically the
most stable C3H9NC+ isomer, its formation does not take
place spontaneously (due to the barrier height of ~
120 kJmol�1). It requires additional energy supplied by pho-
toactivation.
Aminyl radicals -CH2NCH are formed in a deprotonation/


hydrogen-abstraction reaction of the primary radical cations
with a neutral molecule. This reaction is strongly enhanced
under the condition of high solute concentration, when
ground state dimers are easily formed by hydrogen bonding
between the amine groups. It is worth noting that in case of
n-butylamine, the intramolecular isomerisation still com-
petes efficiently with the intermolecular hydrogen transfer
in the hydrogen-bonded complex, due to the very low acti-
vation barrier (13.5 kJmol�1) of the former reaction. A rear-
rangement of the aminyl radicals to the more thermodynam-
ically stable a-aminoalkyl radicals RCCH�NH2 has not been
observed under our conditions. Instead, the evidence sug-
gests that aminyl radicals disproportionate, giving rise to
propane-1-imine, which then serves as the immediate pre-
cursor for the formation of the propane-1-iminyl radical.
A surprising result of the present work is the formation of


the methylene imino radical H2C=NC after photoexcitation
and of alkyliminyl radicals RCH=NC under matrix conditions
that allow diffusion. In each case this highlights the great
stability of RCH=NC radicals due to a strong hyperconjuga-
tion between the C�H s-orbital(s) and the nitrogen 2p orbi-
tal of the unpaired electron. Iminyl radicals are important
reaction intermediates and, as in the present case, they are
often detected under circumstances in which their formation
would not normally be expected.[21e]


Experimental Section


Materials : n-Propylamine (98% + , Lancaster) was purified by distilla-
tion and n-butylamine (99%, Lancaster) was used as received. Deriva-
tives of amines deuterated on amino groups were prepared from corre-
sponding protiated compounds by hydrogen exchange with heavy water
(99.5% according to NMR spectroscopy); the mixture of amine with
excess of D2O (10-fold in mol) was stirred for about 20 h at room temper-
ature; the amine was then separated by distillation and the procedure
was repeated. The content of the deuterated compound in the final reac-
tion product of�98% was estimated by NMR spectroscopy. 1,1,1-Tri-
fluorotrichloroethane (99%, Aldrich or Acros) was purified by passing it


through a column filled with neutral Al2O3. 1,1,2-Trifluorotrichloroethane
(Uvasol 99.9%, Merck) was used as supplied.


Sample preparation and irradiation : Amines were dissolved in freons at
solute to solvent concentrations typically between 1:500 and 1:1000 and
carefully degassed by the freeze–thaw technique. The solutions were irra-
diated in the dark at 77 K in liquid nitrogen with the electron beam of a
Linac (Elektronika U-003, Thorium, Moscow). A dose of �10–15 kGy
(irradiation time ca. 1 min) was sufficient to generate an easily observa-
ble concentration of paramagnetic species. Irradiated samples were pro-
tected from light and the first spectrum was taken as soon as possible
(within about 2.5 min) after irradiation.


EPR spectroscopy : The measurements were performed by using a
Bruker ESP 300e spectrometer (9.5 GHz, 100 kHz modulation) equipped
with either a finger Dewar (77 K) or a variable-temperature control unit
(ER 4121 VT, at�95 K). Spectra were recorded at a microwave power of
0.1 mW and a modulation amplitude of 0.05 or 0.1 mT.


Sample photobleaching : A tungsten lamp (250 W) and a Xenon lamp
(XBO 1000 W, Osram) equipped with a water heat-filter and coloured
glass filters were used for sample illumination at 77 K (outside the ESR
cavity).


Spectra simulations : Isotropic and anisotropic spectra simulations were
performed using the WinSim[28] and SimFonia (BRUKERU) software,
respectively.


Computational methods : Quantum chemical calculations were performed
by using density functional theory (DFT) hybrid B3LYP[29a,b] methods
with the standard 6-31G(d) basis set as implemented in the Gaussian 98
program.[30] It was shown[31] that B3LYP and several other DFT function-
als (which set the HF exchange equal to 20%) tend to delocalise spin for
radical cation structures in which localisation of the unpaired electron is
expected. Therefore, calculations with the BH&HLYP method,[29c] which
utilises a larger fraction of the HF exchange (50%), were made for com-
parison. Both B3LYP and BH&HLYP methods produce qualitatively
similar geometrical and electronical molecular parameters. However, the
hfs constants calculated with B3LYP are in slightly better agreement with
the experiment.
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R. Mehnert, J. Chem. Soc. Perkin Trans. 2 1999, 2447; h) H. Tachika-
wa, N. Hokari, H. Yoshida, Chem. Phys. Lett. 1995, 241, 7.


[25] a) E. Wigner, Z. Phys. Chem. Abt. B 1932, 19, 203; b) R. P. Bell, The
Tunnel Effect in Chemistry, Chapman and Hall, London, 1980, p. 53,
108.


[26] a) R. J. Le Roy, H. Murai, F. Williams, J. Am. Chem. Soc. 1980, 102,
2325; b) R. L. Hudson, M. Shiotani, F. Williams, Chem. Phys. Lett.
1977, 48, 193; c) G. Brunton, D. Griller, L. R. C. Barclay, K. U.
Ingold, J. Am. Chem. Soc. 1976, 98, 6803; d) G. Brunton, J. A. Gray,
D. Griller, L. R. C. Barclay, K. U. Ingold, J. Am. Chem. Soc. 1978,
100, 4197; e) A. Campion, F. Williams, J. Am. Chem. Soc. 1972, 94,
7633.


[27] It should be clearly understood that the calculations are merely
qualitative, since they do not take into account medium effects,
which could be important, especially regarding the width of reaction
barriers in solid matrices. Nevertheless, as the rate constants differ
by less than a factor of two in the different freon matrices, the con-
tribution of tunnelling, which is expected to be quite significant at
these low temperatures, appears to be relatively insensitive to
matrix effects. Therefore, any “discrepancy” between calculation
and measurement can be attributed to both the simplified mathe-
matical treatment and the need for a more rigorous theoretical de-
scription of the likely tunnelling mechanism for the hydrogen trans-
fer at low temperatures.


[28] D. R. Duling, J. Magn. Reson. Ser. B 1994, 104, 105.
[29] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648; b) C. Lee, W. Yang,


R. G. Parr, Phys. Rev. B 1988, 37, 785; c) A. D. Becke, J. Chem.
Phys. 1996, 104, 1040.


[30] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr.,
R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Dan-
iels, 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, P.
Salvador, J. J. Dannenberg, D. K. Malick, A. D. Rabuck, K. Ragha-
vachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul,
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, M. Challacombe, P. M. W. Gill, B. Johnson,
W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon,
E. S. Replogle, J. A. Pople, Gaussian 98 (Revision A.11), Gaussian,
Inc., Pittsburgh PA, 2001.


[31] a) T. Bally, W. T. Borden, Rev. Comput. Chem. 1999, 13, 1; b) S.
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with Selective Sorption Properties
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Introduction


With the potential for tailor-made syntheses of sorption
hosts with molecule-specific adsorption properties, various
kinds of porous materials have been investigated.[1,2] Metal-
organic frameworks (MOFs) are the most recently highlight-
ed class of materials in this regard.[3–9] Unfortunately, MOFs
often have structures with interpenetrated frameworks pro-
ducing only small pores, especially when synthesized under
hydrothermal conditions.[8] This has been considered as a
major obstacle for endowing sorption properties to MOFs,


and several solutions have been proposed to prevent the for-
mation of the interpenetration structures.[4,5] In fact, most of
the MOFs with accessible pores described in the literature
have been synthesized from low-temperature reactions in
nonaqueous media (i.e., diffusion reactions).[6–9]


In most of the MOFs, the (potential) pore walls are
formed by the hydrophobic parts of ligand molecules. We
envisioned that these pores tend to be small to avoid the un-
favorable contact with solvent water molecules under typical
hydrothermal reaction conditions. Conversely, if there are
hydrophobic molecules present during MOF formation, they
may function as guests occupying the pores through hydro-
phobic interactions with the ligands and consequently pro-
mote the formation of large pores. With this idea in mind,
we have explored such possibilities and found a novel MOF
system that formed either an inclusion compound with ben-
zene as a guest or a simple triply interpenetrated structure
depending on whether benzene was present in the reaction
mixture during the syntheses. The MOF from the benzene-
containing reaction shows specific adsorption properties for
benzene and cyclohexene as opposed to other ring com-
pounds. Herein, the details of syntheses and characterization
are reported.
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Abstract: In this paper, we report two
metal–organic frameworks [Co3(ndc)3-
(bipyen)1.5]·H2O (1) and [Co2(ndc)2(bi-
pyen)]·C6H6·H2O (2) (bipyen= trans-
1,2-bis(4-pyridyl)ethylene, H2ndc=2,6-
naphthalenedicarboxylic acid). These
compounds were both synthesized
from identical hydrothermal reaction
conditions except that benzene was
added to the reaction for 2. Crystal
structures show that the two com-
pounds have triply interpenetrated
three-dimensional frameworks and
these frameworks have the same pri-


mary structure of a two-dimensional
network of interconnected [Co2-
(O2CR)4/2] (R=naphthalene group)
paddle-wheels and bridging bipyen li-
gands. Both compounds have guest
water molecules and, in addition, 2 has
guest benzene molecules. Structural
transformations of the host accompa-


nied guest removal, which can be
monitored by powder X-ray diffraction.
N2 adsorption data of 2 show that there
are two different types of pores corre-
sponding to the benzene and water
pores. Upon exposure to vapors of sev-
eral organic molecules, the heat-treated
sample of 2 adsorbs benzene and cyclo-
hexene, but does not adsorb toluene,
(o-, m-, and p-)xylenes, cyclohepta-
triene, or cyclohexane.


Keywords: adsorption · benzene
templates · host–guest systems ·
hydrothermal synthesis · metal–
organic frameworks
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Results and Discussion


Hydrothermal reactions of Co(NO3)2·6H2O, 2,6-naphtha-
lenedicarboxylic acid (H2ndc), and trans-1,2-bis(4-pyridyl)-
ethylene (bipyen) in water produced the MOF [Co3(n-
dc)3(bipyen)1.5]·H2O (1) in which two-dimensional networks
of interconnected [Co2(O2CR)4/2] (R=naphthalene group)
paddle-wheels[5] are bridged by the bipyen ligands to form
triply interpenetrated three-dimensional frameworks
(Figure 1). Two of the three frameworks are generated by
the paddle-wheels of Co1/Co2 and the third one by those of
Co3. The two types of framework have essentially the same


structure and the one of Co3 is shown in Figure 1b with a
schematic drawing of the unit mesh to show the dimensions
of the framework. The interpenetrated structure leaves
three-dimensional interconnected channels between the
neighboring frameworks of Co1/Co2, which are occupied by
water molecules. When benzene was added to the reaction
mixture and the other conditions were kept unchanged, the
reaction produced a different MOF [Co2(ndc)2(bi-
pyen)]·C6H6·H2O (2) that shows another triply interpenetrat-
ed structure of the same primary framework as 1 (Figure 2).


Figure 1. a) Triple interpenetration structure of 1. Red and blue frame-
works are inversion-related to each other and are formed by Co1 and
Co2; yellow framework is formed by Co3. The oxygen atoms of the guest
water molecules are shown as green spheres. b) Single framework struc-
ture of Co3 and its mesh dimensions. Gray, white, hatched, and dark
spheres are cobalt, carbon, nitrogen, and oxygen atoms, respectively.


Figure 2. a) Structure of 2 with the benzene and water guest molecules.
Red, purple, blue, and light blue spheres of the framework are cobalt,
oxygen, nitrogen, and carbon atoms, respectively. Guest benzene and
water molecules are in yellow and green, respectively. b) Single frame-
work structure and its mesh dimensions. Gray, white, hatched, and dark
spheres are cobalt, carbon, nitrogen, and oxygen atoms, respectively.
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The unit mesh is considerably distorted compared with that
of 1. Because of the distortion, there are free volumes gen-
erated between the frameworks that are occupied by lattice
water and benzene molecules. Based on the crystallographic
data and the van der Waals radii of atoms, the pore cross
sections are calculated to be 4.3K4.3 L2 in 1 and 6.6K6.2
(benzene pore) and 4.4K3.5 L2 (water pore) in 2 (Figure 3).
There are two papers concerning benzene-clathrated crystals
in the literature, one about a one-dimensional MOF[9] and
the other about an organic crystal with internal hydrogen
bonds forming a network structure.[10]


Although there are already many examples of MOFs with
incorporated guest molecules, it is notable that most of
them are from diffusion reactions in nonaqueous solvents
under ambient pressures and low temperatures.[6,7] The guest
molecules in these cases are either the solvent molecules or
molecules that dissolve in the solvents. Both of the benzene-
clathrated crystals mentioned above were also formed from
low-temperature reactions in nonaqueous solvents. In con-
trast, our compound 2 is formed by means of a hydrother-
mal reaction using high temperature, high pressure, and
water as the solvent. Because of these conditions, hydrother-
mal reactions typically produce MOFs with densely packed
structures or a high degree of interpenetration. In order to
overcome this problem, we
used a hydrophobic template.
Although the incorporation of
benzene molecules does not in-
fluence the primary structure of
the framework or the triple-in-
terpenetration structure, it
changes the structure and cre-
ates pores.


The two compounds show
contrasting sorption properties
for the guest molecules. Ther-
mogravimetric analysis (TGA)
data of 1 show that it loses lat-
tice water at 100–140 8C by
1.8% (calcd 1.6%). The TGA
data of 2 show a benzene-loss
step below 110 8C by 10.1%
(calcd 9.4%) and water-loss
step at 320 8C by 1.8% (calcd
1.93%) (Figure 4a).


We have found that the two MOFs undergo structural
transformations on removing the guest molecules, which can
be readily monitored by powder X-ray diffraction (XRD).
As can be seen in Figure 5a, the water molecules of 1 can be
removed by heating at 200 8C for 2 h, but they cannot be re-
inserted by exposing the water-desorbed crystals to water
vapor at room temperature for 48 h. The benzene molecules


Figure 3. Immediate environments around the guests: a) water molecules
in 1, b) water, and c) benzene molecules in 2.


Figure 4. TGA curves of a) 2 and b) 2a.


Figure 5. Powder X-ray diffraction patterns of a) 1 and b) 2 treated under various conditions.
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of 2 can be removed by heating at 180 8C for 1 hour or by
vacuum treatment at room temperature, as can be seen by
the TGA data (Figure 4b). However, this process can be re-
versed by exposing the benzene-desorbed sample (hereafter
2a) to benzene vapor for 7 days at room temperature (Fig-
ure 5b). In addition to the XRD data, this benzene-readsor-
bed sample of 2a shows practically the same TGA curve as
the original crystals of 2, suggesting that the benzene de-
sorption–adsorption processes of 2 are reversible. The larger
pore size and the more favorable host–guest interactions of
2 compared with 1 are probably the main reasons for the
different sorption characteristics of the two compounds.


The N2 adsorption isotherm of 2, taken at 77 K after evac-
uation at 100 8C and 10�4 Pa for 2 h, shows two pore-filling
steps at P/P0<0.01 and P/P0=0.1 (Figure 6). The steep


uptake at P/P0<0.01, due to monolayer adsorption on mi-
cropore walls, can be assigned to the micropore filling of N2


into the benzene pores that have enhanced adsorbent–adsor-
bate interactions. The second steep uptake at P/P0=0.1 is
assigned to a block in the entrance of the water pores, since
the size of the water pore is almost equal to that of an N2


molecule. A similar pore-blocking phenomenon has been re-
ported for another MOF crystal with a small pore.[11] This
almost vertical adsorption uptake at P/P0=0.1 also strongly
suggests that the size of the water pore is very uniform. The
“knees” of the isotherm at points A and B are very sharp,
indicating that pore-size distributions of both pores are ex-
tremely narrow.


Using the Brunauer–Emmett–Teller (BET) and Dubinin–
Radushkevich methods on the isotherm data, we have calcu-
lated the specific surface areas and micropore volumes of
the benzene and water pores of 2. The larger surface area
(254 m2g�1) and volume (0.11 mLg�1) of the benzene pore
compared with those of the water pore (230 m2g�1 and
0.07 mLg�1) are consistent with the crystallographic pore di-
mensions. However, their differences are not as large as is
expected from the crystallographic data. Such discrepancies
can be explained by the different packing densities of N2


within the two pores because of the incompatible dimen-
sions of the adsorbate molecules and the pores. Through the
structural change accompanying the sorption–desorption of


the guest molecules, the change in the pore dimensions from
those of the crystal structure 2 may also contribute to these
discrepancies.


We have also studied the sorption properties of 2a for
other organic molecules. On exposing 2a to a vapor of cy-
clohexene for 10 days at room temperature, we obtained an
XRD pattern similar to that of 2 (Figure 5b). However, the
increased background and broadened peaks indicate that
the adsorption of cyclohexene may induce structural tension,
probably because of the (slight) difference in the dimen-
sions. On the contrary, similar experiments with toluene, (o-,
m-, and p-) xylenes, cycloheptatriene, and cyclohexane did
not change the XRD pattern of 2a. Clearly, these experi-
ments demonstrate that 2a has selective adsorption proper-
ties for benzene and cyclohexene as opposed to toluene, xy-
lenes, cycloheptatriene, or cyclohexane. These results bear
significant relevance to the petroleum industry, such as in
the separation of benzene and toluene from crude oil or gas-
oline, and the separation of benzene and cyclohexene from
cyclohexane. The prevailing methods for these have been
fractional-distillation techniques; the products are mixtures
with a certain degree of benzene or cyclohexene enrich-
ments, requiring repetitive operations.[12] There are a few re-
ports of using zeolites for these purposes, but the separation
by zeolites is based mainly on preference not selectivity of
target adsorbents; that is, a small amount of toluene is
always adsorbed along with benzene.[13,14] Although not so
important in terms of industrial applications, the distinction
of benzene from cyclohexane, which have close kinetic di-
ameters of 5.85 and 6.0 L, respectively,[15] by 2a is unprece-
dented by any other sorption host ever reported. Zeolites
and reported porous MOFs have selective sorption proper-
ties based on the size of the pore openings; any molecules
of sizes smaller than a critical kinetic diameter can be adsor-
bed. On the contrary, with the crystal structure of 2 in which
benzene molecules are nested in the pores, we believe that
the selectivity of 2a for benzene over toluene by adsorption
arises from the size of the pore, a “final-state effect”, rather
than the size of the pore opening. Similar high specificity in
the clathration was discovered in other MOFs and this dis-
crimination of the isomers in the clathration has been ap-
plied to their separation.[16]


The sorption properties of crystal 2a specific for benzene
and cyclohexene might be explained in terms of tailor-made
pore structures. That is, because the pores are formed
around benzene templates, they have just the right size and
shape only for benzene molecules and the right environment
to have favorable p–p interactions with benzene molecules.
Using this principle, we have also attempted to synthesize
other MOFs with hydrophobic guests. Unfortunately, our
preliminary experiments employing many different combi-
nations of metal ions (Co2+ , Ni2+ , Cu2+ , and Zn2+), dicar-
boxylate ligands (H2ndc, 1,3,5-benzenetricarboxylate, iso-
phthalate, 4,4-oxybisbenzoicdicarboxylate, and terephtha-
late), bi-functional amine or imine ligands (4,4-bipyridine,
trans-1,2-bis(4-pyridyl)ethylene, and pyrazine), and guest
solvents (benzene, toluene, xylene, and naphthalene) all
failed in producing the desired MOFs. Probably, the success-
ful synthesis of such MOFs requires very stringent condi-


Figure 6. N2 adsorption isotherm of 2 at 77 K.


E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5535 – 55405538


FULL PAPER Y.-U. Kwon et al.



www.chemeurj.org





tions for the dimensions of the host framework and guest
molecule. Nevertheless, it is highly possible, with suitably se-
lected reagents, to obtain MOFs with hydrophobic templates
and thus specific adsorption properties for a variety of guest
molecules. Recently, we have found an MOF system that
can incorporate naphthalene as a guest.[17]


Conclusion


In conclusion, we have demonstrated a novel strategy to
synthesize an MOF that forms with a benzene template
from a hydrothermal reaction and shows specific sorption
characteristics for benzene and cyclohexene over other ring
compounds. Our synthetic strategy employing hydrophobic
molecules in the synthesis of an otherwise undesirable multi-
ply interpenetrated MOF can be adopted to other MOF sys-
tems to obtain novel MOFs with tailor-made pore structures
and molecule-specific sorption properties. In general, the
formation of two different MOFs depending on the solvent
system in our study implies that even presently well-known
MOF systems may have a new dimension of structural vari-
ability by simply modifying the solvent composition.


Experimental Section


General Methods : All chemicals purchased were of reagent grades and
used without further purification. Elemental analyses (C, H, and N) were
performed on an EA1110 elemental analyzer. Fourier-Transform infrared
spectra were obtained with a Nicolet 1700 FT-IR spectrometer using KBr
disks dispersed with sample powders in the 4000–400 cm�1 range. Ther-
mal gravimetric analyses were conducted on a TA4000/SDT 2960 instru-
ment in flowing N2 with a heating rate of 10 8Cmin�1. X-ray powder dif-
fraction data were recorded on a Rigaku D/max-RC diffractometer at
30 kV, 40 mA for CuKa, (l=1.5406 L) with a scan speed of 28min�1 and a
step size of 0.028 in 2q. The calculated XRPD patterns were produced by
using the atoms program with the single crystal data.


Synthesis of [Co3(ndc)3(bipyen)1.5]·H2O (1): A mixture of
Co(NO3)2·6H2O (0.16 g), H2ndc (0.12 g), bipyen (0.10 g), and H2O
(6 mL) in the mole ratio of 1:1:1:600 was heated in a 23 mL Teflon-lined
autoclave at 180 8C for 2 days and then cooled to room temperature. The
product was collected by filtration, washed with H2O, ethanol, and ace-
tone and then air-dried. IR (KBr): 3426 (br), 2924 (s), 1620 (s, C=O),
1406 (s, C=O), 1359 (s, C=O), 829 (s), 782 (s), 549 (s), 490 cm�1 (s); ele-
mental analysis calcd for C54H32O13N3Co3 (Mr=1107.62): C 58.56, H
2.912, N 3.794; found: C 59.56, H 3.31, N 4.23.


Synthesis of [Co2(ndc)2(bipyen)]·C6H6·H2O (2): A mixture of
Co(NO3)2·6H2O (0.10 g), H2ndc (0.074 g), bipyen (0.063 g), benzene
(1.53 mL; precaution: benzene is a cancer suspect agent and flammable
liquid), and H2O (6 mL) in the mole ratio of 1:1:1:50:970 was heated in
an autoclave at 180 8C for 2 days and then cooled to room temperature.
Black crystals were obtained along with orange powdery materials of un-
known nature. The crystals lose crystallinity in air due to the loss of ben-
zene and so were kept in the mother liquor. IR (Nujol): 3422 (br), 1625
(s, C=O), 1408 (vs, C=O), 829 (m), 781 (vs), 547 (m), 489cm�1 (m); ele-
mental analysis calcd for C42H22O9N2Co2 (Mr=816.48): C 60.88, H 3.65,
N 3.38; found: C 60.89, H 3.58, N 3.53.


X-ray crystallography


Crystal data of 1: Mr=1107.62; triclinic; P1̄, a=13.172(1), b=13.190(1),
c=16.235(2) L, a=97.293(7), b=94.437(7), g=90.523(5)8, V=


2788.8(5) L3, Z=2, 1calcd=1.319 gcm�3; R1/wR2=0.0575/0.1518 (I>2s)
and 0.0840/0.1723 (all data); GOF=1.019.


Crystal data of 2 : Mr=816.48; monoclinic, C2/c, a=16.900(3), b=
20.189(3), c=12.128(2) L, b=116.89(1)8, V=3690.5(10) L3, Z=4, 1calcd=


1.470 gcm�3 ; R1/wR2=0.0370/0.0917 (I>2s) and 0.0465/0.0987 (all data);
GOF=1.048.


A crystal of 1 glued on a glass fiber and a crystal of 2 sealed in a capillary
tube to prevent benzene loss were used for the data collections. The data
were collected at 293(2) K using a Siemens P4 four circle diffractometer.
The crystal structures were solved with the direct methods (SHELXS-97,
Sheldrick, 1990) and refined anisotropically with a full-matrix least-
squares procedure on Fo


2 (SHELXL-97, Sheldrick, 1997). The hydrogen
atom positions were program generated and refined with a riding model.
The final-difference Fourier maps show the largest peak and hole as
1.137 and �0.736 eL�3, respectively, for 1 and the largest peak and hole
as 0.968 and �0.401 eL�3, respectively, for 2. CCDC-202099 (1) and
CCDC-202100 (2) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.ca-
m.ac.uk/ conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or deposit@ccdc.cam.uk).


N2 adsorption measurement : The pore structures were determined by the
adsorption of N2 at 77 K using volumetric equipment (Micromeritics
ASAP2020). The sample was evacuated at 373 K and 10�4 Pa for 2 h
prior to the adsorption measurement. High purity N2 gas (99.999%) was
used.
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Thermal Effects and Vibrational Corrections to Transition Metal NMR
Chemical Shifts
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Introduction


NMR spectroscopy is one of the most important methods
for the characterization of electronic and structural proper-
ties of molecules.[1] This is particularly true for the lighter
nuclei such as 1H or 13C, but due to improved techniques the
NMR chemical shifts of formerly “exotic” nuclei such as
transition metals[2,3] are becoming more and more accessible.
The possibility to probe with NMR the very centre of a
transition-metal complex has opened many fruitful applica-
tions for this important class of compounds.[4]


Whereas density functional theory (DFT) has been the
workhorse for computational transition-metal chemistry for
some time,[5] it was not until the mid-nineties that DFT cal-
culations could be performed which describe the chemical
shifts of transition-metal nuclei properly.[6–9] It has turned
out that the quantum chemical investigation of transition-
metal nuclei is quite elaborate and far from being a black-


box method. For instance it has been shown that the metal
chemical shifts can depend strongly on the density function-
als used.[8,10,11] A combination of functionals, B3 LYP for
BP86 optimized geometries, turned out to be optimal for
the overwhelming majority of cases studied so far. The cal-
culations were performed for static equilibrium geometries,
that is, for vibrationless molecules at a temperature of 0 K.
Present methodological developments are aimed at taking
the actual experimental conditions into account. The first
way to assess the thermal effects on the transition metal
chemical shifts was based on Car–Parrinello molecular dy-
namics (CPMD) simulations.[12] For the determination of the
thermally averaged chemical shift, a number of snapshots
were collected along the trajectory over a period of a few
ps, and for each snapshot the chemical shift was computed
at the appropriate DFT level. This approach, pioneered by
Huber et al.[13] on the basis of classical MD simulations for
the gas-to-liquid shifts in water, was subsequently applied to
a number of transition-metal complexes,[14–16] usually in
aqueous solution.


Since these simulations are based on classical molecular
dynamics propagation, zero-point effects, which are purely
quantum mechanical in nature, are not included. For small
molecules, such effects can be accounted for by full or parti-
al solutions of the nuclear Schr?dinger equation.[17] For
medium sized molecules, effects of quantum fluctuations on
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Abstract: Both zero-point and classical
thermal effects on the chemical shift of
transition metals have been calculated
at appropriate levels of density func-
tional theory for a number of com-
plexes of titanium, vanadium, manga-
nese and iron. The zero-point effects
were computed by applying a perturba-
tional approach, whereas classical ther-
mal effects were probed by Car–Parri-
nello molecular dynamics simulations.
The systematic investigation shows that
both procedures lead to a deshielding


of the magnetic shielding constants
evaluated at the GIAO-B3 LYP level,
which in general also leads to a down-
field shift in the relative chemical
shifts, d. The effect is small for the tita-
nium and vanadium complexes, where
it is typically on the order of a few


dozen ppm, and is larger for the man-
ganese and iron complexes, where it
can amount to several hundred ppm.
Zero-point corrections are usually
smaller than the classical thermal
effect. The pronounced downfield shift
is due to the sensitivity of the shielding
of the metal centre with regard to the
metal–ligand bond length, which in-
crease upon vibrational averaging.
Both applied methods improve the ac-
curacy of the chemical shifts in some
cases, but not in general.


Keywords: density functional
calculations · molecular dynamics ·
NMR spectroscopy · transition
metals
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chemical shifts can be assessed by suitable quantum Monte
Carlo methods.[18] More approximate, but general methods
have been devised to assess the effect of vibrational and
zero-point corrections on molecular properties of larger
molecules.[19–21] Of these perturbational approaches, we em-
ployed that proposed by Ruud et al. in which the anharmon-
ic contribution of the potential is used to shift the molecule
from the equilibrium geometry to an effective geometry,
which is equivalent to the vibrationally averaged struc-
ture.[22–24] The magnetic shielding hypersurface is expanded
around this effective geometry, so that the procedure yields
a vibrationally averaged magnetic shielding. For small mole-
cules it was shown that the zero-point correction of the
chemical shift could be as large as the effect of electron cor-
relation.[22] Reliable results were reported for 1H[22] and
19F[25] chemical shifts.


We have recently applied this approach to compute the
vibrationally corrected magnetic shielding constants of three
transition-metal complexes: [VOCl3], [MnO4]


� , and
[Fe(CO)5].[26] No direct comparison with experimental data
was possible, and it was concluded that relative chemical
shifts of a larger set of compounds should be studied.


We now report such a systematic, comprehensive investi-
gation of the performance of these methods for transition-
metal shifts of selected test sets comprising Ti, V, Mn and
Fe complexes. These test sets cover large parts of the total
chemical shift ranges of these nuclei, namely about 2700,
3500, 3800, and 2100 ppm for 49Ti, 51V, 55Mn and 57Fe, respec-
tively.[27] The complexes of the test sets have been used pre-
viously for assessment of static chemical-shift calcula-
tions.[11, 28–30] Zero-point corrected Ti chemical shifts have
been reported before;[28] we now include the classical,
CPMD derived thermal effects for comparison. Thus, we use
two different approaches to go beyond static equilibrium
values for the computed chemical shifts: On the one hand
we investigate the effect of the temperature on the magnetic
shielding employing the CPMD based approach, where the
movement of the molecule on the (quantum chemical calcu-
lated) potential surface is determined by classical mechani-
cal laws. The influence of the zero-point vibration on the
magnetic shielding, on the other hand, is estimated with a
quantum mechanical treatment that takes the anharmonicity
of the potential energy surface into account. Objective of
the present study is to determine whether these methods
would lead to a systematic improvement of the theoretical
transition metal chemical shifts over those obtained from
conventional static calculations. As it turns out, neither
method produces such a systematic increase in accuracy,
even though the description of individual systems can be
markedly improved.


Computational Methods


Geometries have been fully optimized employing the gradient-corrected
exchange-correlation functionals of Becke[31] and Perdew,[32, 33] denoted
BP86, together with a fine integration grid (75 radial shells with 302 an-
gular points per shell). For the optimization we employed basis AE1,
that is, WachtersM all-electron basis augmented with one additional diffuse
d and two p functions with the contraction Scheme (14s11p6d)/[8s7p4d]


for the transition metals Ti, Mn, V, and Fe,[34, 35] and 6-31G* basis for all
other elements. All structures were characterized as minima on the po-
tential energy surface by the absence of imaginary harmonic vibrational
frequencies. The stationary DFT geometries were taken from earlier
studies[11, 28–30] and, for the zero-point corrections, reoptimized to gradi-
ents better than 1.0 O 10�5 a.u.


To check if the 6-31G* basis of the ligands is sufficient to compute mo-
lecular properties which depend on the curvature of the potential energy
surface (PES), we compared the calculated harmonic frequencies with
the experimental fundamentals (see Figure 1 and Table S1–S4 of the Sup-


porting Information). For this purpose we chose one representative com-
pound out of each group of the Ti, V, Mn and Fe complexes; namely
[TiCl3Me],[36] [VO(OCH2CH2O)3N],[37] [Mn(CO)5H][38, 39] and
[FeCp2].[40, 41] Note that these compounds contain hydrogen atoms, which
in the 6-31G* basis carry no polarization functions; therefore basis set
deficiencies should be most pronounced in these compounds. For all
strong and very strong, unambiguously assigned bands, the calculated
and experimental frequencies agree very well, with the slope of the cor-
relation close to unity.[42] Thus, the usage of the medium-sized 6-31G*
basis is well justified and appears to be sufficient for a proper description
of the relevant parts of the PES.


Magnetic shielding tensors have been computed with the gauge-including
atomic orbitals method (GIAO) as implemented[43] in the Gaussian98
program,[44] employing the B3 LYP hybrid functional[45, 46] and Basis IIM,
that is, the same augmented Wachters basis set for the transition metals
and the IGLO-II basis[47] for the ligands except H: a (9s5p)/[5s4p] basis
augmented with one set of d-polarization functions for C, N, O, F, a
(11s7p)/[7s6p] basis with two sets of d-polarization functions for Al, Si,
Cl, and a (3s)/[2s] basis for H.


Molecular dynamics simulations were performed by using the density-
functional based Car–Parrinello scheme[12] as implemented in the CPMD
program.[48] The BP86 functional was used, together with norm-conserv-
ing Troulier–Martins pseudopotentials in the Kleinman–Bylander
form.[49, 50] Periodic boundary conditions were imposed by using supercells
with box sizes between 11.5 and 14 P so that the minimum distance be-
tween atoms in neighbouring virtual boxes is larger than 5.8 P. Kohn–
Sham orbitals were expanded in plane waves up to a kinetic energy cut-
off of 80 Ry. In the dynamic simulations a fictitious electronic mass of
600 a.u. and a time step of 0.121 fs were used. From the microcanonical
runs with an average temperature of 300 K snapshots were collected for
the NMR calculations: after an equilibration time of 0.5 ps, 41 snapshots
were taken every 24 fs (total time ca. 1 ps). Equilibrium geometries for
the compounds were obtained by optimizing the forces on all atoms with
the CPMD program using the set-up detailed above (denoted CP-Opt);


Figure 1. Plot of the calculated harmonic frequencies of [TiCl3Me],
[VO(OCH2CH2)3N], [Mn(CO)5H] and [FeCp2] versus the experimental
IR frequencies; only the strong and very strong fundamentals were used
(slope of the correlation line: 1.015, correlation coefficient 0.999).
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additionally the averaged structural parameters were computed from the
microcanonical run (denoted CPMD).


Vibrational corrections were computed by using the perturbational ap-
proach of Ruud et al.[22–24] In this method, the molecule is first shifted
from its equilibrium geometry re to an effective geometry reff via the har-
monic frequencies we and the cubic force field V (3) as in Equation (1):


reff,j ¼ re,j �
1


4w2
e,j


X


m


Vð3Þ
e,jmm


we,m
ð1Þ


This effective geometry corresponds to the vibrationally averaged struc-
ture of a system at 0 K. Due to the anharmonicity of the PES the effec-
tive bond lengths are typically slightly longer than the equilibrium ones.
Second, the magnetic shielding tensor is expanded in a Taylor series
around this effective geometry. Thus, the expansion term containing the
perturbed vibrational wavefunction to first order vanishes and for the
computation of the magnetic shielding to second order only the zeroth
order vibrational wave function is needed. The equation for the calcula-
tion of the vibrationally averaged magnetic shielding is thus simplified to
Equation (2):


s0 ¼ seff þ
1
4


X


i


sð2Þ
eff,ii


weff,i
ð2Þ


where sð2Þ
eff is the second derivative of the magnetic shieding, evaluated


numerically, and seff and weff are magnetic shielding constant and the har-
monic frequencies, both computed at the effective geometry.


In essence the vibrationally averaged magnetic shielding includes the
leading contributions from both the anharmonicity of the PES (through
the use of the effective geometry as an expansion point) and from the
curvature of the magnetic shielding hypersurface.


For the computation of reff and s0 the corresponding parts of the Dalton
program package[51] had been adapted so that energies, energy derivatives
and properties produced with Gaussian98 can be processed.[26] V (3) is ob-
tained numerically at the BP86/AE1 level using the gradient technique,
and a stepsize of 0.25 a.u. for the finite displacements, as recommended
by the test calculations in an earlier study.[26] For the computation of sð2Þ


eff


we used a stepsize of 0.1 a.u. as recommended by the test calculations in
the same study.[26]


To compute the effective geometries of [VO(CH3)3], [VO(CH3)3AlH3],
and TiMe4 with sufficent numerical precision, it was necessary to employ
an ultrafine integration grid (99 radial shells with 590 angular points per
shell). In these cases, the error-prone low-frequency modes of -CH3 rota-
tions lead to abnormal, long C�H bond lengths (>1.2 P). Ruud et al.[22]


reported that for some molecules imaginary frequencies are obtained,
which are associated with internal rotations. It was argued that these
modes can be decoupled from the other modes in a “Born–Oppenheim-
er-type approximation” and the neglect of these imaginary modes was
justified by demonstrating that these modes do not contribute significant-
ly to the zero-point correction. Following this arguments we neglect this
internal rotation in the calculation of the zero-point effect, when it leads
to obvious artifacts in the effective geometry. No such artifacts were en-
countered in the remaining molecules of the present study. Absolute
magnetic shielding constants for the standard molecules, obtained with
the approaches described above, are collected in Table 1.


Results


Geometries : The test sets of this study, comprising most or
all of these of the previous surveys of theoretical Ti,[28] V,[11]


Mn[29] and Fe[30] chemical shifts are depicted in Figure 2.
The important geometrical parameters of these com-


plexes, optimized or simulated by using the BP86 functional,
are collected in Tables 2–5, together with corresponding


Table 1. Equilibrium (se), effective (seff), zero-point corrected (s0) and
averaged (sav) magnetic shieldings of the reference compounds [ppm].[a]


se(G98) seff s0 se(CP-opt) sav(CPMD)


[TiCl4] �1025 �1032 �1033 �1017 �1034
[VOCl3] �2306 �2323 �2325 �2264 �2292
[MnO4]


� �4832 �4892 �4896 �4794 �4829
[Fe(CO)5] �2914 �2996 �3012 �2919 �3188


[a] Values for [VOCl3], [MnO4]
� and [Fe(CO)5] from ref. [26], values for


TiCl4 from ref. [38]. Figure 2. Ti, V, Mn and Fe complexes of this study.
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data observed in the gas phase[37,52–62] or in the solid
state.[63–69] The tables include the equilibrium bond lengths
computed with both Gaussian98 and the CPMD program, as
well as zero-point corrected and thermal averaged bond
lengths. The structural data are in good accord with the ex-
perimental gas-phase data. The deviation is around 0.5–2 pm
for the gas-phase data and 1–3.5 pm for the experimental
crystal structures, where the calculated bond lengths tend to
be overestimated. As expected, both methods—thermal
averaging and zero-point correction—show the same quali-
tative effect, they both lead to bond elongation. While the
average elongation of the metal-ligand bonds due to the
thermal averaging amounts to 1.0, 0.7, 1.4, and 2.0 pm for
the Ti, V, Mn and Fe complexes, respectively, the elongation
due to the zero-point correction is considerably smaller (0.4,


0.3, 0.6, and 0.8 pm for the Ti,
V, Mn and Fe complexes, re-
spectively).


For some Ti�C(H3) bonds a
slight decrease in the reff values
with respect to re is predicted
(by 0.001 P or less, compare
Table 2). It is not clear at this
point if this effect is real or an
artifact of insufficient precision
in the numerical differentiation
and integration procedures.
Likewise, the Ti�C(O) bond in
[Ti(CO)6]


2�, averaged over the
CPMD trajectory, is slightly
shorter than in the equilibrium
geometry (by 0.001 P, Table 2).
Closer inspection of the trajec-
tory reveals that this bond con-
traction is localized on two Ti�
C bonds trans to each other
and that the molecular motion
during the simulation time re-
sembles that of an umbrella
type bending of the four equa-
torial CO ligands along this
axis.[70] Apparently, only one of
these triply degenerate modes
is followed over the course of
1 ps. Arguably, significantly
longer simulation times would
be needed for a properly equili-
brated distribution of the kinet-
ic energy over all vibrational
degrees of freedom. Since all of
these computed bond contrac-
tions are very small and barely
significant, we will not discuss
them further.


The compounds [VOMe3]
and [VOMe3AlH3] represent
model compounds for the bulk-
ier derivatives [VO(CH2-
SiMe3)3] and [VO(CH2Si-


Me3)3Al(CH2SiMe3)3], which have been studied in context
with olefin polymerisation.[11] To justify the use of model
compounds we have investigated both [VO(CH2SiMe3)3] as
well as its model compound [VOMe3]. To determine the
global minimum of the [VO(CH2SiMe3)3] molecule we have
carried out a conformation analysis. We found four minima
on the potential energy surface, which differ in the dihedral
angles d(OVCSi). The conformer with the lowest energy has
C3 symmetry and three dihedral angles of 38.88 (Figure 3).
The other conformers, where one or more trimethylsilyl
groups are bent away from the oxo ligand (d(OVCSi) �70–
808), are only 4–7 kJ mol�1 higher in energy. We performed
CP-molecular dynamics calculations starting from the con-
former with the lowest energy, which remained stable (i.e. ,
did not rearrange to another conformation) for the total


Table 2. Equilibrium (re), effective (reff), and averaged (rav) geometrical parameters for Ti complexes [P]; for
simplicity the averaged bond lengths are given where appropriate.


re(G98)[a] reff
[a] re(CP-opt) rav(CPMD) exptl


[TiCl4] Ti�Cl 2.191 2.194 2.188 2.194 2.170(2)[52]


[TiCl3Me] Ti�Cl 2.204 2.207 2.197 2.206 2.185(3)[53]


Ti�C 2.043 2.043 2.042 2.052 2.047(6)[53]


[TiCl2Me2] Ti�Cl 2.219 2.223 2.210 2.218 2.196(3)[54]


Ti�C 2.055 2.055 2.053 2.065 2.058(4)[54]


[TiClMe3] Ti�Cl 2.236 2.241 2.224 2.233
Ti�C 2.069 2.068 2.068 2.072


[TiMe4] Ti�C 2.085 2.084 2.082 2.086
[TiCp2F2] Ti�C 2.446 2.460 2.431 2.469


Ti�F 1.835 1.836 1.846 1.845
[TiCp2Cl2] Ti�C 2.428 2.442 2.421 2.450 2.34–2.40[63, 64]


Ti�Cl 2.354 2.354 2.336 2.345 2.364(3)[63, 64]


[Ti(CO)6]
2� Ti�C 2.060 2.066 2.059 2.058 2.038(3)[65]


[a] From ref. [28].


Table 3. Equilibrium (re), effective (reff), and averaged (rav) geometrical parameters for V complexes [P]; for
simplicity the averaged bond lengths are given where appropriate.


re(G98) reff re(CP-opt) rav(CPMD) exptl


[V(CO)6]
� V�C 1.963 1.969 1.951 1.958 1.933(7)[69]


[V(CO)5N2]
� V�Cax 1.940 1.946 1.926 1.939


V�Ceq 1.965 1.971 1.953 1.964
V�N 2.008 2.017 1.983 1.999


[VF5] V�Fax 1.768 1.770 1.756 1.760 1.734(7)[58]


V�Feq 1.730 1.734 1.709 1.718 1.708(5)[58]


[VOF3] V�O 1.584 1.586 1.581 1.582 1.570(5)[57]


V�F 1.737 1.740 1.722 1.727 1.729(2)[57]


[VOClF2] V�O 1.582 1.584 1.579 1.581
V�Cl 2.164 2.168 2.149 2.155
V�F 1.736 1.738 1.721 1.726


[VO(OCH2CH2)3N] V�O 1.604 1.604 1.597 1.598 1.633(6)[37]


V�Ocyc 1.826 1.830 1.824 1.826 1.794(4)[37]


V···N 2.492 2.503 2.465 2.487 2.276(7)[37]


[VOCl2F] V�O 1.581 1.582 1.579 1.580
V�F 1.735 1.737 1.720 1.729
V�Cl 2.161 2.165 2.146 2.153


[VOCl3]
[a] V�O 1.579 1.580 1.579 1.579 1.570(5)[55, 56]


V�Cl 2.159 2.162 2.145 2.149 2.142(2)[55, 56]


[VO(CH3)3] V�O 1.591 1.593 1.583 1.586
V�C 2.028 2.030 2.019 2.026


[VO(CH2Si(CH3)3)3] V�O 1.602 – 1.595 1.590
V�C 2.016 – 2.006 2.016


[VO(CH3)3AlH3] V�O 1.629 1.631 1.615 1.628
V�C 2.009 2.008 1.996 2.010


[a] From ref. [26].
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simulation time of 1.5 ps. The bond lengths of the model
compound agree to �1 pm with [VO(CH2SiMe3)3].


In a few other cases, spontaneous conformational rear-
rangements were observed in the CPMD simulations. Spe-
cifically, methyl group rotations occurred in [TiCl2Me2],
[TiClMe3], [TiMe4], [VOMe3], [VOMe3AlH3], and [Fe-
(CO)4C2H3OMe], and free Cp rotation was found in
[Mn(Cp)(C7H8)]. Apparently, the corresponding barriers are
so low that these rotations can be excited immediately after
starting the simulations from the equilibrium geometry. For
a peroxovanadate complex it was shown that the additional
dynamical effect of such a ligand rotation on averaged geo-


metrical parameters and chemi-
cal shifts is rather small.[71]


Thus, no special care was taken
in the present study to assess
such rotational effects separate-
ly.


Chemical shifts : The chemical
shifts of the metal centres com-
puted at the equilibrium and
the effective geometries, as well
as the zero-point corrected and
thermally averaged chemical
shifts are listed in Tables 6–9.
Both zero-point correction and
thermal averaging result in a
downfield shift of the magnetic
shielding constant—the metal
centre is deshielded.


The 49Ti chemical shifts of
the titanium complexes depend
only marginally on the method
of calculation. As already com-
municated previously for a
somewhat larger test set of tita-
nium compounds[28] the de-
crease of the shielding on going
from de to d0 is remarkably
small, whereby the effect is
solely due to the vibrational
averaging of the geometry. We
have assessed the effect due to
thermal averaging by means of
CPMD simulations, which find
it a bit more pronounced than
that of zero-point correction
(compare s0 and sav values in
Table 6). Compared with the
static equilibrium values, the
CPMD-derived thermal averag-
es offer a minor improvement
in terms of the mean absolute
deviation, which decreases
slightly from 130 ppm (CP-opt)
to 110 ppm (CPMD).


Table 4. Equilibrium (re), effective (reff), and averaged (rav) geometrical parameters for Mn complexes [P]; for
simplicity the averaged bond lengths are given where appropriate.


re(G98) reff re(CP-opt) rav(CPMD) exptl


[Mn(CO)5]
� Mn�Cax 1.833 1.837 1.833 1.842 1.820(11)[66]


Mn�Ceq 1.814 1.818 1.809 1.818 1.798(12)[66]


[Mn(CO)5H] Mn�H 1.578 1.593 1.578 1.581 1.601(16)[59]


Mn�Cax 1.851 1.857 1.856 1.864 1.822(12)[59]


Mn�Ceq 1.851 1.855 1.851 1.860 1.853(13)[59]


[MnCp(CO)3] Mn�C(Cp) 2.168 2.175 2.186 2.203 2.138(3)[67]


Mn�C(CO) 1.795 1.801 1.784 1.792 1.793(3)[67]


[Mn(CO)5(COMe)] Mn�C 2.203 2.211 2.197 2.249
Mn�Cax(CO) 1.847 1.853 1.844 1.857
Mn�Ceq(CO) 1.856 1.862 1.857 1.865


[Mn(NO)3(CO)] Mn�N 1.699 1.702 1.698 1.703
Mn�C 1.861 1.867 1.862 1.875


[Mn(CO)5Cl] Mn�Cl 2.399 2.403 2.399 2.414 2.367(4)[68]


Mn�Cax 1.818 1.824 1.809 1.819 1.807(9)[68]


Mn�Ceq 1.872 1.879 1.872 1.884 1.893(6)[68]


[MnO4]
�[a] Mn�O 1.625 1.628 1.622 1.624 1.629�0.005[83]


[MnCp(C7H8)][b] Mn�C(Cp) 2.121 2.129 2.120 2.142
Mn�C1 2.116 2.123 2.116 2.129
Mn�C2 2.102 2.109 2.099 2.111
Mn�C3 2.168 2.177 2.166 2.187


[a] From ref. [26]. [b] See Figure 2 for numbering.


Table 5. Equilibrium (re), effective (reff), and averaged (rav) geometrical parameters for Fe complexes [in P];
for simplicity the averaged bond lengths are given where appropriate.


re(G98) reff re(CP-opt) rav(CPMD) exptl


[Fe(CO)5]
[a] Fe�C(CO) 1.812 1.818 1.816 1.824 1.807/1.827[60]


[Fe(CO)3C4H4] Fe�C(CO) 1.786 1.792 1.780 1.790 1.80(3)[61]


Fe�(C4H4) 2.063 2.072 2.071 2.087 2.06(2)[61]


[Fe(CO)3C4H6]
[b] Fe�C(CO) 1.788 1.794 1.786 1.791 1.771/1.782(.9)[61]


Fe�C1 2.128 2.139 2.144 2.174 2.127(.3)[61]


Fe�C2 2.079 2.088 2.089 2.111 2.087(.2)[61]


[Fe(CO)4C2H3OMe][b] Fe�C(CO) 1.804 1.810 1.802 1.811
Fe�C1 2.207 2.223 2.248 2.301
Fe�C2 2.137 2.149 2.162 2.192


[Fe(CO)4C2H3CN][b] Fe�C(CO) 1.812 1.817 1.813 1.822
Fe�C1 2.108 2.119 2.116 2.140
Fe�C2 2.135 2.146 2.142 2.176


[FeCp(CO)2CH3] Fe�C(CO) 1.752 1.757 1.738 1.743
Fe�C(CH3) 2.062 2.072 2.056 2.077
Fe�C(Cp) 2.131 2.141 2.158 2.190


[FeCp(CO)2C3H7] Fe�C(CO) 1.750 1.755 1.737 1.742
Fe�C(C3H7) 2.116 2.129 2.112 2.159
Fe�C(Cp) 2.138 2.147 2.169 2.190


[Fe(CO)3C3H4O] Fe�C(CO) 1.795 1.800 1.790 1.798
Fe�C(C3H4O) 2.088 2.097 2.098 2.117
Fe�O(C3H4O) 2.059 2.066 2.055 2.102


[FeCp2] Fe�C(Cp) 2.054 2.062 2.055 2.068 2.058�0.005[62]


[a] From ref. [26]. [b] See Figure 2 for numbering.


Figure 3. BP86/AE1 optimized geometry of [VO(CH2SiMe3)3].
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The 51V chemical shifts of the vanadium complexes are all
too low (i.e., shifted upfield) with regard to the experiment.
Thermal averaging or zero-point correction both lead to a
deshielding of the vanadium nuclei and, thus, to a decrease
in the average deviation from the experimental values (see
Table 7; Figures 4 and 5). But as the bond lengths reff and rav


are not very different from the optimized geometries re, the
effect on the magnetic shielding constants is not very large
either. The average deviation only decreases from 165 ppm
(CP-opt) to 134 ppm (CPMD) (Table 7). We have computed
the 51V chemical shift of both [VO(CH2SiMe3)3] and its
model compound [VOMe3]. The chemical shifts at the equi-


librium geometry agree to
5 ppm (G98) and 19 ppm (CP-
opt) respectively, which is sig-
nificantly lower than the abso-
lute error of the calculated
chemical shifts. Thus, the use of
the model compound is well
justified.


The 55Mn chemical shifts of
the manganese complexes, ref-
erenced directly to [MnO4]


� ,
show the largest average devia-
tion from the experimental
chemical shifts. Similar to the
titanium and vanadium com-
plexes, the chemical shifts at
the optimized geometries are
all shifted upfield with respect
to the experimental values. As
noted before, this deviation in
d(55Mn) is systematic (roughly
300 ppm) and can be reduced
by choosing a different s value
for the standard, for example,
one derived from a correlation
of computed s versus experi-
mental d values.[29] It had ini-
tially been speculated that this
systematic deviation with re-
spect to free [MnO4]


� could be
due to the neglect of sovation
effect on the latter (experi-
ments are conducted in water
for the standard, and in more
inert solvents for the organo-
manganese species). However,
this possibility was subsequent-
ly refuted in a CPMD study of
s(55Mn) of aqueous [MnO4]


� .[16]


Since the computed thermal ef-
fects were very small for this
inorganic complex, part of the
systematic deviations might be
explained by much larger ther-
mal effects for the organo-
manganese substrates. For
s(57Fe) in Fe(CO)5, for exam-


ple, deshieldings on the order of 250–300 ppm have been ob-
tained by CPMD and BOMD simulations.[15,72] A similarly
large decrease of the CPMD-averaged s(55Mn) values is ob-
tained for the organomanganese species, which, together
with the small thermal deshielding of the standard
(�35 ppm[16]), leads to downfield shifts of the d(55Mn) data
by about �200–300 ppm in most cases (compare CP-opt
and CPMD entries in Table 8). An exceptionally large effect
is found for [MnCp(C7H8)], with dav�de exceeding 600 ppm.
For this compound, the error in de is overcorrected to such
an extent that the slope of the dcalcd/dexptl correction deterio-
rates from the near-ideal value close to 1 to 1.06. Most of


Table 6. Equilibrium, effective, zero-point corrected and averaged chemical shifts [ppm] of the titanium com-
plexes.


de(G98)[a] deff
[a] d0


[a] de(CP-opt) dav(CPMD) exptl


[Ti(CO)6]
2� �1646 �1647 �1644 �1650 �1616 �1389[2]


[TiCp2F2] �1245 �1237 �1234 �1230 �1163 �1037[84]


[TiCp2Cl2] �892 �878 �874 �915 �838 �772[84]


[TiCl3Me] 443 445 444 465 478 613[85]


[TiCl2Me2] 796 801 799 788 788 907[85]


[TiClMe3] 1077 1036 1034 1096 1044 1188[85]


[TiMe4] 1317 1314 1312 1290 1253 1325[2]


slope[b] 1.05 1.05 1.05 1.06 1.02
axis intercept[b] �147 �149 �148 �148 �129
mean abs. dev.[c] 141 126 126 130 110


[a] From ref. [28]. [b] From a linear regression analysis with respect to the experimental value. [c] Mean abso-
lute deviation from experiment.


Table 7. Equilibrium, effective, zero-point corrected and averaged chemical shifts [ppm] of the vanadium com-
plexes.


de(G98) deff d0 de(CP-opt) dav(CPMD) exptl


[V(CO)6]
� �2279 �2274 �2269 �2305 �2196 �1952[2]


[V(CO)5N2]
� �2028 �2017 �2011 �2075 �1982 �1671[2]


[VF5] �913 �913 �913 �972 �946 �895[2]


[VOF3] �887 �889 �889 �897 �908 �757[2]


[VOClF2] �602 �604 �603 �618 �616 �582[2]


[VO(OCH2CH2)3N] �459 �461 �459 �457 �466 �380[2]


[VOCl2F] �302 �303 �303 �323 �308 �341[2]


[VO(CH3)3] 1072 1087 1082 1042 1043 1205[86], [a]


[VO(CH3)3AlH3] 1418 1429 1426 1359 1444 1575[86], [a]


slope[b] 1.04 1.05 1.04 1.04 1.03
axis intercept[b] �113 �108 �109 �144 �114
mean abs. dev.[c] 140 136 135 165 134


[a] -CH2SiMe3 derivatives. [b] From a linear regression analysis with respect to the experimental value.
[c] Mean absolute deviation from experiment.


Table 8. Equilibrium, effective, zero-point corrected and averaged chemical shifts [ppm] of the manganese
complexes.


de(G98) deff d0 de(CP-opt) dav(CPMD) exptl


[Mn(CO)5]
� �2819 �2828 �2817 �2846 �2651 �2780[87]


[Mn(CO)5H] �2974 �2962 �2949 �2967 �2783 �2578[2]


[MnCp(CO)3] �2331 �2290 �2280 �2297 �2002 �2225[2]


[Mn(CO)5(COMe)] �2230 �2203 �2192 �2223 �1940 �1851[2]


[Mn(NO)3(CO)] �1160 �1149 �1137 �1140 �912 �1171[2]


[Mn(CO)5Cl] �1749 �1706 �1694 �1773 �1434 �1004[2]


[MnCp(C7H8)] 734 863 885 776 1410 1077[2]


slope[a] 0.96 0.98 0.98 0.96 1.06
axis intercept[a] �339 �286 �269 �344 +126
mean abs. dev.[b] 288 255 246 286 238


[a] From a linear regression analysis with respect to the experimental value. [b] Mean absolute deviation from
experiment.
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the other dav data are improved over the de values, however,
so that the overall mean absolute deviation is reduced from
286 to 238 ppm. The zero-point correction also produces
downfield shifts of d(55Mn), but this is much too small to
correct the mean absolute error (compare de and d0 values
in Table 8), and the deviation only decreases from 288 to
246 ppm. Thus, both CPMD based and perturbational meth-


ods afford only marginal im-
provements of the overall man-
ganese chemical shifts.


The equilibrium 57Fe chemi-
cal shifts of the iron complexes
agree quite well with the exper-
imental data. The mean abso-
lute deviation of de(


57Fe) falls
between 90 and 118 ppm (see
Table 9). Approximately half of
the iron complexes tested ex-
hibit a downfield shift with
regard to the experimental
value, while the other half ex-
hibit an upfield shift. The
downfield shift due to the ther-


mal averaging or the zero-point correction overestimates
the deshielding of the metal centres. This effect is especially
pronounced in the CPMD results for the cyclopentadienyl-
and acrolein complexes at the deshielded end, so that the
average deviation increases from 118 to 246 ppm (compare
CP-opt and CPMD data in Table 9). As with the nuclei dis-
cussed above, the computed zero-point corrections to
d(57Fe) are much smaller than the CPMD-derived thermal
effects, but follow the same trend. Thus, the d0 values are
not improved over their de counterparts, and the mean devi-
ation increases slightly from 90 to 110 ppm (Table 9). At
least in the test set of this study, no qualitative changes in
the overall pattern of d values is introduced upon inclusion
of vibrational or thermal corrections. For instance, at all
levels very similar resonances (within 50 ppm at most) are
computed for the two olefin complexes [Fe(CO)4C2H3X],
X=OMe and CN, despite the fact that the experimental
shifts differ by nearly 300 ppm. This apparent inconsistency
is thus not resolved upon inclusion of thermal corrections,
and appears to be inherent to the DFT levels applied.


Another probe for the quality of theoretical results is the
slope of the regression line from the correlation of calculat-
ed versus experimental chemical shifts, which, in the ideal
case would assume the value 1.00. In general the slopes of
the regression lines are not affected much by the zero-point
correction—the maximum difference between de and d0 data
in Tables 6–9 is 0.03 in case of the iron complexes. The
effect of the thermal averaging on the slopes of the regres-
sion lines is more pronounced: on going from the CP-opt to
the CPMD data the results can be slightly improved (Ti and
V complexes) or worsened (Mn and Fe complexes).


The slopes of the regression lines of the deff and d0 data
are very similar. The computed values for the individual
molecules show that the difference d0�deff in general
amounts up to a few ppm only. The main effect of the zero-
point correction is thus due to the vibrational averaging of
the geometry; the effect due to the expansion of the mag-
netic shielding constant at the effective geometry seems to
be less pronounced. For further calculations of vibrational
corrections to transition metal chemical shifts it is therefore
sufficient to limit the calculation to the determination of seff.
This allows for significant savings in CPU time, as the addi-
tional 6N�11 property evaluations (N=number of atoms)


Table 9. Equilibrium, effective, zero-point corrected and averaged chemical shifts [ppm] of the iron com-
plexes.


de(G98) deff d0 de(CP-opt) dav(CPMD) exptl


[Fe(CO)3C4H4] �514 �490 �490 �561 �513 �583[2]


[Fe(CO)3C4H6] 25 70 72 76 171 4[2]


[Fe(CO)4C2H3OCH3] 151 187 191 173 310 5[88]


[Fe(CO)4C2H3CN] 202 223 225 205 311 303[88]


[FeCp(CO)2CH3] 786 865 872 871 1110 684[89]


[FeCpC3H7] 960 1043 1051 1102 1391 796[89]


[Fe(CO)2C3H4O] 1223 1296 1299 1194 1429 1274[2]


[FeCp2] 1465 1557 1561 1524 1773 1532[2]


slope[a] 0.95 0.98 0.98 0.98 1.09
axis intercept[a] 61 101 103 81 202
mean abs. dev.[b] 90 112 115 118 246


[a] From a linear regression analysis with respect to the experimental value. [b] Mean absolute deviation from
experiment.


Figure 4. Plot of computed (GIAO-B3 LYP for CP-opt and thermally
averaged geometries, CPMD) versus experimental chemical shifts. &:
Ti(CP-opt), *: V(CP-opt), ~: Mn(CP-opt), !: Fe(CP-opt), &: Ti(CPMD),
*: V(CPMD), ~: Mn(CPMD), !: Fe(CPMD).


Figure 5. Plot of computed (GIAO-B3 LYP for BP86/AE1 optimized and
zero-point corrected geometries, ZPC) versus experimental chemical
shifts. &: Ti(opt), *: V(opt), ~: Mn(opt), !: Fe(opt), &: Ti(ZPC), *:
V(ZPC), ~: Mn(ZPC), !: Fe(ZPC).
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required for determining s0 are not necessary. In summary,
classical thermal averaging assessed via CPMD simulations,
and zero-point corrections evaluated perturbationally, afford
the same qualitative effects on transition metal chemical
shifts. In general, the metal nuclei are deshielded, typically
by an increasing magnitude with a higher d value. The sensi-
tivity of the metals towards the thermal and vibrational cor-
rections increases from Ti to Fe. Computed zero-point ef-
fects on the metal shifts are significantly smaller than the
classical thermal effects estimated from CPMD simulations.


Discussion


It should be recalled at this point that by contrasting classi-
cal thermal averages and zero-point effects, two very differ-
ent things are compared. Thus, it is for example not possible
to regard both as independent increments and simply add
them up. Classical MD-derived thermal effects would best
be compared with quantum thermal effects at the same tem-
perature. Such effects can be evaluated, for instance, by ex-
plicit summation over rovibrationally averaged shieldings
weighted by Boltzmann factor[17] or by suitable quantum
Monte Carlo approaches.[18] For light main-group molecules
the corresponding quantum thermal effects, that is, the dif-
ference between the zero-point values and those at room
temperature, have been shown to be much smaller than the
zero-point corrections themselves. It would be very interest-
ing to see if the same holds true for the transition-metal
complexes of this study. Unfortunately, these rigorous meth-
ods are intractable or impractical for molecules this large. In
principle, the more approximate perturbational approach
that we have employed for the zero-point corrections can be
extended to evaluate effective geometries and averaged
properties at thermal equilibrium for a given tempera-
ture.[73, 74] To our knowledge, however, systematic tests and
benchmarks for this method have not yet reported.[75] Clear-
ly, further research efforts in this direction are warranted.


Despite this incompatibility of classical MD-based averag-
es and quantum mechanical zero-point corrections in terms
of the underlying theoretical model, the effects obtained
with either method have the same physical origin, namely
the anharmonicity of the PES and the curvature of the mag-
netic shielding hypersurface in the vicinity of the equilibri-
um geometry. It is thus sensible to discuss the results for
both methods together, in particular with respect to the in-
terdependence of averaged geometries and chemical shifts,
which is analyzed in more detail in the following.


Of the geometrical parameters that affect the chemical
shift of a metal, the bond lengths to its ligands are usually
the most important ones,[76, 77] even in cases where bond
angles had been initially believed to be decisive.[76] The sen-
sitivity towards these parameters can be quantified in terms
of the shielding/bond-length derivatives, @sM/@rM–L. Sizeable
values of this quantity have been estimated from experi-
ment, for example, @sCo/@rCo–L=�80 ppm pm�1 in
[Co(CN)6]


3� [78] (a value which has been well reproduced at
the B3 LYP level),[79] and even larger ones have been pre-
dicted computationally, for example, @sFe/@rFe–L=


�320 ppm pm�1 in [Fe(CN)6]
4�.[72] We have evaluated salient


shielding/bond-length derivatives for the test molecules of
the present study, employing the following procedure: The
magnetic shielding constants s have been computed at the
B3LYP/II’ level for geometries, in which the bond lengths to
each of symmetry-equivalent ligand atoms have been dis-
torted from their equilibrium values (a total of five dis-
placed geometries have been generated; with Dr ranging
from �1 to +3 pm) leaving all other parameters unchanged,
and the @sM/@rM–L derivatives have been determined by
linear regression (see Tables 10–13).


When looking at the results normalized to the number of
equivalent ligands (“per bond” entries in Tables 6–9) it be-
comes apparent that the sensitivity of the metal nucleus to
the distances to its ligands increases in the sequence Ti<


Table 10. Shielding/bond-length derivative @sTi/@rTi–L in titanium com-
pounds; see text for details.


@sTi/@rTi–L [ppm pm�1] “per bond”[a]


[Ti(CO)6]
2� Ti�(CO)6 �18.4 �3.1


[TiCp2F2] Ti�Cp �3.7 �3.7
Ti�F2 �13.6 �6.8


[TiCp2Cl2] Ti�Cp �7.0 �7.0
Ti�Cl2 �11.8 �5.9


[TiCl4] Ti�Cl4 �27.7 �6.9
[TiCl3Me] Ti�Me �10.4 �10.4


Ti�Cl3 �23.2 �7.7
[TiCl2Me2] Ti-Me2 �20.5 �10.3


Ti�Cl2 �20.5 �10.3
[TiClMe3] Ti�Me3 �28.2 �9.4


Ti�Cl �7.7 �7.7
[TiMe4] Ti�Me4 �33.9 �8.5


[a] p Ligands counted as single ligand.


Table 11. Shielding/bond-length derivative @sV/@rV�L in vanadium com-
pounds; see text for details.


@sV/@rV�L


[ppm pm�1]
“per
bond”


[V(CO)6]
� V�(CO)6 �44.5 �7.4


[V(CO)5N2]
� V�N �8.3 �8.3


V�(CO)5 �41.7 �8.3
[VF5] V�F5 �58.8 �11.8
[VOF3] V�O �34.0 �34.0


V�F3 �33.3 �11.1
[VlClF2] V�O �35.6 �35.6


V�Cl �8.3 �8.3
V�F2 �20.6 �10.3


[VO(OCH2CH2)3N] V�O �32.7 �32.7
V�O3 �41.3 �13.8
V�N �2.9 �2.9


[VOCl2F] V�O �37.2 �37.2
V�F �13.2 �13.2
V�Cl2 �20.5 �10.3


[VOCl3] V�O �32.2 �32.2
V�Cl3 �36.5 �14.2


[VO(CH3)3] V�O �43.3 �43.3
V�(CH3)3 �71.7 �23.9


[VO(CH2Si(CH3)3)3] V�O �42.5 �42.5
V�
(CH2Si(CH3)3)3


�72.1 �24.0


[VO(CH3)3AlH3] V�O �39.7 �39.7
V�(CH3)3 �88.3 �29.4
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V<Mn<Fe. For instance, the @sM/@rM–CO value in the ho-
moleptic carbonyl compounds grows monotonically from
[Ti(CO)6]


2� (�3 ppm pm�1) via [V(CO)6]
� (�7 ppm pm�1)


and [Mn(CO)5]
� (�25 ppm pm�1) to [Fe(CO)5]


(�34 ppm pm�1). To explain the reason of this monotonical
increase, one has to consider the effects that can influence
the chemical shift. Usually the magnetic shielding is par-
tioned into a diamagnetic and a paramagnetic part in Equa-
tion (3):


s ¼ sd þ sp ð3Þ


It has been observed that the diamagnetic part is only mar-
ginally influenced by the chemical environment and there-


fore, does not contribute noticeably to the relative chemical
shift.[80] The leading contribution to the paramagnetic shield-
ing is pictured physically as an induced paramagnetic cur-
rent in the system and originates from a coupling between
the occupied (fi with orbital energy ei) and virtual (fa with
orbital energy ea) MOs. The magnitude of this term is pro-
portional to[80, 81] Equation (4):


� 1


eð0Þi � eð0Þa


h�ijM̂j�ai ð4Þ


The magnetic operator M̂ affects the fa such that it rotates
the orbital around its position, that is, the y component of
the operator rotates the pz orbital into an orbital proportion-
al to the px orbital.[82] Schreckenbach showed that the para-
magnetic shielding of [Fe(CO)5] is dominated by transitions
between frontier orbitals with d character, so that the chemi-
cal shift is governed by the energy difference of the occu-
pied and virtual d-type orbitals.[80] The detailed list of the
contributions to the paramagnetic shielding revealed that a
number of occupied!virtual transitions provide contribu-
tions of similar magnitude (i.e. , Schreckenbach mentioned
seven significant contributions to the paramagnetic shielding
of [Fe(CO)5]).[80] To estimate the occupied!virtual contri-
butions to the paramagnetic shielding for the four carbonyl
compounds we took the HOMO–LUMO gap as a measure
and calculated the HOMO–LUMO gap at the five different
structures used for the calculation of the shielding/bond-
length derivative. The linear regression of the energy differ-
ences (regression coefficient=1.00) yields slopes of �1.33,
�1.75, �2.03, and �2.16 O10�3 a.u.pm�1, for [Ti(CO)6]


2�,
[V(CO)6]


� , [Mn(CO)5]
� , and [Fe(CO)5], respectively. Thus,


the increasing shielding/bond-length derivative on going
from Ti to Fe complexes is consistent with the increasing
sensitivity of the HOMO–LUMO gap of the M�CO bond
length and therefore, ultimately to the increasing metal�car-
bonyl bond strength.


The matrix element in the numerator of Equation (4) de-
pends on the overlap of the “rotated” orbital, M̂ jfai, with
the unperturbed hfi j . For the metal shielding, these contri-
butions increase with the magnitude of the d orbital charac-
ter in the respective orbitals. To estimate this part of the
term we chose the HOMO of each carbonyl complex as a
representative example and calculated its d-orbital character
by summing up the squares of the respective d-orbital con-
tributions. In principle we have to investigate the d-orbital
character of all possibly involved frontier orbitals. However,
from our calculations it is not possible to deduce which of
the d!d transitions is the dominating one. Therefore we
limit our investigation of the estimation of the d character
of the HOMO as a representative example, which is suffi-
cient for our purpose to describe the sensitivity of the mag-
netic shielding qualitatively. The magnitude of the d-orbital
character in the HOMO follows the relative order
1:1.17:1.47:1.57 for [Ti(CO)6]


2�, [V(CO)6]
� , [Mn(CO)5]


� and
[Fe(CO)5], respectively. Thus, both energies and shape of
the frontier molecular orbitals strengthen the sensitivity of
the magnetic shielding to the M�CO bond length on going
from Ti to Fe complexes.


Table 12. Shielding/bond-length derivative @sMn/@rMn–L in manganese
compounds; see text for details.


@sMn/@rMn–L


[ppm pm�1]
“per
bond”[a]


[Mn(CO)5]
� Mn�(CO)5 �126.5 �25.3


[Mn(CO)5H] Mn�H �13.8 �13.8
Mn�(CO)5 �119.5 �23.9


[MnCp(CO)3] Mn�Cp �65.4 �65.4
Mn�(CO)3 �120.1 �40.0


[Mn(CO)5(COMe)] Mn�
C(COMe)


�6.0 �6.0


Mn�(CO)5 �134.6 �26.9
[Mn(NO)3(CO)] Mn�(NO)3 �144.3 �48.1


Mn�CO �38.4 �38.4
[Mn(CO)5Cl] Mn�Cl �10.3 �10.3


Mn�(CO)5 �171.2 �34.2
[MnO4]


� Mn�O4 �170.0 �42.5[b]


[MnCp(C7H8)] Mn�Cp �155.5 �155.5
Mn�C7H8 �112.4 �112.4


[a] p Ligands counted as single ligand. [b] From ref. [16].


Table 13. Shielding/bond-length derivative @sFe/@rFe–L in iron compounds;
see text for details.


@sFe/@rFe–L


[ppm pm�1]
“per
bond”[a]


[Fe(CO)3C4H4] Fe�C4H4 �55.4 �55.4
Fe�(CO)3 �87.4 �29.1


[Fe(CO)5] Fe�(CO)5 �170.4 �34.1
[Fe(CO)3C4H6] Fe�C4H6 �55.6 �55.6


Fe�(CO)3 �106.4 �35.5
[Fe(CO)4C2H3CN] Fe�C2H3CN �23.9 �23.9


Fe�(CO)4 �159.8 �40.0
[Fe(CO)4C2H3OCH3] Fe�


C2H3OCH3


�20.8 �20.8


Fe�(CO)4 �155.3 �38.8
[FeCp(CO)2CH3] Fe�CH3 �18.7 �18.7


Fe�Cp �92.4 �92.4
Fe�(CO)2 �113.9 �57.0


[FeCp(CO)2C3H7] Fe�C3H7 �18.7 �18.7
Fe�Cp �90.0 �90.0
Fe�(CO)2 �117.6 �58.8


[Fe(CO)3C3H4O] Fe�C3H4O �63.9 �63.9
Fe�(CO)3 �143.9 �48.0


[FeCp2] Fe�Cp2 �232.1 �116.1


[a] p Ligands counted as single ligand.
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The shielding/bond-length derivatives involving a particu-
lar ligand are not transferable between complexes of a given
metal. The more deshielded the metal resonance is, the
more sensitve it appears towards the bond length. For exam-
ple, the @sFe/@rFe�CO values in iron carbonyl complexes are,
ordered according to decreased shielding of the iron centre,
�29, �34, �40, �39, �57, �59, and �48 ppm pm�1 in
[Fe(CO)3(C4H4)], [Fe(CO)5], [Fe(CO)4(C2H3CN)], [Fe(CO)4-
(C2H3OMe)], [FeCp(CO)2Me], [FeCp(CO)2C3H7], and [Fe-
(CO)3(C3H4O)], respectively. For the iron and the manga-
nese complexes, the six-electron p ligands exert the stron-
gest effect on the magnetic shielding of the metal centre, in
particular the Mn–Cp and the Fe–Cp distances up to �156
and �116 ppm pm�1, respectively. The magnetic shieldings of
the vanadium and titanium complexes show a weaker de-
pendence on the metal–ligand separations. The largest
shielding/bond-length derivative involving these metals is at-
tributed to the terminal V�O bond in the oxovanadium
complexes with values of about �40 ppm pm�1 and to the
Ti�CH3 bond with about �10 ppm pm�1.


To what extent can the differences between equilibrium
magnetic shielding constants and their thermal averages be
traced back to the elongation of the metal–ligand bonds?
For an estimate of the latter effect, we have multiplied the
elongation of each metal�ligand bond with the appropriate
shielding/bond-length derivative and summed up all the
products for each molecule.


In Table 14 this estimated difference (se�sav)estd is com-
pared with the actual difference in the magnetic shielding,
as calculated on the basis of the MD simulations (se(CP-opt)
�sav(CPMD) entry in Table 14, for a graphical representa-
tion see Figure 6). For the vanadium and some of the titani-
um complexes, the actual difference in the magnetic shield-
ing is indeed approximately as big as the estimated one. For
manganese and iron complexes, in contrast, the actual differ-
ences (se(CP-opt)�sav(CPMD)) are significantly larger than
those estimated from the shielding/bond-length derivatives.
Thus, the elongation of the metal–ligand bonds accounts for
a large part of the downfield shift due to the thermal aver-
aging (ca. 63 %, judging from the slope of the regression
line in Figure 6), but apparently is not the only reason. It is
possible that the downfield shift due to the elongation of in-
dividual bonds is not an additive effect, as assumed in our
analysis, or that changes in the bond angles or internal rota-
tions as mentioned in the geometries section may also play
a significant role for vibrational and thermal corrections to
the magnetic shieldings. Earlier attempts to derive incre-
ment systems for transition metal chemical shifts (for 109Rh,
specifically) have also met with limited success.[76]


A similar analysis is included in Table 14 for the (se�seff)
values (see Figure 7 for a plot). Since the bond elongation
between re and reff is much smaller than that between re and
rav; the resulting (se�seff) data span a smaller range than the
(se�sav) values. A common trend between (se�seff)estd and
(se�seff)calcd is clearly visible (Figure 7). Interestingly, the
slope of the regression line involving (se�seff), 1.02, is much
closer to unity than that for the (se�sav) data. Possibly, for
the smaller elongations as occurring in the CPMD simula-
tions for Ti and V complexes, or in the zero-point vibration-


ally averaged structures of all species of this study, the
above-mentioned effects of non-additivity are less pro-
nounced, and our simple analysis can afford a reasonable


Table 14. Difference between thermally averaged and equilibrium mag-
netic shieldings se�sav.


[a]


(se�seff)estd (se�seff)calcd (se�sav)estd (se�sav)calcd


[Ti(CO)6]
2� 13 6 �2 52


[TiCp2F2] 7 14 13 84
[TiCp2Cl2] 10 21 31 94
[TiCl4] 8 7 17 17
[TiCl3Me] 7 7 31 30
[TiCl2Me2] 8 11 41 17
[TiClMe3] 7 35 18 35
[TiMe4] 3 3 14 19
[V(CO)6]


� 27 22 31 137
[V(CO)5N2]


� 33 28 59 120
[VF5] 18 17 41 41
[VOF3] 17 15 20 17
[VOClF2] 14 15 22 30
[VO(OCH2CH2)3N] 20 15 18 19
[VOCl2F] 15 16 30 43
[VOCl3] 14 17 15 28
[VOMe3] 16 21 63 29
[VOMe3AlH3] 38 38 175 113
[Mn(CO)5]


� 51 51 114 230
[Mn(CO)5H] 81 72 112 219
[MnCp(CO)3] 118 101 207 330
[Mn(CO)5(COMe)] 86 87 152 318
[Mn(NO)3(CO)] 66 71 112 263
[Mn(CO)5Cl] 124 103 220 374
[MnO4]


� 51 60 34 35
[MnCp(C7H8)] 214 189 511 669
[Fe(CO)3C4H4] 102 106 176 317
[Fe(CO)5] 102 82 136 269
[Fe(CO)3C4H6] 114 127 198 364
[Fe(CO)4C2H3OCH3] 122 118 227 406
[Fe(CO)4C2H3CN] 106 103 213 375
[FeCp(CO)2CH3] 168 161 392 508
[FeCpC3H7] 164 165 336 558
[Fe(CO)2C3H4O] 123 155 326 504
[FeCp2] 168 174 302 537


[a] estd: estimated using the shilding/bond-length derivatives from
Tables 10–13 multiplied with the corresponding differences in bond
lengths from Tables 2–5; calcd: actual calculated differences from
Tables 6–9. The corresponding data (estimated and calculated) are given
for the equilibrium and effective geometries.


Figure 6. Plot of the estimated vs calculated difference between thermally
averaged and equilibrium magnetic shieldings se�sav ; data from
Table 14; c : ideal slope, g : linear regression; &: Ti, *: V, ~: Mn, !:
Fe.
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description and interpretation of the thermal effects on the
metal shifts.


Conclusion


We have assessed different methods for computation of the
chemical shift of metal centres in selected examples of Ti, V,
Mn and Fe complexes, methods that go beyond simple cal-
culations of equilibrium values for static optimized struc-
tures. Classical thermal effects on the chemical shifts have
been modelled by performing CPMD simulations, and quan-
tum mechanical zero-point corrections have been evaluated
using a perturbational approach. Both methods lead to a de-
crease of the absolute magnetic shielding constants s from
their equilibrium values (i.e. , the metal centre is deshield-
ed). This effect can to a large extent be explained by the
elongation of the metal-ligand bond lengths in the averaged
or effective geometries, as compared to the equilibrium dis-
tances. In terms of relative chemical shifts d, the application
of these two methods leads to an improvement of the results
in selected cases, but not in general. In most cases the equili-
brium chemical shifts at the optimized geometry are shifted
upfield with respect to the experimental values. The down-
field shifts due to the thermal averaging, or the zero-point
correction can be too small (Ti and V complexes) or too
large (some Mn and Fe complexes). The overcorrection in
the latter cases is particularly pronounced for the CPMD-
based classical thermal averaging. In summary, inclusion of
thermal or vibrational corrections does not lead to a system-
atic improvement of theoretical transition-metal shifts. Such
corrections can be noticeable, but are usually much smaller
than differences between results obtained with different ex-
change-correlation functionals (in particular “pure” gradi-
ent-corrected vs hybrid variants). Thus, the most promising
route to improved chemical shifts for this class of com-
pounds appears to be that via development of better density
functionals, and/or via inclusion of solvent effects, which we
will explore in future investigations.
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