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… act by relaxing water protons.
When an acetate group on the
MRI angiography contrast agent
MS-325 is replaced with a methyl
group, it opens up a coordination
site for a second water ligand. The
additional water is expected to
improve the relaxivity of the new
complex, and this is observed in
buffer solution. However, in the
presence of the plasma protein
serum albumin the relaxivity is
only about half that of MS-325,
making the new compound less
attractive for blood vessel imaging.
On page 5866 ff., P. Caravan et al.
describe the synthesis of this novel
gadolinium complex and report
mechanistic studies indicating that
slow water exchange limits relaxiv-
ity. The artwork was created by Vincent Jacques.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Amino Acid Based Dendrons
In their Full Paper on p. 5817ff. , H.-F. Chow and J. Zhang
describe the synthesis of a library of a-amino acid based
layer-block dendrons. The gelation ability of these com-
pounds is found to be highly dependent on the amino acid,
its layer-block sequence within the dendritic architecture,
and the nature of the focal-point functionality.


Isomerization of Allylic Alcohols
In the Full Paper on page 5832 ff., J.-E. B4ckvall, B.
Mart5n-Matute et al. describe the investigation of ruthe-
nium-catalyzed isomerization of allylic alcohols to the cor-
responding saturated ketones. Mechanistic studies were also
undertaken.


Biocatalysis
In their Concept on page 5806 ff. , V. Gouverneur and M.
Reiter describe a novel biocatalytic approach to hetero-
Diels–Alder (HDA) adducts derived from carbonyl dieno-
philes, which has a stepwise aldol Michael mechanism
instead of a concerted pathway. In this approach, the two
key steps are an antibody-mediated kinetic resolution of
b-hydroxyenones and a subsequent ring-closure process.
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Biocatalytic Approaches to Hetero-Diels–Alder Adducts
of Carbonyl Compounds


V&ronique Gouverneur* and Maud Reiter[a]


Introduction


Cycloaddition reactions involving carbonyl compounds as
the heterodienophiles with all-carbon dienes have allowed
the preparation of numerous six-membered oxygen-contain-
ing heterocycles. Typical products are substituted di- and tet-
rahydropyran rings, which are frequently occurring structur-


al motifs in biologically active natural products.[1] In compar-
ison with other short and efficient approaches to these com-
pounds, such as the Prins cyclization,[2] it is the hetero-
Diels–Alder (HDA) reaction that is the most widely used,
probably because numerous studies have established its
great synthetic value. This methodology allows for the con-
struction of primary adducts possessing up to three stereo-
genic centres and as a result, numerous chiral HDA catalysts
have been developed attempting to control the stereochemi-
cal outcome of the cycloadduct. Chiral Lewis acid catalysts
based on aluminium, boron and copper have provided new
opportunities for enantioselective cycloadditions allowing
for the use of both activated and unactivated aldehydes as
well as ketones.[1] Hydrogen bonding of a simple chiral alco-
hol to a carbonyl group can also be exploited as a mode of
activation for HDA chemistry and complements alternative
asymmetric catalytic strategies.[3] The Diels–Alder reaction
had been regarded as one of the most powerful man-invent-
ed transformations until the mid-nineties, when an increas-
ing amount of data suggested that nature had also evolved
catalysts for this valuable transformation.[4] Today, we have
unambiguous proof that natural enzymes are capable of cat-
alyzing Diels–Alder reactions[4c] and an increasing number
of publications have reported elegant biomimetic ap-
proaches to Diels–Alder type intermediates or products.[5]


In addition, with the advent of catalytic antibody technolo-
gy[6] and the discovery that RNA[7] can also act as a biocata-
lyst, biomolecules have been generated that are capable of
catalyzing various Diels–Alder reactions and of controlling
the stereochemical outcome of the products.[8] Surprisingly,
only an extremely limited number of biocatalytic ap-
proaches to HDA adducts is known in comparison with the
biocatalytic routes available for the preparation of all-
carbon cycloadducts.


This article will first comment on the main strengths and
weaknesses of small molecule or metal-mediated catalysts
available for hetero-Diels–Alder chemistry, in which carbon-
yl compounds act as heterodienophiles. It will then go on to
highlight how biocatalytic approaches can address some
pending problems in HDA chemistry. The major conceptual


Abstract: Very little information is available on hetero-
Diels–Alderases for the assembly of heterocyclic prod-
ucts despite the synthetic value of these [4+2] cycload-
ditions. Hetero-Diels–Alderase antibodies raised against
a bicyclic transition state analogue have been generated
for the cycloaddition of ethylglyoxylate with an all-
carbon diene. More recently, a conceptually novel bio-
catalytic approach to hetero-Diels–Alder (HDA) ad-
ducts derived from carbonyl dienophiles has been devel-
oped mirroring a stepwise aldol Michael mechanism in-
stead of a concerted pathway. In this approach, the two
key steps are an antibody-mediated kinetic resolution of
b-hydroxyenones and a subsequent ring-closure process.
An attractive feature of this methodology is the possi-
bility to convert the enantioenriched aldol intermediates
into tetrahydropyranones or dihydropyranones. This
bioorganic route is best applied for the preparation of
enantioenriched HDA adducts derived from poorly
electrophilic acceptors, therefore complementing exist-
ing catalytic routes to these adducts based on the use of
small organocatalysts or chiral Lewis acids.


Keywords: antibodies · Diels–Alder reaction · enzyme
catalysis · heterodienophiles · palladium


[a] Dr. V. Gouverneur, M. Reiter
University of Oxford, Chemistry Research Laboratory
12 Mansfield Road, OX1 3TA Oxford (UK)
Fax: (+44)1865-285-002
E-mail : veronique.gouverneur@chem.ox.ac.uk


Chem. Eur. J. 2005, 11, 5806 – 5815 � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5807


CONCEPTS



www.chemeurj.org





advance presented in this paper is the use of both metal and
biological catalysts for the preparation of hetero-Diels–
Alder adducts more difficult to access using alternative cata-
lytic methods.


Lewis Acid-Mediated and Organocatalytic Hetero-
Diels–Alder Reactions of Carbonyl


Heterodienophiles


Two mechanisms can operate for asymmetric metal-cata-
lyzed HDA reactions with carbonyl dienophiles; either a
stepwise aldol Michael mechanism, featuring an enantioen-
riched aldol product as the key intermediate, or a concerted
reaction, often involving an unsymmetrical transition state.
Several parameters define which mechanism will take place
and what the stereochemical outcome of the reaction prod-
uct will be. These include the nature of the catalyst, the sol-
vent and the structural features of the reactants
(Scheme 1).[9]


The extraordinary range of applications of enantiopure
hetero-Diels–Alder adducts has stimulated the search for ef-
ficient chiral catalysts for cyclo-
additions between dienes and
carbonyl dienophiles displaying
various levels of reactivity.
Many catalysts can accelerate
the reaction of unactivated al-
dehydes with activated dienes
(1), such as trans-1-methoxy-3-
(trimethylsilyloxy)-1,3-buta-
diene (DanishefskyGs diene) or
trans-1-methoxy-2-methyl-3-
(trimethylsilyloxy)-1,3-penta-
diene, which possess two
strongly donating groups. The
corresponding dihydropyra-
nones (2a–d) were obtained in
high yields and with excellent
control of regio-, diastereo- and
enantioselectivity. These cata-
lysts (3–8), include chiral alumi-
nium, boron, titanium and chro-
mium complexes, as well as se-
lected lanthanide complexes
such as europium or ytterbium
derivatives (Scheme 2).[10]


Examples reported in the lit-
erature led to dihydropyra-
nones possessing more often
one or two substituents. Fewer
catalysts are known to deliver
di- or trisubstituted dihydropyr-
anones possessing a substituent
on the sp2-hybridized carbon
atom attached to the endocyclic
oxygen atom. This can be easily


Scheme 1. The products and the two mechanistic pathways for the
hetero-Diels–Alder reaction of a carbonyl heterodienophile with a repre-
sentative diene.


Scheme 2. Chiral Lewis acids for the HDA reaction of activated dienes.
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explained by the lower reactivity of the corresponding
dienes featuring a doubly substituted terminal carbon atom
(one of the substituent being a suitable leaving group) and
by the fact that these dienes are less readily available. These
adducts are therefore usually prepared by using alternative
approaches (Scheme 3).[11]


The chiral Lewis acid mediated cycloadditions between
unactivated aldehydes with poorly nucleophilic dienes are
very challenging and only limited studies have been devoted
to solve this problem (Scheme 4). In this context, Jacobsen
et al. have reported rare examples of cycloadditions involv-
ing various aldehydes with less nucleophilic dienes contain-
ing only one activating silyloxy group. They showed that


chiral tridentate Schiff base chromium complexes catalyzed
the formation of all syn-trisubstituted tetrahydropyranones
with excellent yields and high diastereomeric and enantio-
meric excesses.[12] An alternative catalytic system involving a
carboxamidedirhodium(ii) complex has also been found to
be suitable, allowing for the preparation all-syn adducts tet-
rahydropyranones derived from poorly electrophilic alde-
hydes including representative alkynals.[13]


Activated aldehydes such as ethylglyoxylate and phenyl-
glyoxal have been successfully engaged in hetero-Diels–
Alder reactions and can be combined with electron-rich
Danishefsky type dienes or less nucleophilic dienes such as
1,3-cyclohexadiene, isoprene or 2,3-dimethyl-1,3-diene.
These reactions are often high yielding, but can give rise to
side products resulting from a competitive ene reaction.[1]


These activated dienophiles are set up for bidentate coordi-
nation and it is this structural feature that has been exploit-
ed for asymmetric catalysis. They form well-defined, distort-
ed, square-planar, chiral bis(oxazolinyl) CuII complexes al-
lowing for the formation of hetero adducts with excellent
enantioselective induction.[14] In addition to these copper-
based catalysts, chiral aluminum, boron or titanium com-
plexes were found to be suitable catalysts for these activated
substrates.[15] In comparison with cycloadditions involving al-
dehyde as the heterodienophiles, the Diels–Alder reactions
of ketones is still a challenge to chemists. Since ketones are
less reactive than aldehydes on both steric and electronic
grounds, one needs to apply special reaction conditions for
the cycloaddition to proceed.[16] Direct catalytic enantiose-
lective hetero-Diels–Alder reactions of activated ketones
are possible, making use of copper or zinc bisoxazoline com-
plexes, whereas cycloadditions involving unactivated ketones
with dienes are very rare (Scheme 5).[17]


This brief survey reveals that additional catalysts are still
to be found for the most demanding transformations featur-
ing poorly activated reactants. The use of a,b-unsaturated
carbonyl heterodienophiles is particularly challenging as
they can potentially react either as C=C dienophiles or as
C=O heterodienophiles. In addition, only limited examples
of dihydropyranones possessing two substituents flanking
the endocyclic oxygen have been prepared using Diels–
Alder chemistry, as these adducts are the Diels–Alder prod-
ucts derived from dienes that are both less accessible and
less reactive. Finally, catalysts for the preparation of struc-
turally diverse enantioenriched tetrahydropyranones pos-
sessing multiple stereocentres are still rare.


Applying alternative concepts to achieve catalysis, diaster-
eo- and enantioselective induction can potentially address
these limitations. In this context, an exciting novel avenue
of research has been uncovered by Rawal et al. who have
demonstrated that small organic compounds such as
TADDOL (TADDOL= tetraaryl-1,3-dioxolane-4,5-dime-
thanol) and axially chiral biaryl diols are suitable organoca-
talysts for enantioselective hetero-Diels–Alder reactions.
These catalysts activate the heterodienophile through hydro-
gen bonding.[3,18] Enantiopure adducts derived from the ad-
dition of a representative aminosiloxydiene and numerous


Scheme 3. Preparation of 2,6-dihydropyranones.


Scheme 4. Chiral chromium(iii) and dirhodium(ii) complexes as catalysts
for HDA involving monooxygenated dienes.
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electron-rich and electron-poor aldehydes were obtained.
These results are significant as, despite its central impor-
tance as an organizational force in large biomolecules, the
hydrogen bond is recognized as a weak interaction and only
a few reports describe how it can be successfully used in
asymmetric catalysis (Scheme 6).


Biocatalytic Approaches to Hetero-Diels–Alder
Adducts


Biocatalysts operate according to a multitude of mechanisms
including metal-mediated activation and multiple noncova-
lent interactions (such as electrostatic, van der Waals con-
tacts and hydrogen bonds), two modes of activation that
were exploited successfully for the design of some of the
catalysts outlined previously. Biocatalysts are therefore ideal
candidates for the formation of enantioenriched hetero-
Diels–Alder adducts, as they additionally provide a binding
site that can lock the two reactants in their reactive confor-
mation, therefore lowering the entropic energy barrier. Nev-
ertheless, to date, only three purified or partially purified
enzymes have been reported as naturally occurring Diels–
Alderases and none of them promote a hetero-Diels–Alder
process. Solanopyrone synthase catalyzes the conversion of
prosolanopyrone II to solanopyrones A and D by oxidation
and subsequent intramolecular Diels–Alder reaction.[19]


Fungal lovastatin nonaketide synthase acts as a catalyst for
the [4+2] cycloaddition of an intermediate hexaketide
triene to generate the decalin system of lovastin.[20] The
third example of natural Diels–Alderases is macrophomate
synthase (MPS) that mediates the conversion of 2-pyrone
derivatives into the corresponding benzoate analogues
(Scheme 7).[21]


In addition to natural enzymes, many antibodies and nu-
cleic acid hosts have been generated that catalyze Diels–
Alder reactions involving all-carbon dienes and dienophiles,
and several theoretical studies have provided quantitative
comparisons of the reaction kinetics of these man-made cat-


Scheme 5. HDA of activated aldehydes and ketones.


Scheme 6. Organocatalytic asymmetric HDA reaction catalyzed by
BAMOL.


Scheme 7. Mode of action of macrophomate synthase, a natural enzyme
displaying Diels–Alderase activity.
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alysts.[22] The activity of modified RNA is entirely dependent
on the nature of the base modification and the presence of
cupric ion.[23] Antibodies featuring Diels–Alderase activity
were obtained by challenging the immune system with tran-
sition state analogues.[8] These antibody-catalyzed reactions
display Michaelis–Menten kinetics featuring unexceptional
KM values in the 10�3


m range for both the dienes and the di-
enophiles as expected for normal organic host–guest com-
plexation in water. More importantly, it was found that most
of these catalysts bind transition states to approximately the
same degree as the substrates or more weakly. Most of them
are not able to achieve significant specific binding of transi-
tion states, the hallmark of enzyme catalysis, and this is re-
flected in the lower catalytic efficiency of these antibodies
and nucleic acid hosts. One exception is antibody 1E9, a
Diels–Alderase biomolecule which catalyzes the [4p+2p]
Diels–Alder reaction of thiophene dioxide and maleimi-
de.[8a,b] The remarkable catalytic ability of this antibody has
been explained by the high degree of shape and electrostatic
complementarity with the transition state evidenced by hy-
drogen bonds and other polar interactions and by the pres-
ence of a key asparagine residue that can form a hydrogen
bond with one of the carbonyls of the dienophile
(Scheme 8).


Considering the number of existing antibodies or RNAses
capable of catalyzing all-carbon Diels–Alder reactions, it is
highly surprising that almost nothing is known about the ex-
istence of naturally occurring hetero-Diels–Alderase en-
zymes and about the generation of man-made hetero-Diels–
Alderase biocatalysts. Few papers report the generation of
antibodies capable of catalyzing hetero-Diels–Alder cyclo-
additions with just one example involving a carbonyl hetero-
dienophile. Monoclonal antibodies have been successfully
generated that catalyzed the hetero-Diels–Alder reaction of
a nitroso heterodienophile with 1,3-pentadiene with good
control of regio- and enantioselectivity.[24] Antibody-cata-
lyzed retro hetero-Diels–Alder reactions have also been re-
ported releasing HNO as the heterodienophile.[24c] It was
Wu and co-workers who reported the only example of an
antibody-catalyzed HDA reaction involving a carbonyl dien-
ophile. They generated a mixture of polyclonal antibodies
raised against a hapten mimicking an endo approach of eth-
ylglyoxylate toward a poorly activated diene. The endo ap-
proach as programmed in the transition state analogue
(TSA), resulted in the exclusive formation of the cis-3,4-di-
hydropyran derivative. Although showing moderate rate en-
hancement, the antibodies allowed for an excellent level of
diastereocontrol in favour of the cis isomer. Regrettably, no
enantiomeric excess for the product is provided.[25] The
same authors also reported an example of an antibody-cata-
lyzed aza-Diels–Alder reaction leading to the trans-adduct
as programmed by the hapten, a TSA that was mimicking in
this case an exo approach of the imino dienophile toward
the diene (Scheme 9).[26]


Conceptually, the design of all the man-made biocatalysts
reported so far relies on similar modes of actions. They
lower the entropic activation by bringing together the reac-


Scheme 8. Diels–Alderases for the formation of various carbocyclic ad-
ducts.


Scheme 9. Hetero-Diels–Alderases for the cycloaddition of an activated
aldehyde.
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tion partners in their reactive conformation and allow for
enthalpic stabilization of the transition state relying on elec-
trostatic and shape complementarity of the binding site for
the transition state and on strategically positioned hydro-
gen-bonding interactions. So far, these strategies generated
Diels–Alderase for cycloaddition processes involving more
often moderately activated reaction partners, with one ex-
ample of HDA reaction involving an activated carbonyl het-
erodienophile. Biocatalytic systems that will be best applied
for the formation of enantiopure hetero-Diels–Alder ad-
ducts derived from unactivated dienes and dienophiles are
still in demand. Recently, a novel concept has addressed this
problem to some extent.


Combination of antibody and metal catalysts : Based on the
two established mechanistic pathways for Lewis acid mediat-
ed hetero-Diels–Alder reactions, an alternative biocatalytic
asymmetric route to hetero-Diels–Alder adducts of carbonyl
compounds can be a nonconcerted stepwise approach rely-
ing on the production of enantioenriched aldol products de-
rived from an a,b-unsaturated ketone donors, followed by a
cyclization step leading to either dihydro- or tetrahydropyra-
nones. This domino sequence will require a catalyst for the
production of enantioenriched aldol intermediates and some
optimization for the cyclization step, as little is known for
this type of ring closure. The control of selectivity for both
steps is critical for the success of the overall sequence.[27] Al-
dolase I antibodies were selected as catalysts for the first
step as they are highly efficient catalysts, their mode of
action is well-defined and they tolerate numerous structural
variations of the donor and acceptor with substrate specifici-
ties that are different from those of the naturally existing
enzymes.[28] The additional reason for selecting this class of
catalysts is their ability to catalyze retro-aldolization proc-
esses in addition to forward aldolizations.[29] This is particu-
larly significant as these retro-aldolizations can be anticipat-
ed to be more efficient for aldol products derived from less
reactive aldehydes. In this stepwise strategy, the presence of
a leaving group, such as the methoxy group, on the sp2-hy-
bridized carbon positioned b to the carbonyl in the aldol
products is essential in order for the cyclization to give the
corresponding dihydropyranones (Scheme 10). In the ab-
sence of this group, the enantioenriched tetrahydropyra-
nones will be obtained instead.


Antibodies 84G3 and 93F3[30] raised by reactive immuni-
zation against a hapten, featuring both a sulfone and a 1,3-
diketone functionality, were found to be efficient catalysts
for the kinetic resolution of various aldol products derived
from a,b-unsaturated ketone donors, allowing for the recov-
ery of the unreacted enantioenriched aldol products with en-
antiomeric excesses up to 99%. The catalytic mechanism
relies on the presence of a key nucleophilic lysine residue at
L89 of perturbed pKa, as identified by site-directed mutagen-
esis and structural studies. These antibodies tolerate numer-
ous structural variations for the part of the aldol product
originally derived from the acceptor. Aldol products derived
from 3-penten-2-one or 3-methylbutenone combined with
various conjugated and unconjugated aldehydes were kineti-
cally resolved in the presence of antibodies 84G3 or 93F3.
These antibodies do not accept aldol products derived from
a,b-unsaturated ketones possessing long-chain substituents b
to the carbonyl group. The presence of an ethyl or a propyl
group in place of a methyl group on that position slowed
down the antibody-catalyzed retro-aldolization considerably,
and no reaction was observed with aldols possessing a long-
chain alkyl group. It was also found that aldol products de-
rived from methylvinylketone and 4-methoxybutenone were
non-substrates, but were acting as irreversible inhibitors. For
these substrates, a Michael addition involving a nucleophilic
residue of the antibody competed with the desired retro-al-
dolization and presumably led to the formation of an inac-
tive covalently modified catalyst. The kinetic data suggested
that, on selected substrates, these antibody-catalyzed reac-
tions are extremely efficient with kcat values up to 4.1 min�1.
The best kcat value was obtained for the kinetic resolution of
the aldol product derived from 4-methoxy-cinnamaldehyde,
suggesting that this antibody approach is best applied to the
preparation of hetero-Diels–Alder adducts derived from un-
activated acceptors (Scheme 11).


The inability of antibodies 84G3 or 93F3 to resolve aldol
products derived from a large number of structurally diverse
enones was a potential drawback, but a general solution was
found to address this limitation. Indeed, it was found that
the alkenyl group of a representative enantioenriched aldol
product (ee=91%) obtained by kinetic resolution with anti-
body 84G3 can be conveniently elongated in a single step
process by cross-metathesis with dodecene to give the new
enantioenriched elongated aldol product. No detectable
epimerisation occurred upon metathesis. This sequential
antibody-catalyzed retro-aldolization/Ru-mediated cross-
metathesis process is potentially extremely versatile and
should allow numerous structural variations, allowing for
the preparation of aldol products that are valuable precur-
sors for the synthesis of many natural product targets
(Scheme 12).


Overall these data validate the first step of the proposed
biocatalytic route to HDA adducts, the delivery of structur-
ally diverse enantioenriched aldol products derived from
a,b-unsaturated ketones, which upon cyclization will yield
the enantioenriched cycloadducts. The retro-aldolization
process led to the formation of the aldehyde and ketoneScheme 10. Aldolase I antibody route to HDA adducts.
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starting materials. Since these can be reused to synthesize
the racemic aldol product, the overall yield is good.


Direct cyclization of the recovered aldol products (R)-9
and (R)-10 was accomplished successfully in the presence of
TMSOTf and iPr2NEt, affording the desired enantioen-
riched HDA adducts (R)-12 and (R)-13 with no detectable
epimerization upon cyclization. The direct cyclization of
compound (S)-11 was not possible under these conditions as
a competitive elimination occurred instead. For this type of
substrate, a two-step sequence involving chemoselective hy-
drogenation of the allylic alcohol followed by cyclization af-
forded the tetrahydropyranone (R)-14 with an enantiomeric
excess greater than 99%
(Scheme 13).


The major issue clouding the
initial strategy to access dihy-
dropyranones in addition to tet-
rahydropyranones was the in-
ability of antibodies 84G3 or
93F3 to deliver enantioenriched
aldol intermediates derived


from 4-methoxybutenone. However the proposed strategy
allows the possibility to correct this limitation by adapting
the reaction condition of the cyclization process. Indeed, by
replacing the standard intramolecular Michael addition by a
Wacker oxidative cyclization process, the oxidation state of
the sp2-hybridized carbon positioned b to the ketone was re-
stored allowing for the formation of the corresponding oxi-
dized adduct.[31] The oxidative cyclizations were carried out
in the presence of 10 mol% of PdCl2 and 20 mol% of CuCl
in a biphasic 1/1 mixture of toluene/PBS (PBS=phosphate-
buffered saline), leading to the formation of the correspond-
ing dihydropyranones in 60–70% isolated yields. Inspired by
the antibody route to multigram scale preparation of other
enantioenriched aldol products developed by Sinha, Lerner
and Barbas III,[32] a convenient procedure was implemented
for the direct conversion of the racemic aldol product 15
into the corresponding enantiopure dihydropyranone (S)-16
(ee=97%) with no purification of the intermediate enantio-
pure aldol product. In a typical transformation, a solution of
the antibody (1 mol%) in PBS was added to a solution of
the racemic aldol in toluene. The mixture was shaken until
the desired ee was reached as monitored by HPLC. The re-
action mixture was then cooled down, allowing for the sepa-
ration of the organic layer containing the enantioenriched
aldol product from the frozen aqueous antibody solution.
PBS, PdCl2 and CuCl were then added to the organic layer
and the biphasic mixture was heated at 50 8C until complete
conversion of the intermediate enantioenriched aldol into
the desired dihydropyranone with no detectable epimeriza-
tion (Scheme 14).


This strategy represents the first aldolase I antibody route
to enantioenriched HDA adducts of carbonyl compounds by


Scheme 11. Kinetic resolution of racemic aldol products using aldolase I
antibodies 83G3 or 93F3.


Scheme 12. Cross-metathesis of enantioenriched aldol with dodecene.


Scheme 13. Preparation of enantioenriched trisubstituted tetrahydropyra-
nones.


Scheme 14. Conversion of aldol product (+ -)-15 enantioenriched dihydropyranone (S)-16.
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means of a stepwise pathway with an aldol product as the
key intermediate. A remarkable feature of this approach is
the particularly efficient preparation of adducts otherwise
derived from less activated dienes possessing one oxygen-
containing donating group and unactivated conjugated alde-
hydes substituted by an electron-donating group. This is be-
cause a retro-aldolization has been selected as key step for
the delivery of the enantioenriched aldol intermediates. An-
other key feature relies on the possibility of taking advant-
age of the second step of this strategy as an opportunity to
access both tetrahydropyranones and dihydropyranones.
This can be achieved by simply modifying the reaction con-
ditions of the ring-closure process. This procedure exempli-
fies how the combination of two types of catalysts, as illus-
trated here with an antibody catalyst and a transition metal
catalyst, can address a challenging synthetic problem. The si-
multaneous use of protein and metal catalysts is not unpre-
cendented. The coupling of enzymes and transition metals
for the preparation of enantioenriched secondary alcohols
has attracted considerable attention.[33] Here, the enzymes
catalyzed an acylation process, whereas the metal catalyst, a
ruthenium complex, mediated the in situ racemisation of the
starting secondary alcohol, therefore allowing for an overall
dynamic kinetic resolution process for the preparation of
enantioenriched acylated alcohols. A related approach has
recently been applied to the preparation of enantioenriched
polysubstituted decalins resulting from an intramolecular
all-carbon Diels–Alder cycloaddition.[34] The antibody–palla-
dium approach detailed herein further expands the synthetic
scope of this concept to the preparation of HDA adducts. In
comparison with the one-pot strategy reported for the
enzyme/metal catalytic process, the biphasic sequential ap-
proach reported herein presents the advantage of allowing
easy separation of the protein-catalyst from the product for
recycling purpose.


Conclusion


Catalysis involving biomolecules or metal centres plays a
key role in synthesis. These two types of catalytic species
are more often considered as part of two separate disci-
plines, but more recently semisynthetic and de novo proteins
have allowed the formation of hybrid species that possess
metal centers. The resulting catalytic species are various
novel metalloenzymes or metalloantibodies possessing cata-
lytic activity that can be potentially optimized chemically or
by using directed evolution techniques.[35] An additional ap-
proach is to simply use both types of catalytic species simul-
taneously in a one-pot process as exemplified by the dynam-
ic kinetic resolution of secondary alcohols or to use them in
a versatile domino-type process. In this case, the two catalyt-
ic species display two distinct catalytic activities and both
processes can be accelerated simultaneously or sequentially.
The sequential approach has been exploited successfully for
the implementation of an aldolase I antibody route to enan-
tioenriched hetero-Diels–Alder products of various oxida-


tion states. For the preparation of dihydropyranones, this ap-
proach relies on two catalytic species, an aldolase I antibody
and palladium dichloride. A biphasic system was found par-
ticularly convenient for this process and proved extremely
practical as it allowed for an easy purification of the HDA
product and recovery of the catalyst. Synthetically, it led to
hetero-Diels–Alder products derived from unactivated alde-
hydes and poorly nucleophilic dienes and therefore comple-
ments alternative asymmetric catalytic approaches based on
the use of chiral Lewis acids. When a Michael addition is ap-
plied for the ring closure, trisubstituted tetrahydropyranones
are obtained. These compounds are difficult to prepare
from alternative Diels–Alder chemistry, as they are the
products derived from less nucleophilic dienes and unacti-
vated dienophiles. The antibody-mediated approach detailed
in this paper could be biomimetic as the recent work of Jør-
gensen et al. carried out on macrophomate synthase (MPS)
revealed that the stepwise Michael/aldol mechanism is the
likely route used by this natural Diels–Alderase
enzyme.[36,37]
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Structural Diversity of a-Amino Acid Based Layer-Block Dendrons and
Their Layer-Block Sequence-Dependent Gelation Properties


Hak-Fun Chow* and Jie Zhang[a]


Introduction


There has been an increasing interest in the use of natural
a-amino acids as components in the construction of peptide-
based[1,2] or amino acid based dendrimers[3] owing to their
structural resemblance to proteins and enzymes. Such den-
drimers are also potentially useful molecules in catalysis and
biomedical applications because of their perceived biocom-
patibility.[4] One particular appealing attribute of this re-
search is that dendrimers with extremely broad structural di-
versities can be generated by varying the a-amino acids
used in their construction. Yet another equally important
aspect lies in the establishment of whether the properties of
such amino acid derived dendrimers can be controlled by
the constituent amino acid residues residing within the den-
dritic structure. This critical issue is closely related to the
doctrine that the amino acid sequence determines the prop-
erties of protein and enzyme molecules. Indeed, Reymond


et al. recently reported that the esterolysis reactivity of a li-
brary of layer-block or segment-block peptide-based den-
dritic catalysts was dependent on their amino acid composi-
tion.[1f–i] Smith also disclosed that the two-component gela-
tion property of lysine-containing peptide-based dendrimers
with aliphatic diamines was dependent on the dendrimer
generation.[2] Although no structural diversity could be real-
ized with this series of compounds, as lysine was the only
amino acid component used, the study nonetheless revealed
that the number of lysine repeating units, and hence the
amino acid composition, of such peptide-based dendrimers
was an important determinant of the gelation properties. We
earlier disclosed the synthesis of b-alanine based dendrimers
and reported their self-aggregation properties in polar or-
ganic solvents.[5] However, owing to their poor solubility, we
were unable to study their properties in nonpolar solvents.
Here we report the synthesis of a new library of G1–G3 a-
amino acid based layer-block dendrons 1–6 by replacing the
b-alanine moieties with alanine, phenylalanine, or valine res-
idues. We show here that the a-amino acid side chains have
an important influence on the properties of these dendrons
and that they form dendritic physical gels in nonpolar aro-
matic solvents. Moreover, their gelation properties are also
determined by their layer-block sequence[6] and their amino
acid composition. This finding further supports the observa-


Abstract: A library of G1–G3 a-amino
acid based layer-block dendrons 1–6
containing different amino acid resi-
dues in the different concentric layers
was prepared by solution-phase peptide
synthesis. The structures of these den-
drons were characterized by 1H and
13C NMR spectroscopy and, except for
the G3 series of compounds, by mass
spectrometry. The purities of these
compounds were also determined by
size-exclusion chromatography. Owing
to the presence of a large number of
amide groups, these dendrons exhibit


unusually strong self-aggregating prop-
erties in both polar and nonpolar sol-
vents. Some of these dendrons are
found to be extremely good organoge-
lators towards aromatic solvents with
minimum gel concentrations approach-
ing 4 mgmL�1. Their gelation ability is
found to be highly dependent on the
nature of the amino acid compositions,


the amino acid layer-block sequence
within the dendritic architecture and
the nature of the focal-point function-
ality. IR spectroscopic analysis indi-
cates that gelation is induced by inter-
molecular hydrogen bonds. Circular di-
chroism studies suggest the formation
of hierarchical chiral structures in the
gel state, although the existence of
chiral morphologies could not be ob-
served by scanning electron microsco-
py.
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tion that the amino acid side chains not only confer the
structural diversity, but also play a very important role in
determining the physico-chemical properties of this interest-
ing class of biomimetic dendrimers.


Results and Discussion


Synthesis : The syntheses of the Boc-N-protected a-amino
acid dendrons 1–6 were similar to those of the b-alanine
dendrons reported earlier by us.[5] Only nonpolar amino
acids (l-alanine=A; l-phenylalanine=F; l-valine=V)
were chosen in the present study. They were connected by
amide linkages to a 3,5-diaminobenzoic acid branching unit
using liquid-phase peptide coupling methods by a conver-
gent synthesis methodology. The G1–G3 layer-block den-
drons 1–6 of all possible layer sequences were prepared.
Hence, reaction of BocNH-aa1-CO2H (7) with ethyl 3,5-di-
aminobenzoate (8) in the presence of dicyclohexylcarbodi-
imide (DCC) and 1-hydroxybenzotriazole (HOBt) in THF
afforded the various ester dendrons G1-(aa1)2-CO2Et


[7] 1 in
82–90% yields (Scheme 1). The Boc groups in compounds 1


were then removed in the pres-
ence of HCl to give the di-
ammonium salts (Cl�H3N


+-
aa1)2-CO2Et (9) in quantitative
yields. Alternatively, the focal
point ethyl ester group was re-
moved by alkaline hydrolysis to
furnish the various acid den-
drons G1-(aa1)2-CO2H (2) in
76–99% yields. The G1 acid
dendrons containing aa1 amino
acid residues were then coupled
to another diammonium salt
(Cl� H3N


+-aa2)2-CO2Et to give
the G2 ester dendrons G2-
(aa1)4(aa


2)2-CO2Et (3) having a
layer-block sequence of aa1aa2


in the presence of HOBt, DCC,
and 4-methylmorpholine in 69–
93% yields. Six different G2
ester dendrons were thus pre-
pared and then subjected to al-
kaline hydrolysis to give the
corresponding G2 acid den-
drons 4 in 84–92% yield. For
the syntheses of the G3 ester
dendrons 5, the more reactive
1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide methiodide
(EDCI) was used instead of
DCC as the coupling reagent
and the product yields were
slightly inferior (38–62%). Fi-
nally, the G3 acid dendrons 6
were obtained by alkaline hy-


drolysis from the G3 ester dendrons 5.


Characterization
NMR spectroscopy : The structures of all compounds were
characterized by 1H NMR spectroscopy. The presence of a
pseudo-C2 symmetry axis in these molecules greatly simpli-
fied their spectral peak assignments. The 1H NMR spectra
of the different dendrons of the same generation are very
similar because they all possess the same dendrimer back-
bone and branching skeleton. The only notable differences
were the signals due to the side groups belonging to the dif-
ferent amino acid residues. For example, the 1H NMR spec-
tra of the three G1-(aa1)2-CO2Et dendrons all gave a sharp
singlet (d~1.3 ppm) due to the tert-butyl protons, a triplet
(d~1.3 ppm) and a quartet (d~4.3 ppm) due to the ethyl
ester protons, two singlets (d~7.9 and ~8.2 ppm) for aro-
matic protons of the branching aromatic unit, an NH dou-
blet for the carbamate (d~7.2 ppm), and a broad singlet (d~
10.2 ppm) for the anilide NH (Figure 1). On the other hand,
the chemical identities of the different G1-(aa1)2-CO2Et den-
drons could be confirmed by the “fingerprint” peaks due to
the different amino acid side chains. Hence, G1-A2-CO2Et
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could be distinguished from the other ester dendrons by the
presence of a doublet (d=1.25 ppm) from the side chain
methyl groups. For G1-F2-CO2Et, the side chain benzyl
groups appeared as three separate signals (d=2.75–2.90,
2.90–3.05, and 7.17–7.35 ppm) in its 1H NMR spectrum. Fi-
nally, the isopropyl signals in compound G1-V2-CO2Et


showed up as a doublet (d=
0.89 ppm) and a multiplet (d=
1.90–2.05 ppm). The presence
of 1H signals due to the minor
carbamate rotamers, as in the
case of the b-alanine dendrim-
ers,[5] was also found.


For the various G2-(aa1)4(aa
2)2-


CO2Et dendrons, the positions
and patterns of the resonance
peaks pertaining to the aa1


amino acid side chain protons
located on the outer layer were
nearly unchanged when com-
pared to those of the corre-
sponding G1-(aa1)2-CO2Et den-
drons having the same amino
acid residue. On the other
hand, the resonance positions
for protons in the inner layer
aa2 amino acid side chains were
shifted downfield as compared
with those of the G1-(aa2)2-
CO2Et dendrons. As an exam-
ple, the relevant proton reso-
nance signals of the two den-
drons having F residues in the
outer layer—G2-F4A2-CO2Et


and G2-F4V2-CO2Et and the two dendrons having F in the
inner layer—G2-A4F2-CO2Et and G2-V4F2-CO2Et were
tabulated and compared with those of the G1-F2-CO2Et
dendron (Table 1). A closer examination of the data re-
vealed that the chemical shift values of the benzylic protons


and the a protons of the F residues were shifted downfield
by d~0.2 and ~0.5 ppm, respectively, when the F residues
were moved from the outer to the inner layer. This is due to
a difference of the linker group connecting to the a-amino
residues. For those groups located in the outer layer, the
amino ends of the F residues are connected to a carbamate
functionality, while for those situated in the inner layer the
amino moieties are linked to the aromatic branching unit by
an amide bond. Such an apparent upfield shift of 1H reso-
nance positions, when the amino acid residue is located on
the outer layer, can be used as a convenient tool to identify
the nature of the amino acid located on the outer layer of
the G2 and G3 layer-block dendrons.


Scheme 1. Reagents and conditions: a) HOBt, DCC, THF, �10 8C to 25 8C, 11 h; b) HCl, EtOH, 25 8C, ~10 h;
c) KOH (2.0m), MeOH, H2O, 25 8C, ~10 h; d) HOBt, DCC, 4-methylmorpholine, DMF, �10 8C to 25 8C, 50 h;
e) KOH (2.0m), MeOH, THF, H2O, 25 8C, ~10 h; f) HOBt, EDCI, 4-methylmorpholine, DMF, �10 8C to
25 8C, 62 h.


Figure 1. 1H NMR (300 MHz) spectra of G1-(aa1)2-CO2Et: a) aa
1V (R=


iPr), b) aa1=F (R=Bn), and c) aa1A (R=Me) in [D6]DMSO.


Table 1. 1H NMR (300 MHz, [D6]DMSO) chemical shift values (d) of
proton signals relating to the F residues when placed in different layers
inside the dendrons.


G1-F2-
CO2Et


G2-F4A2-
CO2Et


G2-F4V2-
CO2Et


G2-A4F2-
CO2Et


G2-V4F2-
CO2Et


NCHCH2Ph 2.75–3.05 2.68–3.08 2.72–3.07 3.07–3.21 3.05–3.21
NCHCH2Ph 4.25–4.38 4.16–4.39 4.21–4.40 4.78–4.88 4.77–4.88
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The 13C NMR spectra of these dendrons also share the
same spectral characteristics as those of the 1H NMR spec-
tra. The chemical shift values of the carbon nuclei arising
from the dendritic backbone and the aromatic branching
unit are nearly the same. Hence, the primary and tertiary
carbon atoms of tert-butyl groups resonate at d=29 and
79 ppm, respectively. The peaks for the ethyl ester group ap-
peared at d=15 and 61 ppm, while the four aromatic carbon
signals of branching units were found around d=115–
140 ppm. Three carbonyl 13C signals appeared in the most
downfield area of the spectra. The carbonyl 13C signal at d~
156 ppm corresponded to the carbamate C=O group, while
the signal at d~166 ppm was assigned to the C=O ester
moiety. The third signal, located at d~172 ppm, originated
from the anilide C=O group. Similarly, the chemical identi-
ties of the amino acid residues could be differentiated, as in
the case of 1H NMR spectroscopic analysis, by the “finger-
print” peaks from the different side chain functionalities.


Mass spectrometry : The structures of the G1 and G2 den-
drons were also characterized by FAB-or L-SIMS mass
spectrometry. For the G1 series, molecular ions appeared in
forms of M+ , [M+Na]+ , or [M+K]+ . For the G2 dendrons,
a molecular ion peak corresponding to [M+Na]+ and/or
[M+K]+ is always present, as well as a series of fragmenta-
tion ion peaks due to the sequential cleavage of up to four
Boc groups. For example, in addition to the molecular ion
peak signals at m/z 1657.8 [M+Na]+ and 1674.4 [M+K]+ ,
four fragment ion peaks at m/z 1535.9, 1436.4, 1335.7 and
1236.4, corresponding to [M�Boc]+ , [M�2Boc]+ ,
[M�3Boc]+ and [M�4Boc]+ , respectively, were also found
in the mass spectrum of G2-F4V2CO2Et (Figure 2). Unfortu-
nately, we were unable to obtain satisfactory mass spectral
data for the G3 series of dendrons.


Size-exclusion chromatography : The purities of the target
dendrons were further determined by size-exclusion chro-
matography (SEC). All ester dendrons, irrespective of den-
drimer generation, produced a symmetrical peak with a
narrow polydispersity (�1.03) in the SEC chromatogram in
DMF. No peaks due to the presence of defective dendrons
were detected. Surprisingly, the SEC chromatograms of all
acid dendrons were broad and unsymmetrical in DMF, sug-
gesting the presence of aggregates (Figure 3). However,
upon addition of 5% acetic acid to the eluting solvent, the
SEC peaks became sharper and symmetrical. The positions
of the peaks were shifted to longer retention times that
were nearly identical to that of their corresponding dendritic


Figure 2. FAB mass spectrum of G2-F4V2-CO2Et.


Figure 3. SEC chromatograms of G2-A4V2-CO2H in different solvent sys-
tems (flow rate: 1 mLmin�1; temperature: 40 8C; columns: Waters Styra-
gel HR1 and HR3 in serial). The negative absorption peaks are due to
signals of water and acetic acid.
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ester precursors, indicating the breaking down of the aggre-
gates in a stronger hydrogen bonding solvent. Furthermore,
a linear relationship can be established between the SEC re-
tention time and the logarithm of the theoretical molecular
weight of the dendrons (Figure 4). Hence, dendrons of the


same generation are found in close proximity in the figure.
As a result, three separate clusters were found in the plot,
with the G3 cluster located near the top left corner and the
G1 cluster situated at the bottom right corner. This finding
also suggests that dendrons of the same generation all pos-
sess similar hydrodynamic radii, irrespective of the amino
acid composition and the focal-point functional group.


Optical polarimetry : The chiroptical data of the dendrons
were measured in 5% HOAc in 1,2-dichloroethane to avoid
complications due to aggregation (Table 2). One notable
feature is that the sign of the specific rotation does not
change from the dendritic esters to their corresponding car-
boxylic acids. This suggests that the nature of the focal-point
functionality has little influence on the chiral conformation.
Another point of interest is that the molar rotation of the
higher generation dendrons can be roughly estimated from
summation of the molar rotations of all the smaller constitu-


ent chiral components. For example, the molar rotations of
G1-A2-CO2R (R=Et or H) and G1-V2-CO2R dendrons are
negative, while those of the G1-F2-CO2R are positive. As a
result, the signs of the molar rotations of G2-A4V2-CO2R
and G2-V4A2-CO2R dendrons, which can be considered to
consist of G1-A2-CO2R and G1-V2-CO2R dendrons, are also
negative. However, the sign of molar rotations for G2 den-
drons consisting of a combination of A and F, or F and V
residues are difficult to predict, because the chiroptical ef-
fects of A and F, or F and V, are counteracting each other,
but not in an exact or quantitative manner. Thus, G2-F4V2-
CO2R, a dendron that can roughly be considered as consist-
ing of two (+ )-G1-F2-CO2R and one (�)-G1-V2-CO2R frag-
ments, has a negative molar rotation value. On the other
hand, G2-F4A2-CO2R has a positive molar rotation, even
though the molar rotation of G1-A2-CO2R is more negative
than that of G1-V2-CO2R. Obviously this simple dissection
of higher generation dendrons into smaller lower generation
dendritic fragments is an over-simplified analysis, because
the N-termini of the outer layer amino acids are linked to
Boc moieties while those of the inner layer amino acids are
connected to the 3,5-diaminobenzoic acid branching unit. It
has been noted that a slight change in the chemical environ-
ment of chiral units could lead to dramatically different chi-
roptical properties.[8] It is therefore not surprising to see that
an exact quantitative relationship cannot be formulated by
using such a simplified structural dissection approach. Nev-
ertheless, a qualitative statement claiming that the molar ro-
tation of these dendrons is the simple sum of the rotations
of its constituted chiral units, as in the case of sterically non-
congested chiral dendrimers,[9] is possibly valid.


Self-aggregation properties : In contrast to the poor solubili-
ty properties of the b-alanine dendrons reported earlier,[5]


these a-amino acid dendrons, owing to the presence of the
nonpolar alkyl amino acid side chains, are reasonably solu-
ble in aromatic and chlorinated solvents. As a result of this
change of amino acid composition, the a-amino acid den-
drons exhibit aggregation properties that were not revealed
previously as in the case of the b-alanine dendrimers. Most
of the a-amino acid dendrons prepared here were found to
have a tendency to form self-organized species in the solid
and solution states. For example, X-ray crystallographic
analysis of a G1-V2-CO2Et crystal (from ethyl acetate)
shows that the compound crystallizes as a dimer of approxi-
mate C2 symmetry (Figure 5). Each molecule in the dimer
embraces the other with its two longer, pincer-like arms,
such that the pair of aromatic rings are mutually nearly par-
allel and arranged in a staggered manner (dihedral angle be-
tween ring planes=8.18, distance between ring centers=
3.553 P). The molecular association in the dimer is further
consolidated by four intermolecular hydrogen bonds of the
type N�H···O=C (N1···O7’ 2.947, N3···O4’ 2.977, N1’···O7
2.968, N3’···O4 2.996 P).
The formation of dimeric species from G1-V2-CO2Et can


also be revealed from a 1H NMR investigation. In CDCl3 so-
lution, the chemical shift value of the NH anilide protons


Figure 4. A plot of SEC retention time versus log(MW) of the G1–G3
dendrons (solvent: 5% HOAc/DMF).


Table 2. Chiroptical data of G1 and G2 dendrons[a]


Dendron [a]D
[b] [M][c] Dendron [a]D [M]


G1-A2-CO2Et �66.9 �350 G1-A2-CO2H �60.7 �300
G1-F2-CO2Et +15.2 +103 G1-F2-CO2H +8.8 +57
G1-V2-CO2Et �30.5 �177 G1-V2-CO2H �56.9 �313
G2-A4F2-CO2Et �52.6 �751 G2-A4F2-CO2H �73.5 �958
G2-A4V2-CO2Et �74.8 �996 G2-A4V2-CO2H �58.9 �768
G2-F4A2-CO2Et +26.1 +412 G2-F4A2-CO2H +141.7 +2199
G2-F4V2-CO2Et �0.6 �10 G2-F4V2-CO2H �48.4 �778
G2-V4A2-CO2Et �19.6 �272 G2-V4A2-CO2H �1.8 �25
G2-V4F2-CO2Et +13.3 +204 G2-V4F2-CO2H +45.1 +682


[a] In 1,2-dichloroethane/HOAc=95/5 (v/v) solutions at 25 8C. [b] Specif-
ic rotation (10�1 degcm2g�1). [c] Molar rotation (10 degcm2mol�1).
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was shown to be dependent on the sample concentration
(Figure 6). The data could be fitted into a dimerization
model reported by Hunter[10] and the dimerization constant
was estimated to be 350�50m�1. Interestingly, the presence
of the dimeric (m/z 1156.7) and trimeric species (m/z
1736.1) could also be detected in the L-SIMS mass spectrum
of G1-V2-CO2Et.


Gelation properties : Minimum gelation concentration (mgc):
The self-assembling properties of the a-amino acid based
dendrons were further exemplified by their tendency to
form physical gels[2,11] in a solvent and layer-block sequence-
dependent manner. Gel formation was not observed in non-


polar hydrocarbon solvents or alcohols, and only weak gels
were formed in chlorinated solvents. On the other hand, ge-
lation was noted in a wide range of aromatic solvents
(Figure 7). The focal-point carboxylic acid or ethyl ester
functionality also played an important role in gel formation.
Hence, the lower generation G1 and G2 acid dendrons have
a stronger tendency than the ester dendrons to form very
stable transparent gels (mgc<2–100 mgmL�1), while for the
G3 series the ester dendrons are the better gelators. Most
interestingly, the nature of the amino acid side chains in the
various layers also exhibited an intriguing effect on the gela-
tion efficiency. Hence, among the three G1 acid dendrons,
only G1-F2-CO2H is capable of producing strong transparent
gels (mgc=5 mgmL�1) (Table 3). On the other hand, the
corresponding G1-F2-CO2Et ester dendron is a poor organo-
gelator and is highly soluble in aromatic solvents. To our
surprise, the strongest organogelator amongst the six G2


Figure 5. Structure of G1-V2-CO2Et showing the dimeric nature in the
solid state, as obtained by X-ray crystallography. Hydrogen atoms and
atoms from ethyl acetate are omitted for clarity.


Figure 6. Concentration dependent 1H NMR (300 MHz) chemical shift of
the NHAr protons in G1-V2-CO2Et in CDCl3.


Figure 7. Photographic images of amino acid based dendritic gels (concentration=10 mgmL�1). From left to right: 1) aqueous KMnO4 solution; 2) G1-
F2-CO2H in benzene; 3) G1-F2-CO2H in nitrobenzene; 4) G1-F2-CO2H in toluene; 5) G1-F2-CO2H in o-xylene; 6) G1-F2-CO2H in p-xylene; 7) G1-F2-
CO2H in m-xylene; 8) G1-F2-CO2H in CH2Cl2; 9) G3-A8V4F2-CO2Et in nitrobenzene; 10) G2-V4A2-CO2H in toluene; 11) G2-V4A2-CO2H in benzene.
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dendrons is G2-V4A2-CO2H (mgc~4–50 mgmL�1)—a com-
pound that is deprived of F residues (Table 4). On the other
hand, the G2 dendron with the ’reverse’ layer-block struc-
ture G2-A4V2-CO2H turned out to be a less-efficient gelator,
and mainly formed translucent or opaque gels. The G3 den-
drons, in contrast to their lower generation analogues, pro-
duced mainly translucent or weakly opaque gels with most


aromatic solvents (Table 5). Of the 12 possible G3 dendrons,
only G3-A8V4F2-CO2Et produced strong transparent gels
(mgc=6 mgmL�1) in nitrobenzene, while the corresponding
acid dendron G3-A8V4F2-CO2H was an inferior organogela-
tor. Hence, both the focal-point functional group and the
amino acid side chains in the various dendritic layers played
a pivotal role in determining the gelation process.


Gelation mechanism : The gelation process is mostly likely
induced by both hydrogen-bonding and aromatic p–p stack-
ing interactions, since it is observed mainly in aromatic sol-
vents. Furthermore, the electron-deficient nitrobenzene was
the most effective aromatic solvent for gel formation. This
solvent was expected to interact more strongly with the elec-
tron-rich 3,5-diaminobenzamide branching moiety. We
therefore studied the gelation mechanism by IR spectrosco-
py. Our initial attempt was to compare the IR spectral
changes between the solution and gel states of G1-F2-CO2H
in p-xylene. However, this compound rapidly formed gels in
the sample cell and we were unable to obtain a clear, homo-
geneous solution in p-xylene, even at very low organogelator
concentration (<0.2 mgmL�1). On the other hand, the FT-
IR signals were too weak to be observed at much lower con-
centration, therefore the solution IR was recorded in CHCl3
for comparison. Peak assignments of N–H and C=O absorp-
tions were based on the IR data obtained from model com-
pounds BocNH-phenylalanine benzyl ester (BocNH-F-
CO2Bn) and G1-F2-CO2Bn, both of which formed clear solu-
tions in CHCl3 and in p-xylene. The IR spectrum of a nong-
elled sample of G1-F2-CO2H (10 mgmL�1) in CHCl3 exhibit-
ed typical carbamate N�H, anilide N�H, acid/carbamate C=
O and anilide C=O stretchings at 3436, 3322, 1710 and
1685 cm�1, respectively (Figure 8). These signals were red-
shifted by 100, 70, 19 and 24 cm�1, respectively, in the p-
xylene gels (10 mgmL�1), revealing the presence of intermo-
lecular hydrogen bonds in the gelled sample.
To investigate the chiral structure of the gel, circular di-


chroism (CD) spectra of G1-F2-CO2H (10 mgmL�1) in p-
xylene were recorded at different temperatures (Figure 9).
Prior to gelation, the solution sample showed only weak CD
signals. After gelation, a large CD band from the aromatic


chromophore was observed at
310 nm, the intensity of which
decreased gradually with in-
creasing temperature. These re-
sults strongly indicate the for-
mation of hierarchical chiral ag-
gregates in the gelled state.
Scanning electron microscopic
(SEM) studies of a freeze-dried
gel sample of G1-F2-CO2H
(10 mgmL�1) in p-xylene
showed the presence of fibrous
structures with diameters rang-
ing from 50 to 100 nm (Figure
10).However, the existence of a
chiral morphology could not be


Table 3. Minimum gelation concentrations of G1 dendrons in various or-
ganic solvents at 25 8C.[a]


G1-A2-
CO2Et


G1-F2-
CO2Et


G1-V2-
CO2Et


G1-A2-
CO2H


G1-F2-
CO2H


G1-V2-
CO2H


hexane I I I I I I
diethyl ether P I P I I I
THF S S S S S P
dichloromethane S S S I OG


(10)
I


chloroform S S S I S I
ethyl acetate S S C S S I
acetone S S S S S PG
acetonitrile C C C P P P
methanol S S S S S PG
ethanol S S S S S PG
1-propanol S C S S S P
benzene PG S TG


(100)
TG
(100)


CG (3) I


toluene PG S TG
(80)


PG TG (3) I


o-xylene OG
(60)


S TG
(80)


TG
(30)


CG (4) I


p-xylene PG S TG
(80)


TG
(100)


CG (4) I


m-xylene PG S TG
(80)


TG
(100)


CG (4) I


anisole PG S TG
(90)


TG
(70)


PG PG


chlorobenzene PG S TG
(80)


TG
(100)


CG
(10)


OG
(70)


o-dichloro-
benzene


OG
(100)


S PG CG
(40)


TG
(20)


S


nitrobenzene S S TG
(90)


S CG (2) PG


[a] CG: clear transparent gel; PG: partial gelation; TG: translucent gel;
OG: opaque gel; S: soluble (>100 mgmL�1); I: insoluble upon heating;
C: crystallization; P: precipitation. The value given in parentheses is the
mgc in mgmL�1 to achieve gelation at 25 8C.


Table 4. Minimum gelation concentrations of G2 dendrons in various aromatic solvents at 25 8C.[a]


Toluene o-Xylene Anisole Nitrobenzene o-Dichlorobenzene


G2-A4F2-CO2Et OG (40) OG (70) CG (20) TG (100) CG (30)
G2-A4V2-CO2Et OG (100) PG CG (50) CG (60) PG
G2-F4A2-CO2Et S S S S S
G2-F4V2-CO2Et OG (90) TG (70) TG (30) TG (50) OG (70)
G2-V4A2-CO2Et PG PG PG S S
G2-V4F2-CO2Et PG PG S CG (40) CG (100)
G2-A4F2-CO2H OG (40) OG (40) TG (100) OG (50) TG (50)
G2-A4V2-CO2H OG (100) TG (100) OG (50) CG (30) TG (30)
G2-F4A2-CO2H TG (100) OG (100) CG (100) PG PG
G2-F4V2-CO2H OG (50) OG (50) CG (100) CG (30) TG (30)
G2-V4A2-CO2H CG (4) CG (20) CG (30) CG (50) CG (30)
G2-V4F2-CO2H TG (100) TG (100) PG PG PG


[a] CG: clear transparent gel; PG: partial gelation; TG: translucent gel; OG: opaque gel; S: soluble (>
100 mgmL�1). The value given in parentheses is the mgc in mgmL�1 to achieve gelation at 25 8C.
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observed. These fibers were likely to be supramolecular
bundles formed from the intertwining of smaller chains re-
sulting from the intermolecular hydrogen bonding of indi-
vidual dendrons. On the other hand, the SEM image of the
G2-V4A2-CO2H (10 mgmL�1) dried gel sample in toluene
showed the presence of dense structures with no clear, well-
defined microscale architecture. These findings suggest that


the degree of branching also
determines the aggregation pro-
cess. Unfortunately, we were
unable to obtain satisfactory
dried gel samples of the G3
dendrons for SEM investiga-
tions. Thin transparent films
were always formed and hence
the microscopic morphology of
the samples must have been
modified during sample prepa-
ration.


Conclusion


We report here the synthesis of a new library of a-amino
acid based layer-block dendrons based on three nonpolar
amino acid residues. Such dendrons are capable of forming
very strong, transparent physical gels (mgc down to
2 mgmL�1) with aromatic solvents through intricate interac-
tions between the aromatic, amino and carbonyl functionali-
ties. It is believed that the solubility properties and structur-
al rigidities of the nonpolar amino acid side chains as well as
those of the focal-point functionality play an important role
in the gelation process. Only dendrons with the optimal


Figure 8. FT-IR spectra of G1-F2-CO2H (10 mgmL�1) in CHCl3 solution
(top two spectra) and in p-xylene gel (bottom two spectra). The peak la-
beled with an asterisk (*) is due to the presence of p-xylene.


Figure 9. Stacked CD spectra of G1-F2-CO2H in p-xylene gels
(10 mgmL�1) at different temperatures and in a non-gelled p-xylene solu-
tion.


Figure 10. SEM images of freeze-dried gel samples of (top) G1-F2-CO2H
from p-xylene (10 mgmL�1) and of (bottom) G2-V4A2-CO2H from tolu-
ene (10 mgmL�1).


Table 5. Minimum gelation concentrations of G3 dendrons in various aromatic solvents at 25 8C.[a]


Toluene o-Xylene Anisole Nitrobenzene o-Dichlorobenzene


G3-A8F4V2-CO2Et OG (50) OG (50) PG TG (100) TG (40)
G3-A8V4F2-CO2Et OG (50) OG (60) TG (50) CG (6) PG
G3-F8A4V2-CO2Et OG (100) OG (100) S S TG (100)
G3-F8V4A2-CO2Et OG (20) OG (30) PG PG TG (70)
G3-V8A4F2-CO2Et TG (20) TG (50) PG TG (50) TG (20)
G3-V8F4A2-CO2Et OG (40) OG (30) PG TG (100) TG (60)
G3-A8F4V2-CO2H OG (60) OG (50) TG (90) TG (100) TG (50)
G3-A8V4F2-CO2H PG PG TG (60) TG (30) TG (30)
G3-F8A4V2-CO2H OG (50) OG (50) S S OG (100)
G3-F8V4A2-CO2H TG (100) PG PG CG (30) S
G3-V8A4F2-CO2H PG PG TG (50) TG (40) TG (100)
G3-V8F4A2-CO2H TG (100) OG (60) TG (100) TG (50) TG (100)


[a] CG: clear transparent gel; PG: partial gelation; TG: translucent gel; OG: opaque gel; S: soluble
(>100 mgmL�1). The value given in parentheses is the mgc in mgmL�1 to achieve gelation at 25 8C.
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amino acid composition and the appropriate focal-point
functional group can prevent dissolution into or crystalliza-
tion from the solvent medium and exhibit such good gela-
tion properties. In other words, their gelation ability is
highly dependent on the amino acid layer-block sequence of
the dendrons, even though we are unable to clearly define
the structure–gelation relationship at the present moment.
Such a-amino acid based dendritic gels are potentially
useful molecules for biocompatible drug-delivery materials.
We envisage that the introduction of other amino acid resi-
dues of different polarity and hydrogen-bonding capabilities
will further enrich the structural diversity, physico-chemical
and biological properties of such amino acid based dendritic
molecules, the results of which will be reported in the near
future.


Experimental Section


THF was distilled from sodium benzophenone ketyl prior to use. DMF
was stirred with calcium hydride overnight and distilled in vacuo. Ma-
cherey Nagel 60M (230–400 mesh) silica gel was used for flash chroma-
tography. N-Boc-protected l-amino acids (BocNH-aa1-CO2H) and other
chemical reagents were used as received from Aldrich. All NMR spectra
were recorded in [D6]DMSO (dried over molecular sieve 4 P) on a
BrSker DPX spectrometer at 300 MHz (1H) and 75.5 MHz (13C) at 25 8C
unless otherwise indicated. The residual proton or carbon signals of
[D6]DMSO (dH=2.50 ppm; dC=40.5 ppm) were used as internal referen-
ces. All chemical shifts are reported in ppm (d) and coupling constants in
Hz. Positive-ion L-SIMS and FAB spectra were carried out on a Bruker
APEX 47E FTMS spectrometer, a Hewlett Packard 5989B or a Thermo
Finnigan MAT 95XL mass spectrometer. Melting points were measured
on an Electrothermal IA9100 Digital Melting Point Apparatus and were
uncorrected. Melting temperatures (Tm) were collected on a Perkin-
Elmer DCS6 differential scanning calorimeter and are referred to as the
temperature at the onset of the transition. Optical rotations were taken
on a Perkin Elmer 341 Polarimeter at 589 nm and at 20 8C, in a solvent
mixture of 1,2-dichloroethane/HOAc (v/v 95/5). Size-exclusion chroma-
tography (SEC) analyses were performed on Waters Styragel columns
(HR 1 and HR 3 in serial) at 40 8C in 5% HOAc/DMF as eluent (flow
rate=1.0 mLmin�1) using a Waters HPLC 515 pump equipped with a
Waters 486 tunable UV absorbance detector. Molecular weights obtained
from SEC measurements were based on a calibration curve derived from
polystyrene standards. Elemental analyses were performed either at the
Shanghai Institute of Organic Chemistry, Academic Sinica, China or at
MEDAC LTD, Brunel Science Center, CooperTs Hill Lane, Englefield
Green, Egham, Surrey TW20 0JZ, UK.


General procedure for the synthesis of G1-(aa1)2-CO2Et : Dicyclohexyl
carbodiimide (DCC) (2.2 equiv) was added to a stirred mixture of
BocNH-aa1-CO2H (2.2 equiv), ethyl 3,5-diaminobenzoate (1.0 equiv), and
1-hydroxybenzotriazole (HOBt) (2.2 equiv) in dry THF under a nitrogen
atmosphere at �10 8C. The mixture was kept at �10 8C for 1 h and then
at 25 8C for 10 h. The insoluble dicyclohexyl urea (DCU) produced was
removed by filtration and the solvent evaporated in vacuo. The residue
was dissolved in EtOAc (300 mL) and washed successively with saturated
NaHCO3 solution (100 mL), 10% citric acid solution (2U75 mL), saturat-
ed NaHCO3 solution (2U75 mL), and water (2U75 mL). The organic
layer was dried (MgSO4), filtered and evaporated in vacuo to give the
target compound that was purified by flash chromatography on silica gel.


G1-A2-CO2Et : Starting from BocNH-A-CO2H (8.32 g, 44.0 mmol), ethyl
3,5-diaminobenzoate (3.60 g, 20.0 mmol), HOBt (5.94 g, 44.0 mmol) and
DCC (9.06 g, 44.0 mmol), compound G1-A2-CO2Et was obtained as a
white crystalline solid (9.41 g, 90%) after flash chromatography (eluent:
EtOAc/hexane=2/3). M.p. 147–149 8C. [a]20D =�66.9 (c=0.68). SEC re-


tention time: 17.68 min. 1H NMR: d=1.25 (d, J=7.1 Hz, 6H), 1.31 (t, J=
7.1 Hz, 3H), 1.38 (s, 18H), 4.05–4.16 (m, 2H), 4.31 (q, J=7.0 Hz, 2H),
7.10 (d, J=7.0 Hz, 2H), 7.95 (s, 2H), 8.24 (s, 1H), 10.17 ppm (s, 2H);
13C NMR: d=15.1, 18.8, 29.2, 51.4, 61.8, 79.0, 115.1, 115.6, 131.5, 140.6,
156.1, 166.4, 173.2 ppm; MS (FAB): m/z (%): 545 ([M+Na]+ , 21); ele-
mental analysis calcd (%) for C25H38N4O8: C 57.46, H 7.33, N 10.72;
found: C 57.35, H 7.47, N 10.83.


G1-F2-CO2Et : Starting from BocNH-F-CO2H (11.68 g, 44.0 mmol), ethyl
3,5-diaminobenzoate (3.60 g, 20.0 mmol), HOBt (5.94 g, 44.0 mmol), and
DCC (9.06 g, 44.0 mmol), compound G1-F2-CO2Et was obtained as a
white crystalline solid (11.33 g, 84%) after flash chromatography (eluent:
EtOAc/hexane=1/2). M.p. 158–159 8C. [a]20D =++15.2 (c=0.66). SEC re-
tention time: 17.67 min. 1H NMR: d=1.26–1.37 (m, 3H), 1.32 (s, 18H),
2.75–2.90 (m, 2H), 2.90–3.05 (m, 2H), 4.25–4.38 (m, 4H), 7.17–7.35 (m,
12H), 7.93 (s, 2H), 8.27 (s, 1H), 10.32 ppm (s, 2H); 13C NMR: d=15.2,
29.1, 38.2, 57.7, 61.9, 79.1, 115.2, 115.7, 127.3, 129.0, 130.2, 131.5, 138.9,
140.5, 156.4, 166.4, 172.1 ppm; MS (FAB): m/z (%): 675 ([M+H]+ , 1); el-
emental analysis calcd (%) for C37H46N4O8: C 65.86, H 6.87, N 8.30;
found: C 65.84, H 6.88, N 8.27.


G1-V2-CO2Et : Starting from BocNH-V-CO2H (9.55 g, 44.0 mmol), ethyl
3,5-diaminobenzoate (3.60 g, 20.0 mmol), HOBt (5.94 g, 44.0 mmol), and
DCC (9.06 g, 44.0 mmol), compound G1-V2-CO2Et was obtained as a
white crystalline solid (9.48 g, 82%) after flash chromatography (eluent:
EtOAc/hexane=2/5). M.p. 149–150 8C. [a]20D =�30.5 (c=0.82). SEC re-
tention time: 18.03 min. 1H NMR: d=0.89 (d, J=6.5 Hz, 12H), 1,32 (t,
J=7.1 Hz, 3H), 1.38 (s, 18H), 1.90–2.05 (m, 2H), 3.90 (t, J=7.8 Hz, 2H),
4.31 (q, J=7.0 Hz, 2H), 6.94 (d, J=8.3 Hz, 2H), 7.95 (s, 2H), 8.26 (s,
1H), 10.22 ppm (s, 2H); 13C NMR: d=15.2, 19.5, 20.2, 29.2, 31.2, 61.7,
61.9, 79.0, 115.1, 115.7, 131.6, 140.4, 156.6, 166.4, 172.1 ppm; MS (FAB):
m/z (%): 578 (M+ , 16); HRMS (L-SIMS): calcd for M+ : 578.3308;
found: 578.3302; elemental analysis calcd (%) for C29H46N4O8·H2O: C
58.37, H 8.11, N 9.39; found: C 58.21, H 8.05, N 9.39.[12]


General procedure for the synthesis of (Cl�H3N
+-aa1)2-CO2Et: G1-


(aa1)2-CO2Et was stirred in a HCl solution in ethanol (2.1m) at 25 8C. The
reaction was monitored by TLC until completion. The solvent was then
evaporated in vacuo and the residue poured into a large amount of dieth-
yl ether. The precipitate formed was collected by filtration under dry ni-
trogen, and washed with diethyl ether to give the desired product.


(Cl� H3N
+-A)2-CO2Et : Starting from G1-A2-CO2Et (5.22 g, 10.0 mmol)


and a HCl solution in ethanol (60 mL, 2.1m), the title compound was ob-
tained as a white solid (3.86 g, 98%). Tm 259 8C. [a]20D =�3.7 (c=0.37,
MeOH); 1H NMR: d=1.31 (t, J=7.1 Hz, 3H), 1.48 (d, J=6.9 Hz, 6H),
4.11 (q, J=6.8 Hz, 2H), 4.31 (q, J=7.0 Hz, 2H), 8.07 (d, J=1.9 Hz, 2H),
8.23 (t, J=1.7 Hz, 1H), 8.45 (br. s, 6H), 11.15 ppm (s, 2H); 13C NMR:
d=15.1, 18.1, 49.9, 62.0, 115.5, 116.4, 131.8, 140.0, 166.1, 169.6 ppm; MS
(FAB): m/z (%): 323 ([M�2HCl+H]+ , 37); HRMS (FAB): calcd for
[M�2HCl+H]+ : 323.1713; found: 323.1692.


(Cl� H3N
+-F)2-CO2Et : Starting from G1-F2-CO2Et (6.74 g, 10.0 mmol)


and a HCl solution in ethanol (80 mL, 2.1m), the target compound was
obtained as a white solid (5.42 g, 99%). Tm 280 8C. [a]20D =++111.9 (c=
0.34, MeOH). 1H NMR: d=1.31 (t, J=7.1 Hz, 3H), 3.11–3.27 (m, 4H),
4.26–4.40 (m, 4H), 7.19–7.38 (m, 10H), 8.00 (d, J=1.8 Hz, 2H), 8.09 (t,
J=1.7 Hz, 1H), 8.56 (br. s, 6H) 11.20 ppm (s, 2H); 13C NMR: d=15.1,
37.8, 55.1, 62.0, 115.8, 116.7, 128.1, 129.5, 130.5, 131.7, 135.8, 139.7, 166.1,
168.0 ppm; MS (FAB): m/z (%): 475 ([M�2HCl+H]+ , 100); HRMS (L-
SIMS): calcd for [M�2HCl+H]+ : 475.2338; found: 475.2332.


(Cl� H3N
+-V)2-CO2Et : Starting from G1V2-CO2Et (5.78 g, 10.0 mmol)


and a HCl solution in ethanol (50 mL, 2.1m), the title compound was ob-
tained as a white solid (4.34 g, 98%). Tm 268 8C. [a]20D =++47.2 (c=0.60,
MeOH). 1H NMR: d=0.99 (d, J=2.5 Hz, 6H), 1.01 (d, J=2.5 Hz, 6H),
1.32 (t, J=7.1 Hz, 3H), 2.14–2.29 (m, 2H), 3.89 (d, J=5.9 Hz, 2H), 4.32
(q, J=7.0 Hz, 2H), 8.08 (d, J=1.8 Hz, 2H), 8.27 (t, J=1.8 Hz, 1H), 8.40
(br. s, 6H), 11.14 ppm (s, 2H); 13C NMR: d=15.1, 18.9, 19.4, 30.9, 58.9,
62.0, 115.6, 116.5, 131.8, 139.8, 166.1, 168.3 ppm; MS (FAB): m/z (%):
379 ([M�2HCl+H]+ , 34); HRMS (L-SIMS): calcd for [M�2HCl+H]+ :
379.2338; found: 379.2337.


General procedure for the synthesis of G1-(aa1)2-CO2H : An aqueous so-
lution of KOH (2.0m) was added to a stirred solution of G1-(aa1)2-CO2Et
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in MeOH at 25 8C. The reaction mixture was monitored by TLC until
completion. The solvent was evaporated in vacuo and the residue poured
into a large amount of water. The precipitate formed was collected by fil-
tration and washed with water to give the target product.


G1-A2-CO2H : Starting from G1-A2-CO2Et (10.44 g, 20.0 mmol) in
MeOH (150 mL) and aqueous KOH solution (40.0 mL, 2.0m), the title
compound was obtained as a white solid (7.51 g, 76%). Tm 150 8C. [a]20D =


�60.7 (c=0.14). SEC retention time: 17.31 min. 1H NMR (CO2H not ob-
served): d=1.25 (d, J=6.9 Hz, 6H), 1.38 (s, 18H), 3.95–4.18 (m, 2H),
7.11 (d, J=6.9 Hz, 2H), 7.91 (s, 2H), 8.18 (s, 1H), 10.12 ppm (s, 2H);
13C NMR: d=18.8, 29.2, 51.4, 79.0, 114.8, 115.9, 132.4, 140.5, 156.1, 168.0,
173.1 ppm; MS (FAB): m/z (%): 494 ([M]+ , 32); HRMS (L-SIMS): calcd
for M+ : 494.2369; found: 494.2406; elemental analysis calcd (%) for
C23H34N4O8·H2O: C 53.90, H 7.08, N 10.93; found: C 53.21, H 6.79, N
10.82.


G1-F2-CO2H : Starting from G1-F2-CO2Et (13.48 g, 20.0 mmol) in MeOH
(240 mL) and aqueous KOH solution (40.0 mL, 2.0m), the title com-
pound was obtained as a white solid (12.8 g, 99%). Tm 160 8C. [a]20D =


+8.8 (c=0.19). SEC retention time: 17.37 min. 1H NMR (CO2H not ob-
served): d=1.32 (s, 18H), 2.73–2.91 (m, 2H), 2.91–3.05 (m, 2H), 4.15–
4.35 (m, 2H), 7.08–7.39 (m, 12H), 7.90 (s, 2H), 8.19 (s, 1H), 10.23 ppm
(s, 2H); 13C NMR: d=29.2, 38.4, 57.8, 79.2, 114.6, 116.2, 127.4, 129.1,
130.3, 139.0, 140.3, 156.5, 168.2, 172.1 ppm; MS (FAB): m/z (%): 646
([M]+ , 100); HRMS (L-SIMS): calcd for [M+H]+ : 647.3073; found:
647.3083; elemental analysis calcd (%) for C35H42N4O8·3H2O: C 59.99, H
6.90, N 7.99; found: C 60.38, H 6.50, N 7.81.


G1-V2-CO2H : Starting from G1-V2-CO2Et (11.56 g, 20.0 mmol) in
MeOH (150 mL) and aqueous KOH solution (40.0 mL, 2.0m), the title
compound was obtained as a white solid (10.20 g, 93%). Tm 152 8C.
[a]20D =�56.9 (c=0.063). SEC retention time: 17.61 min. 1H NMR (CO2H
not observed): d=0.89 (d, J=6.5 Hz, 12H), 1.38 (s, 18H), 1.81–2.08 (m,
2H), 3.90 (t, J=7.9 Hz, 2H), 6.92 (d, J=8.3 Hz, 2H), 7.93 (s, 2H), 8.19
(s, 1H), 10.17 ppm (s, 2H); 13C NMR: d=19.5, 20.2, 29.2, 31.2, 61.7, 79.0,
114.9, 116.0, 132.5, 140.3, 156.6, 168.0, 172.0 ppm; MS (FAB): m/z (%):
589 ([M+K]+ , 3); HRMS (L-SIMS): calcd for M+ : 550.2995; found:
550.3022.


General procedure for the synthesis of G2-(aa1)4(aa
2)2-CO2Et : DCC


(2.2 equiv) was added to a stirred mixture of G1-(aa1)2-CO2H (2.2 equiv),
(Cl� H3N


+-aa2)2-CO2Et (1 equiv), 4-methylmorpholine (2 equiv),and
HOBt (2.2 equiv) in DMF under a nitrogen atmosphere at �10 8C. The
mixture was kept at �10 8C for 2 h and then at 25 8C for 48 h. The insolu-
ble DCU produced was removed by filtration and the solvent evaporated
in vacuo. The residue was dissolved in CHCl3, and washed successively
with saturated NaHCO3 solution, 10% citric acid solution, saturated
NaHCO3 solution, and water. The organic layer was dried (MgSO4), fil-
tered and evaporated in vacuo to give the target compound that was pu-
rified by flash chromatography on silica gel.


G2-A4F2-CO2Et : Starting from G1-A2-CO2H (5.26 g, 10.7 mmol), (Cl�


H3N
+-F)2-CO2Et (2.65 g, 4.8 mmol), 4-methylmorpholine (0.98 g,


9.7 mmol), HOBt (1.44 g, 10.7 mmol), and DCC (2.19 g, 10.7 mmol) in
DMF (50 mL), the title compound was obtained as a white solid (6.37 g,
92%) after flash chromatography (eluent: CHCl3/MeOH 60/1 gradient to
30/1). Tm 182 8C. [a]20D =�52.6 (c=0.33). SEC retention time: 15.88 min.
1H NMR: d=1.26 (d, J=7.0 Hz, 12H), 1.33 (t, J=7.1 Hz, 3H), 1.38 (s,
36H), 3.07–3.21 (m, 4H), 4.05–4.22 (m, 4H), 4.32 (q, J=7.1 Hz, 2H),
4.78–4.88 (m, 2H), 7.08 (d, J=7.0 Hz, 4H), 7.15–7.49 (m, 10H), 7.66 (s,
4H), 7.97 (s, 2H), 8.11 (s, 2H), 8.29 (s, 1H), 8.67 (d, J=7.3 Hz, 2H),
10.05 (s, 4H), 10.43 ppm (s, 2H); 13C NMR: d=15.1, 18.9, 29.1, 38.0, 51.3,
56.7, 61.8, 79.0, 113.9, 114.4, 115.4, 115.9, 127.3, 129.1, 130.1, 131.5, 136.4,
138.8, 140.1, 140.4, 156.1, 166.3, 167.7, 171.4, 173.0 ppm; MS (FAB): m/z
(%): 1449.6 ([M+Na]+ , 9); HRMS (FAB): calcd for [M+Na]+ :
1449.6701; found: 1449.6664; elemental analysis calcd (%) for
C73H94N12O18·2H2O: C 59.91, H 6.75, N 11.48; found: C 59.67, H 6.69, N
11.18.


G2-A4V2-CO2Et : Starting from G1-A2-CO2H (6.52 g, 13.2 mmol), (Cl�


H3N
+-V)2-CO2Et (2.71 g, 6.0 mmol), 4-methylmorpholine (1.21 g,


12.0 mmol), HOBt (1.78 g, 13.2 mmol), and DCC (2.72 g, 13.2 mmol) in
DMF (50 mL), the target product was obtained as a white solid (7.18 g,


90%) after flash chromatography (eluent: CHCl3/MeOH 35/1). Tm


181 8C. [a]20D =�74.8 (c 0.88). SEC retention time: 16.04 min. 1H NMR:
d=0.97 (d, J=6.5 Hz, 6H), 0.99 (d, J=6.4 Hz, 6H), 1.25 (d, J=7.1 Hz,
12H), 1.30 (t, J=7.2 Hz, 3H), 1.37 (s, 36H), 2.12–2.24 (m, 2H), 4.07–4.16
(m, 4H), 4.31 (q, J=7.1 Hz, 2H), 4.40 (t, J=8.2 Hz, 2H), 7.08 (d, J=
7.2 Hz, 4H), 7.68 (s, 4H), 8.00 (s, 2H), 8.18 (s, 2H), 8.31 (s, 1H), 8.36 (d,
J=7.5 Hz, 2H), 10.07 (s, 4H), 10.40 ppm (s, 2H); 13C NMR: d=15.1,
18.9, 19.8, 20.2, 29.1, 31.1, 51.4, 60.9, 61.8, 79.0, 113.7, 114.3, 115.2, 115.8,
131.6, 136.6, 140.2, 140.3, 156.1, 166.3, 168.0, 171.5, 173.0 ppm; MS
(FAB): m/z (%): 1353.4 ([M+Na)+ , 16 ); HRMS (FAB): calcd for
[M+Na]+ : 1353.6701; found: 1353.6671; elemental analysis calcd (%) for
C65H94N12O18: C 58.63, H 7.12, N 12.62; found: C 58.43, H 7.11, N 12.42.


G2-F4A2-CO2Et : Starting from G1-F2-CO2H (10.44 g, 16.2 mmol),
(Cl�H3N


+-A)2-CO2Et (2.90 g, 7.4 mmol), 4-methylmorpholine (1.48 g,
14.7 mmol), HOBt (2.18 g, 16.2 mmol), and DCC (3.33 g, 16.2 mmol) in
DMF (65 mL), the target compound was obtained as a white solid
(10.8 g, 93%) after flash chromatography (eluent: CHCl3/MeOH 50/1).
Tm 173 8C. [a]20D =++26.1 (c=0.61). SEC retention time: 16.00 min.
1H NMR: d=1.29–1.39 (m, 3H), 1.32 (s, 36H), 1.43 (d, J=6.9 Hz, 6H),
2.68–2.90 (m, 4H), 2.90–3.08 (m, 4H), 4.16–4.39 (m, 6H), 4.51–4.65 (m,
2H), 7.10–7.38 (m, 24H), 7.73 (s, 4H), 8.00 (s, 2H), 8.19 (s, 2H), 8.33 (s,
1H), 8.64 (d, J=6.0 Hz, 2H), 10.25 (s, 4H), 10.34 ppm (s, 2H);
13C NMR: d=15.1, 18.6, 29.1, 38.3, 50.9, 57.6, 61.8, 79.0, 113.9, 114.6,
115.2, 115.7, 127.2, 129.0, 130.2, 131.5, 136.5, 138.9, 140.1, 140.6, 156.3,
166.4, 167.6, 172.0, 172.6 ppm; MS (FAB): m/z (%): 1601.9 ([M+Na]+ ,
13); HRMS (FAB): calcd for [M+Na]+ : 1601.7327; found: 1601.7351; ele-
mental analysis calcd (%) for C85H102N12O18·H2O: C 63.90, H 6.56, N
10.52; found: C 63.56, H 6.47, N 10.41.


G2-F4V2-CO2Et : Starting from G1-F2-CO2H (4.64 g, 7.2 mmol),
(Cl�H3N


+-V)2-CO2Et (1.47 g, 3.3 mmol), 4-methylmorpholine (0.66 g,
6.5 mmol), HOBt (0.97 g, 7.2 mmol), and DCC (1.48 g, 7.2 mmol) in
DMF (35 mL), the title compound was obtained as a white solid (5.29 g,
84%) after flash chromatography (eluent: CHCl3/MeOH 80/1 gradient to
60/1). Tm 182 8C. [a]20D =�0.6 (c=0.49). SEC retention time: 16.05 min.
1H NMR: d=0.99 (d, J=6.7 Hz, 6H), 1.01 (d, J=6.6 Hz, 6H), 1.26–1.38
(m, 3H), 1.32 (s, 36H), 2.10–2.28 (m, 2H), 2.72–2.91 (m, 4H), 2.91–3.07
(m, 4H), 4.21–4.47 (m, 8H), 7.12–7.37 (m, 24H), 7.71 (s, 4H), 8.02 (s,
2H), 8.20 (s, 2H), 8.34 (s, 1H), 8.41 (d, J=7.7 Hz, 2H), 10.24 (s, 4H),
10.43 ppm (s, 2H); 13C NMR: d=15.1, 19.9, 20.2, 29.1, 31.2, 38.3, 57.6,
60.9, 61.9, 79.0, 113.8, 114.5, 115.2, 115.8, 127.2, 129.0, 130.2, 131.6, 136.7,
138.9, 140.1, 140.4, 156.3, 166.4, 168.0, 171.5, 172.0 ppm; MS (FAB): m/z
(%): 1657.8 ([M+Na]+ , 7); HRMS (FAB): calcd for [M+Na]+ :
1657.7953; found: 1657.8028.


G2-V4A2-CO2Et : Starting from G1-V2-CO2H (3.63 g, 6.6 mmol),
(Cl�H3N


+-A)2-CO2Et (1.19 g, 3.0 mmol), 4-methylmorpholine (0.61 g,
6.0 mmol), HOBt (0.89 g, 6.6 mmol), and DCC (1.36 g, 6.6 mmol) in
DMF (40 mL), the target compound was obtained as a white solid
(3.63 g, 87%) after flash chromatography (eluent: CHCl3/MeOH 45/1).
Tm 185 8C. [a]20D =�19.6 (c=0.44). SEC retention time: 16.28 min.
1H NMR: d=0.90 (d, J=6.4 Hz, 24H), 1.31 (t, J=7.1 Hz, 3H), 1.38 (s,
36H), 1.42 (d, J=7.3 Hz, 6H), 1.88–2.11 (m, 4H), 3.93 (t, J=7.9 Hz,
4H), 4.31 (q, J=7.1 Hz, 2H), 4.52–4.61 (m, 2H), 6.88 (d, J=8.4 Hz, 4H),
7.72 (s, 4H), 7.97 (s, 2H), 8.17 (s, 2H), 8.31 (s, 1H), 8.61 (d, J=6.3 Hz,
2H), 10.11 (s, 4H), 10.32 ppm (s, 2H); 13C NMR: d=15.1, 18.6, 19.4,
20.2, 29.1, 31.2, 50.9, 61.6, 61.8, 79.0, 113.9, 114.6, 115.3, 115.7, 131.5,
136.5, 139.9, 140.6, 156.5, 166.4, 167.6, 171.9, 172.6 ppm; MS (FAB): m/z
(%): 1409.4 ([M+Na]+ , 25); HRMS (FAB): calcd for [M+Na]+ :
1409.7327; found: 1409.7407; elemental analysis calcd (%) for
C69H102N12O18·2H2O: C 58.21, H 7.50, N 11.81; found: C 58.36, H 7.33, N
11.77.


G2-V4F2-CO2Et : Starting from G1-V2-CO2H (3.63 g, 6.6 mmol),
(Cl�H3N


+-F)2-CO2Et (1.64 g, 3.0 mmol), 4-methylmorpholine (0.61 g,
6.6 mmol), HOBt (0.89 g, 6.6 mmol), and DCC (1.36 g, 6.6 mmol) in
DMF (35 mL), the title compound was obtained as a white solid (3.18 g,
69%) after flash chromatography (eluent: CHCl3/MeOH 80/1 gradient to
60/1). Tm 191 8C. [a]20D =++13.3 (c=0.40). SEC retention time: 16.19 min.
1H NMR: d=0.90 (d, J=6.1 Hz, 24H), 1.38 (s, 36H), 1.38 (m, 3H), 1.90–
2.08 (m, 4H), 3.05–3.21 (m, 4H), 3.93 (t, J=7.4 Hz, 4H), 4.32 (q, J=
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6.7 Hz, 2H), 4.77–4.88 (m, 2H), 6.90 (d, J=8.2 Hz, 4H), 7.14–7.42 (m,
10H), 7.68 (s, 4H), 7.97 (s, 2H), 8.12 (s, 2H), 8.31 (s, 1H), 8.69 (d, J=
7.0 Hz, 2H), 10.10 (s, 4H), 10.44 ppm (s, 2H); 13C NMR: d=15.1, 19.4,
20.2, 29.1, 31.3, 38.1, 56.7, 61.5, 61.8, 79.0, 114.0, 114.6, 115.4, 115.9, 127.3,
129.1, 130.2, 131.5, 136.5, 138.8, 139.9, 140.4, 156.5, 166.4, 167.7, 171.4,
171.9 ppm; MS (FAB): m/z (%): 1561.8 ([M+Na]+ , 10); HRMS (FAB):
calcd for [M+Na]+ : 1561.7953; found: 1561.7960; elemental analysis
calcd (%) for C81H110N12O18·2H2O: C 61.74, H 7.29, N 10.67; found: C
61.98, H 7.25, N 10.60.


General procedure for the synthesis of G2-(aa1)4(aa
2)2-CO2H : An aque-


ous KOH solution (2.0m) was added to a solution of G2-(aa1)4(aa
2)2-


CO2Et in MeOH or in a 1/1 mixture of MeOH and THF. The reaction
mixture was stirred at 25 8C until completion of reaction as monitored by
TLC. The solvent was evaporated in vacuo and the residue poured into
water. The precipitate formed was collected by filtration and washed
with water.


G2-A4F2-CO2H : Starting from G2-A4F2-CO2Et (2.85 g, 2.0 mmol) in
MeOH (40 mL) and aqueous KOH solution (6.0 mL, 2.0m), the title
compound was obtained as a white solid (2.57 g, 92%). Tm 176 8C. [a]20D =


�73.5 (c=0.41). SEC retention time: 15.85 min. 1H NMR (CO2H not ob-
served): d=1.26 (d, J=7.0 Hz, 12H), 1.38 (s, 36H), 3.06–3.16 (m, 4H),
4.05–4.16 (m, 4H), 4.76–4.88 (m, 2H), 7.09 (d, J=7.1 Hz, 4H), 7.15–7.41
(m, 10H), 7.66 (s, 4H), 7.95 (s, 2H), 8.12 (s, 2H), 8.23 (s, 1H), 8.40 (d,
J=7.7 Hz, 2H), 10.05 (s, 4H), 10.38 ppm (s, 2H); 13C NMR: d=18.9,
29.1, 38.1, 51.3, 56.7, 78.9, 113.9, 114.4, 115.0, 116.2, 127.3, 129.1, 130.1,
136.4, 138.8, 140.1, 140.2, 156.1, 167.7, 171.3, 173.0 ppm; MS (FAB): m/z
(%): 1421.3 ([M+Na]+ , 8); HRMS (FAB): calcd for [M+Na]+ :
1421.6388; found: 1421.6438.


G2-A4V2-CO2H : Starting from G2-A4V2-CO2Et (4.00 g, 3.0 mmol) in
MeOH (55 mL) and aqueous KOH solution (9.0 mL, 2.0m), the target
compound was obtained as a white solid (3.47 g, 89%). Tm 180 8C. [a]20D =


�58.9 (c=0.42). SEC retention time: 15.83 min. 1H NMR (CO2H not ob-
served): d=0.97 (d, J=6.2 Hz, 6H), 0.99 (t, J=6.1 Hz, 6H), 1.25 (d, J=
7.0 Hz, 12H), 1.37 (s, 36H), 2.13–2.24 (m, 2H), 3.95–4.19 (m, 4H), 4.40
(t, J=8.1 Hz, 2H), 7.08 (d, J=7.1 Hz, 4H), 7.68 (s, 4H), 7.97 (s, 2H),
8.18 (s, 2H), 8.25 (s, 1H), 8.36 (d, J=7.5 Hz, 2H), 10.08 (s, 4H),
10.35 ppm (s, 2H); 13C NMR: d=18.9, 19.9, 20.2, 29.2, 31.2, 51.4, 60.9,
79.0, 113.7, 114.4, 115.0, 116.2, 132.8, 136.6, 140.2, 156.1, 168.0, 171.4,
173.0 ppm; MS (FAB): m/z (%): 1325.5 ([M+Na]+ , 7); HRMS (FAB):
calcd for [M+Na]+ : 1325.6388; found: 1325.6381.


G2-F4A2-CO2H : Starting from G2-F4A2-CO2Et (4.00 g, 2.5 mmol) in a 1/1
mixture of THF/MeOH (40 mL) and aqueous KOH solution (5.1 mL,
2.0m), the target compound was obtained as a white solid (3.29 g, 84%).
Tm 173 8C. [a]20D =++141.7 (c=0.34). SEC retention time: 15.89 min.
1H NMR (CO2H not observed): d=1.31 (s, 36H), 1.43 (d, J=6.7 Hz,
6H), 2.71–2.93 (m, 4H), 2.93–3.08 (m, 4H), 4.16–4.39 (m, 4H), 4.58–4.67
(m, 2H), 7.12–7.37 (m, 24H), 7.74 (s, 4H), 7.91 (s, 2H), 8.20 (s, 2H), 8.23
(s, 1H), 8.60 (d, J=5.6 Hz, 2H), 10.21 (s, 2H), 10.26 ppm (s, 4H);
13C NMR: d=18.8, 29.1, 38.3, 50.9, 57.6, 79.0, 113.8, 114.1, 114.6, 116.4,
127.2, 129.0, 130.2, 136.5, 138.9, 140.0, 140.1, 156.3, 167.5, 172.0,
172.3 ppm; MS (FAB): m/z (%): 1574.1 ([M+Na]+ , 2); HRMS (FAB):
calcd for [M+Na]+ : 1573.7014; found: 1573.6979; elemental analysis
calcd (%) for C83H98N12O18·3H2O: C 62.08, H 6.53, N 10.47; found: C
62.24, H 6.27, N 10.38.


G2-F4V2-CO2H : Starting from G2-F4V2-CO2Et (3.78 g, 2.3 mmol) in a 1/1
mixture of THF/MeOH (70 mL) and aqueous KOH solution (4.6 mL,
2.0m), the target compound was obtained as a white solid (3.39 g, 91%).
Tm 165 8C. [a]20D =�48.4 (c=0.56). SEC retention time: 15.88 min.
1H NMR (CO2H not observed): d=0.99 (d, J=6.1 Hz, 6H), 1.01 (d, J=
5.9 Hz, 6H), 1.31 (s, 36H), 2.15–2.26 (m, 2H), 2.74–2.91 (m, 4H), 2.91–
3.05 (m, 4H), 4.19–4.48 (m, 6H), 7.12–7.38 (24H, m), 7.72 (s, 4H), 7.99
(s, 2H), 8.22 (s, 2H), 8.26 (s, 1H), 8.40 (d, J=6.9 Hz, 2H), 10.26 (s, 4H),
10.35 ppm (s, 2H); 13C NMR: d=19.5, 19.8, 28.7, 30.8, 37.9, 57.2, 60.5,
78.6, 113.3, 114.1, 115.9, 126.8, 128.6, 129.7, 136.2, 138.5, 139.5, 139.6,
155.9, 167.5, 170.9, 171.6 ppm; MS (FAB): m/z (%): 1629.9 ([M+Na]+ ,
5); HRMS (FAB): calcd for [M+Na]+ : 1629.7640; found: 1629.7673.


G2-V4A2-CO2H : Starting from G2-V4A2-CO2Et (2.07 g, 1.5 mmol) in
MeOH (20 mL) and aqueous KOH solution (3.0 mL, 2.0m), the target


compound was obtained as a white solid (1.84 g, 91%). Tm 186 8C. [a]20D =


�1.8 (c=0.39). SEC retention time: 15.99 min. 1H NMR (CO2H not ob-
served): d=0.89 (d, J=6.5 Hz, 24H), 1.38 (s, 36H) 1.42 (m, 6H), 1.92–
2.05 (m, 4H), 3.93 (t, J=7.9 Hz, 4H), 4.53–4.62 (m, 2H), 6.88 (d, J=
8.5 Hz, 4H), 7.73 (s, 4H), 7.90 (s, 2H), 8.19 (s, 3H), 8.57 (d, J=6.1 Hz,
2H), 10.13 (s, 4H), 10.16 ppm (s, 2H); 13C NMR: d=18.8, 19.4, 20.1,
29.1, 31.2, 50.8, 61.5, 79.0, 113.8, 114.5, 116.5, 136.5, 139.7, 139.9, 156.4,
167.5, 171.8, 172.2 ppm; MS (FAB): m/z (%): 1381.5 ([M+Na]+ , 5);
HRMS (FAB): calcd for [M+Na]+ : 1381.7014; found: 1381.7062.


G2-V4F2-CO2H : Starting from G2-V4F2-CO2Et (4.64 g, 3.02 mmol) in a
1/1 mixture of THF/MeOH (40 mL) and aqueous KOH solution (8.0 mL,
2.0m), the title compound was obtained as a white solid (4.01 g, 88%).
Tm 174 8C. [a]20D =++45.1 (c=0.41). SEC retention time: 16.08 min.
1H NMR (CO2H not observed): d=0.90 (d, J=6.6 Hz, 24H), 1.38 (s,
36H), 1.90–2.08 (m, 4H), 3.06–3.23 (m, 4H), 3.93 (t, J=8.0 Hz, 4H), 4.83
(q, J=8.3 Hz, 2H), 6.90 (d, J=8.4 Hz, 4H), 7.15–7.41 (m, 10H), 7.68 (s,
4H), 7.95 (s, 2H), 8.12 (s, 2H), 8.24 (s, 1H), 8.70 (d, J=7.4 Hz, 2H),
10.10 (s, 4H), 10.39 ppm (s, 2H); 13C NMR: d=19.5, 20.3, 29.2, 31.3, 38.2,
56.8, 61.6, 79.1, 114.1, 114.7, 115.2, 116.3, 127.4, 129.2, 130.3, 136.6, 139.0,
140.0, 140.3, 156.6, 167.8, 171.4, 172.0 ppm; MS (FAB): m/z (%): 1533.7
([M+Na]+ , 7); HRMS (FAB): calcd for [M+Na]+ : 1533.7640; found:
1533.7603.


General procedure for the synthesis of G3-(aa1)8(aa
2)4(aa


3)2-CO2Et :
EDCI (2.2 equiv) was added to a stirred mixture of G2-(aa1)4(aa


2)2-
CO2H (2.2 equivalent), (Cl� H3N


+-aa3)2-CO2Et (1 equiv), 4-methylmor-
pholine (2 equiv), and HOBt (2.2 equiv) in DMF under nitrogen at
�10 8C. The mixture was kept at �10 8C for 2 h and then at 25 8C for
60 h. The insoluble precipitate produced was removed by filtration and
the solvent evaporated in vacuo. The residue was dissolved in CHCl3,
and washed successively with saturated NaHCO3 solution, 10% citric
acid solution, saturated NaHCO3 solution, and water. The organic layer
was dried (MgSO4), filtered, and evaporated in vacuo to give the target
compound that was purified by flash chromatography on silica gel.


G3-A8F4V2-CO2Et : Starting from G2-A4F2-CO2H (1.25 g, 0.89 mmol),
(Cl� H3N


+-V)2-CO2Et (0.17 g, 0.37 mmol), 4-methylmorpholine (0.075 g,
0.75 mmol), HOBt (0.12 g, 0.89 mmol), and EDCI (0.27 g, 0.89 mmol) in
DMF (10 mL), the product was obtained as a white solid (0.71 g, 61%)
after flash chromatography (eluent: CHCl3/MeOH=60/1 gradient to 40/
1). Tm 186 8C. [a]20D =�121.4 (c=0.36). SEC retention time: 14.61 min.
1H NMR: d=0.98 (d, J=7.6 Hz, 6H), 1.00 (d, J=7.2 Hz, 6H), 1.25 (d,
J=6.8 HZ, 24H), 1.29–1.38 (m, 3H), 1.37 (s, 72H), 2.11–2.30 (m, 2H),
3.02–3.22 (m, 8H), 3.95–4.18 (m, 8H), 4.28 (q, J=7.0 Hz, 2H), 4.38 (t,
J=7.4 Hz, 2H), 4.78–4.92 (m, 4H), 7.08 (d, J=6.8 Hz, 8H), 7.39–7.18 (m,
20H), 7.66 (s, 8H), 7.76 (s, 4H), 8.04 (s, 2H), 8.16 (s, 4H), 8.24 (s, 3H),
8.41 (br. s, 2H), 8.67 (br. s, 4H), 10.05 (s, 8H), 10.39 ppm (s, 6H);
13C NMR: d=15.1, 18.9, 20.0, 20.2, 29.2, 31.2, 38.1, 51.4, 56.7, 61.0, 61.8,
79.0, 113.9, 114.4, 114.7, 115.2, 115.9, 127.3, 129.1, 130.2, 131.6, 136.5,
136.7, 138.9, 140.1, 140.4, 156.1, 166.4, 167.7, 168.0, 171.4, 171.5,
173.0 ppm.


G3-A8V4F2-CO2Et : Starting from G2-A4V2-CO2H (2.50 g, 1.92 mmol),
(Cl� H3N


+-F)2-CO2Et (0.48 g, 1.15 mmol), 4-methylmorpholine (0.18 g,
1.15 mmol), HOBt (0.26 g, 1.92 mmol), and EDCI (0.57 g, 1.92 mmol) in
DMF (24 mL), the target compound was obtained as a white solid
(1.25 g, 47%) after flash chromatography (eluent: CHCl3/MeOH 60/1).
Tm 183 8C. [a]20D =�35.3 (c=0.48). SEC retention time: 14.68 min.
1H NMR: d=0.97 (d, J=5.6 Hz, 12H), 0.99 (d, J=5.6 Hz, 12H), 1.25 (d,
J=6.9 Hz, 24H), 1.27–1.31 (m, 3H), 1.36 (s, 72H), 2.13–2.25 (m, 4H),
3.05–3.21 (m, 4H), 3.92–4.18 (m, 8H), 4.33 (q, J=7.0 Hz, 2H), 4.43 (t,
J=7.7 Hz, 4H), 4.78–4.95 (m, 2H), 7.07 (d, J=6.9 Hz, 8H), 7.14–7.38 (m,
10H), 7.69 (s, 8H), 7.73 (s, 4H), 7.99 (s, 2H), 8.18 (s, 7H), 8.34 (br. s,
4H), 8.71 (d, J=6.2 Hz, 2H), 10.07 (s, 8H), 10.30 (s, 4H), 10.41 ppm (s,
2H); 13C NMR: d=15.1, 18.9, 19.9, 20.2, 29.2, 31.2, 38.1, 51.4, 56.7, 61.0,
61.8, 79.0, 113.7, 114.35, 114.79, 115.3, 115.9, 127.3, 129.1, 130.1, 131.5,
136.5, 136.6, 138.8, 139.9, 140.2, 140.4, 156.1, 166.4, 167.7, 168.0, 171.4,
173.0 ppm; elemental analysis calcd (%) for C153H206N28O38·6H2O: C
58.27, H 6.97, N 12.44; found: C 58.35, H 6.73, N 12.19.


G3-F8A4V2-CO2Et : Starting form G2-F4A2-CO2H (2.50 g, 1.61 mmol),
(Cl� H3N


+-V)2-CO2Et (0.30 g, 0.67 mmol), 4-methylmorpholine (0.14 g,
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1.34 mmol), HOBt (0.22 g, 1.61 mmol), and EDCI (0.48 g, 1.61 mmol) in
DMF (25 mL), the title compound was obtained as a white solid (0.93 g,
40%) after flash chromatography (eluent: CHCl3/MeOH 60/1 gradient to
50/1). Tm 190 8C. [a]20D =�81.9 (c=0.37). SEC retention time: 14.63 min.
1H NMR: d=0.96 (d, J=6.9 Hz, 6H), 0.99 (d, J=6.8 Hz, 6H), 1.22–1.30
(m, 3H), 1.30 (s, 72H), 1.43 (d, J=6.8 Hz, 12H), 2.10–2.25 (m, 2H),
2.72–2.88 (m, 8H), 2.88–3.05 (m, 8H), 4.18–4.49 (m, 12H), 4.58–4.69 (m,
4H), 7.10–7.36 (m, 48H), 7.72 (s, 8H), 7.75 (s, 4H), 8.04 (s, 2H), 8.19 (s,
4H), 8.22 (s, 1H), 8.27 (s, 2H), 8.41 (d, J=7.3 Hz, 2H), 8.62 (br. s, 4H),
10.23 (s, 8H), 10.26 (s, 4H), 10.40 ppm (s, 2H); 13C NMR: d=15.1, 18.7,
20.0, 20.2, 29.1, 31.2, 38.3, 50.8, 57.6, 61.0, 61.8, 79.0, 113.8, 114.6, 115.1,
115.8, 127.2, 129.0, 130.2, 131.6, 136.5, 136.6, 138.9, 140.0, 140.2, 140.3,
156.3, 166.3, 167.6, 168.0, 171.5, 172.0, 172.5 ppm; elemental analysis
calcd (%) for C185H222N28O38·5H2O: C 62.84, H 6.61, N 11.09; found: C
62.58, H 6.40, N 10.89.


G3-F8V4A2-CO2Et : Starting form G2-F4V2-CO2H (2.09 g, 1.30 mmol),
(Cl� H3N


+-A)2-CO2Et (0.20 g, 0.50 mmol), 4-methylmorpholine (0.10 g,
1.00 mmol), HOBt (0.18 g, 1.30 mmol), and EDCI (0.39 g, 1.30 mmol) in
DMF (20 mL), the target compound was obtained as a white solid
(0.67 g, 38%) after flash chromatography (eluent: CHCl3/MeOH 80/1
gradient to 60/1). Tm 186 8C. [a]20D =++23.4 (c=0.51). SEC retention time:
14.68 min. 1H NMR: d=0.95–1.08 (m, 24H), 1.22–1.32 (m, 3H), 1.30 (s,
72H), 1.41 (d, J=6.6 Hz, 6H), 2.14–2.27 (m, 4H), 2.76–2.90 (m, 8H),
2.90–3.04 (m, 8H), 4.18–4.40 (10H, m), 4.40–4.49 (m, 4H), 4.49–4.68 (m,
2H), 7.12–7.37 (48H, m), 7.71 (s, 8H), 7.79 (s, 4H), 8.02 (s, 2H), 8.20 (s,
4H), 8.24 (s, 3H), 8.39 (4H, br. s), 8.64 (2H, br. s), 10.25 (s, 8H), 10.32
(s, 2H), 10.34 ppm (s, 4H); 13C NMR: d=15.1, 18.7, 19.9, 20.2, 29.1, 31.2,
38.3, 50.9, 57.6, 60.9, 61.8, 79.0, 113.7, 114.1, 114.5, 114.8, 115.7, 127.2,
129.0, 130.2, 131.5, 136.6, 136.7, 138.9, 139.9, 140.1, 140.6, 156.3, 166.4,
167.6, 167.9, 171.4, 172.0, 172.6 ppm; elemental analysis calcd (%) for
C189H230N28O38·7H2O: C 62.57, H 6.78, N 10.81; found: C 62.33, H 6.52, N
10.52.


G3-V8A4F2-CO2Et : Starting from G2-V4A2-CO2H (2.50 g, 1.84 mmol),
(Cl� H3N


+-F)2-CO2Et (0.42 g, 0.77 mmol), 4-methylmorpholine (0.15 g,
1.53 mmol), HOBt (0.25 g, 1.84 mmol), and EDCI (0.55 g, 1.84 mmol) in
DMF (20 mL), the product was obtained as a white solid (1.50 g, 62%)
after flash chromatography (eluent: CHCl3/MeOH 100/1 gradient to 40/
1). Tm 196 8C. [a]20D =�104.5 (c=0.36). SEC retention time: 14.93 min.
1H NMR: d=0.89 (d, J=6.2 Hz, 48H), 1.29–1.38 (m, 3H), 1.37 (s, 72H),
1.42 (m, 12H), 1.89–2.08 (m, 8H), 3.03–3.22 (m, 4H), 3.92 (t, J=7.6 Hz,
8H), 4.31 (q, J=7.0 Hz, 2H), 4.54–4.70 (m, 4H), 4.78–4.88 (m, 2H), 6.88
(d, J=8.3 Hz, 8H), 7.16–7.38 (m, 10H), 7.70 (s, 4H), 7.72 (s, 8H), 8.00 (s,
2H), 8.17 (s, 4H), 8.21 (s, 3H), 8.60 (d, J=5.3 Hz, 4H), 8.69 (d, J=
6.2 Hz, 2H), 10.11 (s, 8H), 10.22 (s, 4H), 10.42 ppm (s, 2H); 13C NMR:
d=15.1, 18.7, 19.4, 20.2, 29.1, 31.3, 38.1, 50.8, 56.7, 61.6, 61.8, 79.0, 113.8,
114.2, 114.6, 115.3, 115.9, 127.3, 129.1, 130.1, 131.5, 136.4, 136.6, 138.8,
139.9, 140.1, 140.4, 156.5, 166.4, 167.6, 167.7, 171.4, 171.9, 172.5 ppm.


G3-V8F4A2-CO2Et : Starting from G2-V4F2-CO2H (4.01 g, 2.66 mmol),
(Cl�H3N


+-A)2-CO2Et (0.44 g, 1.11 mmol), 4-methylmorpholine (0.22 g,
2.22 mmol), HOBt (0.36 g, 2.66 mmol), and EDCI (0.79 g, 2.66 mmol) in
DMF (80 mL), the product was obtained as a white solid (1.95 g, 53%)
after flash chromatography (eluent: CHCl3/MeOH 80/1 gradient to 40/1).
Tm 193 8C. [a]20D =�17.5 (c=0.32). SEC retention time: 14.91 min.
1H NMR: d=0.89 (d, J=6.5 Hz, 48H), 1.27–1.39 (m, 3H), 1.37 (s, 72H),
1.42 (d, J=6.6 Hz, 6H), 1.87–2.08 (m, 8H), 3.04–3.20 (m, 8H), 3.92 (t,
J=7.7 Hz, 8H), 4.30 (q, J=7.1 Hz, 2H), 4.51–4.66 (m, 2H), 4.80–4.88 (m,
4H), 6.89 (d, J=8.4 Hz, 8H), 7.13–7.42 (m, 20H), 7.67 (s, 8H), 7.76 (s,
4H), 8.02 (s, 2H), 8.11 (s, 4H), 8.22 (s, 3H), 8.65–8.68 (m, 6H), 10.10 (s,
8H), 10.31 (s, 4H), 10.38 ppm (s, 2H); 13C NMR: d=15.1, 18.7, 19.4,
20.2, 29.1, 31.2, 38.1, 50.9, 56.7, 61.6, 61.8, 79.0, 114.0, 114.6, 114.8, 115.7,
127.3, 129.1, 130.2, 131.5, 136.5, 138.9, 139.9, 140.6, 156.5, 166.4, 167.6,
167.7, 171.3, 171.9, 172.6 ppm.


General procedure for the synthesis of G3-(aa1)8(aa
2)4(aa


3)2-CO2H : An
aqueous KOH solution (2.0m) was added to a solution of G3-(aa1)8(aa


2)4-
(aa3)2-CO2Et in a mixture of MeOH and THF. The reaction mixture was
stirred at 25 8C until the reaction went to completion as monitored by
TLC. The solvent was evaporated in vacuo and the residue poured into


water. The precipitate formed was collected by filtration and washed
with water.


G3-A8F4V2-CO2H : Starting from G3-A8F4V2-CO2Et (0.47 g, 0.15 mmol)
in a 2/1 mixture of THF/MeOH (20 mL) and aqueous KOH solution
(2.0 mL, 2.0m), the product was obtained as a white solid (0.34 g, 72%).
Tm 182 8C. [a]20D =�89.6 (c=0.21). SEC retention time: 14.70 min.
1H NMR (CO2H not observed): d=0.98 (d, J=6.5 Hz, 6H), 1.00 (d, J=
6.3 Hz, 6H), 1.25 (d, J=6.7 Hz, 24H), 1.37 (s, 72H), 2.08–2.25 (m, 2H),
3.00–3.20 (m, 8H), 3.91–4.21 (m, 8H), 4.33–4.48 (m, 2H), 4.78–4.95 (m,
4H), 7.08 (d, J=6.4 Hz, 8H), 7.38–7.17 (m, 20H), 7.66 (s, 8H), 7.75 (s,
4H), 8.00 (s, 2H), 8.12 (s, 4H), 8.18 (s, 1H), 8.24 (s, 2H), 8.42 (br. s, 2H),
8.68 (br. s, 4H), 10.06 (s, 8H), 10.33 (s, 2H), 10.39 ppm (s, 4H);
13C NMR: d=18.9, 20.0, 20.2, 29.2, 31.2, 38.1, 51.4, 56.7, 61.0, 79.0, 113.9,
114.5, 114.7, 116.4, 127.3, 129.1, 130.2, 136.5, 136.7, 138.9, 140.1, 156.1,
167.7, 168.0, 171.4, 173.0 ppm.


G3-A8V4F2-CO2H : Starting from G3-A8V4F2-CO2Et (1.00 g, 0.38 mmol)
in a 1/1 mixture of THF/MeOH (30 mL) and aqueous KOH solution
(4.0 mL, 2.0m), the target compound was obtained as a white solid
(0.78 g, 79%). Tm 178 8C. [a]20D =�39.5 (c=0.68). SEC retention time:
14.67 min. 1H NMR (CO2H not observed): d=0.98 (d, J=5.7 Hz, 12H),
1.00 (d, J=3.9 Hz, 12H), 1.25 (d, J=6.9 Hz, 24H), 1.36 (s, 72H), 2.09–
2.28 (m, 4H), 3.02–3.20 (m, 4H), 3.90–4.19 (m, 8H), 4.43 (t, J=7.5 Hz,
4H), 4.78–4.88 (m, 2H), 7.08 (d, J=6.9 Hz, 8H), 7.12–7.41 (m, 10H),
7.69 (s, 8H), 7.72 (s, 4H), 7.98 (s, 2H), 8.19 (s, 7H), 8.35 (d, J=5.9 Hz,
4H), 8.72 (d, J=6.0 Hz, 2H), 10.08 (s, 8H), 10.30 (s, 4H), 10.37 ppm (s,
2H); 13C NMR: d=18.9, 19.9, 20.2, 29.2, 31.2, 38.1, 51.4, 56.8, 60.9, 79.0,
113.7, 114.4, 114.8, 116.3, 127.3, 129.1, 130.1, 136.55, 136.64, 138.8, 139.8,
140.2, 156.1, 167.7, 168.0, 171.4, 173.0 ppm; elemental analysis calcd (%)
for C151H202N28O38·5H2O: C 58.36, H 6.88, N 12.62; found: C 58.61, H
6.76, N 12.55.


G3-F8A4V2-CO2H : Starting from G3-F8A4V2-CO2Et (0.64 g, 0.19 mmol)
in a 1/1 mixture of THF/MeOH (20 mL) and aqueous KOH solution
(2.0 mL, 2.0m), the target product was obtained as a white solid (0.55 g,
87%). Tm 185 8C. [a]20D =�69.1 (c=0.35). SEC retention time: 14.74 min.
1H NMR (CO2H not observed): d=0.98 (d, J=5.9 Hz, 12H) 1.31 (s,
72H), 1.44 (d, J=6.5 Hz, 12H), 2.13–2.22 (m, 2H), 2.75–2.91 (m, 8H),
2.91–3.09 (m, 8H), 4.19–4.40 (m, 8H), 4.40–4.48 (m, 2H), 4.58–4.71 (m,
4H), 7.16–7.37 (m, 48H), 7.78 (s, 8H), 7.79 (s, 4H), 7.89 (s, 2H), 8.23 (s,
7H), 8.36 (br. s, 2H), 8.65 (br. s, 4H), 10.05 (s, 2H), 10.29 (s, 4H),
10.36 ppm (s, 8H); 13C NMR: d=18.9, 19.9, 20.3, 29.1, 31.4, 38.3, 50.7,
57.7, 61.1, 79.0, 113.9, 114.7, 117.2, 127.2, 129.0, 130.2, 136.4, 136.7, 138.9,
140.1, 140.2, 156.3, 167.5, 167.8, 170.9, 172.0, 172.4 ppm.


G3-F8V4A2-CO2H : Starting from G3-F8V4A2-CO2Et (1.00 g, 0.29 mmol)
in a 3/1 mixture of THF/MeOH (20 mL) and aqueous KOH solution
(3.0 mL, 2.0m), the title compound was obtained as a white solid (0.78 g,
79%). Tm 187 8C. [a]20D =++34.0 (c=0.47). SEC retention time: 14.73 min.
1H NMR (CO2H not observed): d=0.89–0.99 (m, 24H), 1.30 (s, 72H),
1.41 (d, J=6.8 Hz, 6H), 2.13–2.28 (m, 4H), 2.75–2.92 (m, 8H), 2.92–3.09
(m, 8H), 4.18–4.36 (m, 8H), 4.36–4.49 (m, 4H), 4.49–4.59 (m, 2H), 7.11–
7.36 (m, 48H), 7.71 (s, 8H), 7.78 (s, 4H), 8.00 (s, 2H), 8.20 (s, 4H), 8.25
(s, 3H), 8.37 (br. s, 4H), 8.63 (d, J=5.5 Hz, 2H), 10.30 (s, 10H),
10.34 ppm (s, 4H); 13C NMR: d=18.7, 19.9, 20.2, 29.1, 31.2, 38.3, 50.9,
57.6, 60.9, 79.1, 113.8, 114.1, 114.5, 114.8, 116.1, 127.3, 129.0, 130.2, 136.7,
138.9, 139.9, 140.1, 140.4, 156.4, 167.7, 167.9, 171.4, 172.0, 172.6 ppm; ele-
mental analysis calcd (%) for C187H226N28O38·7H2O: C 62.39, H 6.72, N
10.89; found: C 62.23, H 6.43, N 10.85.


G3-V8A4F2-CO2H : Starting from G3-V8A4F2-CO2Et (1.21 g, 0.38 mmol)
in a 1/1 mixture of THF/MeOH (15 mL) and aqueous KOH solution
(0.6 mL, 2.0m), the title compound was obtained as a white solid (1.01 g,
84%). Tm 186 8C. [a]20D =�66.1 (c=0.42). SEC retention time: 14.83 min.
1H NMR (CO2H not observed): d=0.89 (d, J=6.4 Hz, 48H), 1.37 (s,
72H), 1.42 (d, J=7.0 Hz, 12H), 1.83–2.05 (m, 8H), 2.98–3.19 (m, 4H),
3.92 (t, J=7.9 Hz, 8H), 4.51–4.68 (m, 4H), 4.78–4.89 (m, 2H), 6.90 (d,
J=8.4 Hz, 8H), 7.10–7.38 (m, 10H), 7.71 (s, 4H), 7.74 (s, 8H), 7.93 (s,
2H), 8.19 (s, 7H), 8.50- 8.75 (m, 6H), 10.12 (s, 2H), 10.16 (s, 8H),
10.23 ppm (s, 4H); 13C NMR: d=18.8, 19.4, 20.2, 29.1, 31.2, 38.2, 50.8,
56.8, 61.6, 79.0, 113.9, 114.6, 127.3, 129.1, 130.1, 136.5, 138.9, 139.9, 140.1,
156.5, 167.5, 171.1, 171.9, 172.4 ppm.
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G3-V8F4A2-CO2H : Starting from G3-V8F4A2-CO2Et (0.30 g, 0.091 mmol)
in a 1/1 mixture of THF/MeOH (10 mL) and aqueous KOH solution
(1.0 mL, 2.0m), the title product was obtained as a white solid (0.21 g,
71%). Tm 186 8C. [a]20D =�13.1 (c=0.35). SEC retention time: 14.84 min.
1H NMR (CO2H not observed): d=0.89 (d, J=6.4 Hz, 48H) 1.20–1.45
(m, 6H), 1.37 (s, 72H), 1.85–2.02 (m, 8H), 3.01–3.19 (m, 8H), 3.92 (t, J=
7.5 Hz, 8H), 4.48–4.63 (m, 2H), 4.81–4.96 (m, 4H), 6.89 (d, J=8.2 Hz,
8H), 7.13–7.42 (m, 20H), 7.68 (s, 8H), 7.76 (s, 4H), 7.99 (s, 2H), 8.11 (s,
4H), 8.18 (s, 1H), 8.24 (s, 2H), 8.55–8.76 (m, 6H), 10.09 (s, 8H), 10.27 (s,
2H), 10.38 ppm (s, 4H); 13C NMR: d=18.7, 19.4, 20.1, 29.1, 31.2, 38.1,
50.9, 56.7, 61.5, 79.0, 114.0, 114.6, 114.8, 116.1, 127.3, 129.1, 130.2, 136.5,
138.9, 139.9, 140.0, 140.4, 156.5, 167.6, 167.7, 168.0, 171.3, 171.9,
172.5 ppm; elemental analysis calcd (%) for C171H226N28O38·4H2O: C
61.24, H 7.03, N 11.69; found: C 61.19, H 7.00, N 11.53.


Gelation test : A weighed sample of gelator was mixed with a solvent
(1 mL) in a septum-capped vial and heated. If the compound was unable
to dissolve, it was noted as insoluble (I). If a clear solution was obtained,
it was then cooled down to room temperature and left for 12 h. The ag-
gregation state was then assessed. If no flow was observed when inverting
the vial, a stable gel was formed and classified as transparent gel (CG),
translucent gel (TG) or opaque gel (OG) according to its transparency. If
part of the mixture formed a gel but flow was still observed, the phenom-
enon was recorded as partial gelation (PG). If crystallization or precipita-
tion occurred, C and P were noted respectively, and if the clear solution
was retained, it was marked as soluble (S). The mgc of the organogelator
was determined by measuring the minimum amount of gelator required
for the formation of a stable gel.
1H NMR dilution studies : 1H NMR spectra were recorded at 293 K on a
BrSker DPX spectrometer at 300 MHz using freshly prepared solutions.
CDCl3 was distilled from CaH2 and kept over 4 P molecular sieves prior
to use. The molecular sieves employed were freshly activated. Relatively
concentrated NMR samples of G1-V2-CO2Et (c � 100 mm) in CDCl3
were prepared in volumetric flasks. Moderately concentrated samples
(10 mm=c < 100 mm) were obtained by serial dilution of a 100 mm stock
solution with CDCl3. Very diluted samples (c < 10 mm) were prepared
from serial dilution of a 10 mm stock solution.


X-ray diffraction study of G1-V2-CO2Et : A crystal suitable for X-ray dif-
fraction was obtained by recrystallization from ethyl acetate solution.
The diffraction experiment was carried out on a Bruker SMART 1 K
CCD diffractometer with a graphite-monochromated MoKa radiation at
293(2) K, w scan mode with increment of 0.38. Preliminary unit cell pa-
rameters were obtained from 45 frames. Final unit cell parameters were
obtained by global refinements of reflections obtained from integration
of all the frame data. The collected frames were integrated using the pre-
liminary cell-orientation matrix. The SMART software was used for col-
lecting frames of data, indexing reflections, and determination of lattice
constants; SAINT-PLUS was used for integration of intensity of reflec-
tions and scaling;[13a] SADABS for absorption correction;[13b] and all the
structures were solved by direct methods and refined by full-matrix least
squares against F2 of all data, using SHELXTL software.[13c] Non-hydro-
gen atoms were refined in anisotropic, and hydrogen atoms in isotropic
approximation. The CO2Et group in one of the monomers exhibits orien-
tational disorder. The site occupancy factors for these two orientations
were found to be 0.5228 and 0.4772 respectively. The disordered atoms
O1’, O2’, C8’, O1’’, O2’’ and C8’’ are refined isotropically. The site occu-
pancy factor for the poorly resolved ethyl acetate solvent molecule was
suitably assigned as 1/2. Hydrogen atoms are omitted for the disordered
CO2Et group and the poorly resolved ethyl acetate solvent molecule.


Crystallographic data for 2 G1-V2-CO2Et·1/2(CH3CO2C2H5): C60H96N8O17


(Mw=1201.45 gmol�1), monoclinic, space group P21, a=10.836(1), b=
23.831(2), c=15.154(1) P, b=107.764(2)8, V=3726.7(5) P3, Z=2, 1calcd=


1.071 gcm�3, m(MoKa)=0.078 mm�1, T=293 K, 2qmax=56.588, wR2=
0.2523 (21364 reflections collected, 12470 unique), R1=0.0976 [I>2s(I)],
GOF=0.951. CCDC-263412 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_
request/cif.


FT-IR experiments : A hot solution of the organogelator G1-F2-CO2H
(1% w/v) was prepared in the solvent or solvent mixture of interest and
then transferred into a cell. The infrared spectrum was recorded on a
Nicolet 420 FT-IR spectrophotometer after the sample was cooled to
room temperature and equilibrated for 5 minutes. The spectrum of solid
G1-F2-CO2H was recorded as KBr pellet.


CD spectroscopy : CD spectra were recorded on a JASCO J-715 spectro-
polarimeter connected to a NESLAB RTE-211 temperature controller.
A weighed, hot solution of the gelator G1-F2-CO2H (1%, w/v) was pre-
pared in p-xylene and then transferred into a quartz cell (0.1 cm path
length) to allow gel formation. The temperature of the cell was detected
by a thermometer attached to the chamber supporting the quartz cell. At
each temperature, the sample was equilibrated for 30 minutes before
scanning. As the sol–gel transition temperature of G1-F2-CO2H in p-
xylene is beyond the highest temperature obtainable (~62 8C) by the tem-
perature controller, scanning was started immediately after the hot solu-
tion in p-xylene was put into the chamber in order to measure the CD
spectrum of the solution state. After the spectrum was recorded, the
sample was checked again to make sure it was still in the solution state.


Electron microscopy : A gel was prepared as described above and frozen
in liquid nitrogen. The freezed sample was dried in a Labconco Freeze
Dryer under vacuum at �50 8C for 24 h. The xerogel thus obtained was
subjected to electron microscopic examination. A Leo 1450 VP scanning
electron microscope was used for taking the SEM micrographs. A small
slice of the xerogel was transferred on to a stub and was then sputtered
coated with gold. The sample was examined with an accelerating voltage
of 20 kV.
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Highly Efficient Redox Isomerization of Allylic Alcohols at Ambient
Temperature Catalyzed by Novel Ruthenium–Cyclopentadienyl
Complexes—New Insight into the Mechanism
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Introduction


The conversion of allylic alcohols into carbonyl compounds
conventionally requires two-step sequential oxidation and
reduction reactions (Scheme 1).


Transition-metal complexes allow a one-pot catalytic
transformation equivalent to an internal redox process
(Scheme 2).[1] This transformation is an atom-economic pro-


cess, and also avoids the use of costly and usually toxic re-
agents, especially in the oxidation reactions; this makes it a
useful synthetic process that offers applications in the syn-
thesis of natural products and bulk chemicals.
Various transition metal complexes of Ru, Rh, Co, Ni,


Mo, Ir, and Pt have been already used for this isomerization
reaction.[1] However, many of them have restricted scope
with regard to the harsh reaction conditions that are re-
quired, or to the degree of substitution at the stereocenter
(R and R’).
There are several examples of transposition of allylic alco-


hols catalyzed by ruthenium complexes. For example,
RuCl3·xH2O has been employed, but usually gives compli-
cated reaction mixtures.[2] [RuCl2(PPh3)3] isomerizes allylic
alcohols more reproducibly than RuCl3, but at relatively low


Abstract: A range of ruthenium cyclo-
pentadienyl (Cp) complexes have been
prepared and used for isomerization of
allylic alcohols to the corresponding sa-
turated carbonyl compounds. Com-
plexes bearing CO ligands show higher
activity than those with PPh3 ligands.
The isomerization rate is highly affect-
ed by the substituents on the Cp ring.
Tetra(phenyl)methyl-substituted cata-
lysts rapidly isomerize allylic alcohols
under very mild reaction conditions


(ambient temperature) with short reac-
tion times. Substituted allylic alcohols
have been isomerized by employing
Ru–Cp complexes. A study of the iso-
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Scheme 1. Transformation of allylic alcohols to saturated ketones.


Scheme 2. Transition metal-catalyzed isomerization of allylic alcohols.
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rates and high temperatures (140 8C).[3] Hydride complexes
have also been applied. For example, [RuCl(H)(PPh3)3] cat-
alyzes the reaction, but is not specific in isomerization of al-
lylic alcohols, since double bonds are isomerized faster.[4]


Furthermore, this last system requires high temperatures
(110 8C) and the catalysts are air sensitive. An efficient acti-
vation of [RuCl2(PPh3)3] has been recently reported by GrKe
and co-workers.[5] They generated the active species
[RuCl(H)(PPh3)3] or [Ru(H)2(PPh3)3], in situ by reaction of
[RuCl2(PPh3)3] with one or two equivalents of nBuLi. [Ru-
(acac)3] needs high temperatures (130 8C) and it only works
for unsubstituted double bonds.[6] Tetrapropylammonium
perruthenate also catalyzes the isomerization in refluxing
fluorobenzene.[7]


The first example of RuII–cyclopentadienyl complexes was
reported by Trost and Kulawec in the beginning of the
1990s.[8] They employed [RuCl(Cp)(PPh3)2] in combination
with [Et3NH]PF6 in dioxane at 100 8C. However, only allylic
primary alcohols or allylic alcohols bearing an unsubstituted
vinyl group gave satisfactory results. Trost used 5 mol% of
ruthenium catalyst and 10 mol% of [Et3NH]PF6 catalyst.
The activity has been improved by Slugovc et al.,[9] who em-
ployed the complex [Ru(Cp)(PR3)(MeCN)2]PF6 (1 mol%)
in CDCl3 at 57 8C. Unfortunately, as in TrostNs case, these
catalysts tolerate only a limited substitution pattern on the
substrates. ShvoNs catalyst (1)[10] has also been used in our
group.[11] This complex, which is activated at elevated tem-
perature, isomerized allylic alcohols at 65 8C in THF.[11]


Two main mechanisms have
been proposed for the isomeriza-
tion of allylic alcohols catalyzed
by metal complexes.[1] The first
one involves alkyl–metal inter-
mediates (path a in Scheme 3).
In this case, the catalyst is a
metal hydride, either isolated or
generated in situ. Insertion of


the alkene into the M�H bond, followed by rapid a-CH
bond cleavage of the hydrogen atom a to the OH group
leads to an enol and regenerates the metal hydride complex.
The enol then tautomerizes to the carbonyl derivative. In
the second mechanism (path b in Scheme 3), a p-allyl metal
hydride complex is formed by coordination of the metal
complex (which does not contain a hydride) to the double
bond followed by oxidative addition of a C�H single bond.


After reductive elimination the coordinated product is pro-
duced, which will dissociate to regenerate the starting metal
complex.
The above presented mechanisms have been proposed in


many cases without experimental proof, and none of them
assign any role to the oxygen moiety. Furthermore, they
cannot explain why in many cases allylic alcohols are iso-
merized faster than double bonds. There are only few exam-
ples in which alternative mechanisms have been proposed
that involve coordination of the oxygen moiety.[7,8,11–13] A
similar case of isomerization of allylic amines catalyzed by
Rh complexes has been reported by Noyori and co-workers,
and they propose a mechanism with coordination of the ni-
trogen atom to the metal center.[14] Similar mechanisms for
the isomerization of allylic alcohols in which coordination of
the alcohol to the metal complex occurs have received little
attention.
Recently, we have developed a highly efficient metal- and


enzyme-catalyzed dynamic kinetic resolution (DKR) of al-
cohols at room temperature, employing an enzyme and
ruthenium complex 2 as the catalysts for the kinetic resolu-
tion and for the racemization, respectively.[15] When applying
the DKR conditions to allylic alcohol 4a, we obtained the
expected enantiopure acetate 5 (89%) together with 4-
phenyl-2-butanone (6, 11%; Scheme 4). When catalyst 3b
was employed, the amount of isomerization product ob-
tained increased to 40%.


Encouraged by the mild reaction conditions required for
the isomerization of allylic alcohols to saturated ketones cat-
alyzed by these ruthenium–cyclopentadienyl complexes (2,
3), we decided to study the rearrangement as a separate pro-
cess. Here we report the efficient isomerization of allylic al-
cohols to saturated carbonyl compounds catalyzed by ruthe-
nium–cyclopentadienyl complexes bearing carbon monoxide
ligands. The reaction takes place under very mild reaction


conditions (room temperature) with short reaction times
and in almost quantitative yields. To the best of our knowl-
edge, this is one of the few examples of allylic alcohol iso-


Scheme 3. a) Mechanism via alkyl–metal intermediates. b) Mechanism
via p-allyl metal hydride intermediates.


Scheme 4. DKR of allylic alcohol 4a.
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merization catalyzed by ruthenium–cyclopentadienyl com-
plexes under such mild reaction conditions. Furthermore,
evidence is presented that supports a mechanism in which
the alcohol coordinates to the ruthenium center, and after
b-hydride elimination a hydride ketone complex is formed.
Intramolecular 1,4-addition of the hydride affords a rutheni-
um enolate. We have prepared a h5-ruthenium hydride com-
plex, and studied its possible intermediacy in the isomeriza-
tion reaction. We also provide evidence supporting a mecha-
nism in which the isomerization takes place within the coor-
dination sphere of the Ru atom.


Results and Discussion


Synthesis of the ruthenium complexes : Catalyst 2 was pre-
pared in very high yield by oxidative addition of cyclopenta-
diene 7 (R=R’=Ph) to Ru0,
followed by treatment with an
excess of chloroform.[15] In a
similar way, reaction of cyclo-
pentadiene 7 (R=Ph, R’=
Me) with [Ru3(CO)12] and
CHCl3 afforded catalyst 3a in
49% yield together with ruthe-
nium dimer 8 (45%).[15,16] Due
to the low solubility of this
complex, the structure could
not be confirmed by NMR
spectroscopy. In our previous
work we suggested the dimeric
structure 8 based on two
strong bands at 1960 and
1767 cm�1 in the IR spectrum;
these bands indicate the pres-
ence of nonbridging and bridg-
ing CO ligands, respectively.[15]


We have now confirmed the
structure of complex 8 by oxi-
dative cleavage of the dimeric
structure. Thus, dimer 8 was
quantitatively transformed to complex 3b by treatment with
an excess of Br2 at room temperature.[16a] The structure of
3b was confirmed by X-ray diffraction analysis (Figure 1).
Complexes [Ru(h5-Cp*)(CO)2I] (9),


[17] [Ru(h5-Cp)(CO)2Cl]
(10),[18] [Ru(h5-Cp*)(PPh3)2Cl] (11),[19] and [Ru(h5-Cp)-
(PPh3)2Cl] (12)


[20] were prepared as described in the litera-
ture (Scheme 5). Indenyl complex 13 is commercially avail-
able.
Ruthenium hydride [Ru(h5-Ph5Cp)(CO)2H] (14) was ob-


tained by oxidative addition of 7 (R=R’=Ph) to Ru0 (Sche-
me 6).[15b]


Isomerization of 4-phenyl-3-buten-2-ol (4a): With the ruthe-
nium halide catalysts shown in Scheme 5 in hand, we studied
the isomerization of allylic alcohol 4a as a model substrate.
We have previously reported the efficient activation of Ru–


halide complexes by KOtBu and we
identified the formation of Ru–alkoxide
complex 15 as the key intermediate.[15]


Therefore, the catalysts were activated
by using a slight excess of KOtBu in tolu-
ene at room temperature before adding
the substrate (4a).


Figure 1. X-ray structure of complex 3b : Thermal ellipsoids are drawn at
50% probability.[21]


Scheme 5. Ruthenium halide complexes.


Scheme 6. Ruthenium hydride complex.
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In sharp contrast to the harsh reaction conditions em-
ployed by Trost and Kulawec (5 mol% in dioxane at
100 8C),[8] catalyst 3b (5 mol%) afforded the isomerized
product in 96% yield at room temperature in only 1.5 h
(entry 1, Table 1). At higher temperatures (45 and 60 8C) the


catalyst loading can be lowered. Thus, at 45 8C the use of
3 mol% of catalyst 3b afforded the product in 96% yield in
only 1 h (Table 1, entry 2). At 60 8C the isomerized product
is obtained in 98% yield after 10 or 30 min catalyzed by
only 2 or 1 mol% of ruthenium catalyst 3a, respectively (en-
tries 3–4). The use of Na2CO3 has no influence on the out-
come of the reaction (compare entries 1 and 5), and there-
fore it was excluded in the subsequent experiments. The iso-
merization is not significantly affected by the nature of the
halide atom, indicating that the active intermediate formed
from complexes 3a,b in the catalytic cycle might be the
same (compare entries 5 and 6). The more hindered penta-
phenyl-substituted catalyst 2 afforded the saturated ketone
at room temperature, but 18 h was required to obtain 91%
yield (58% yield after 1.5 h; entry 7). In addition, the unsa-
turated ketone is obtained in 9% (this byproduct is not ob-
served with catalysts 3a,b). The complex [Ru(Cp*)(CO)2I]
(9) also required longer reaction times (entry 8). In this
case, the unsaturated ketone was also obtained in 8% yield.
The unsubstituted cyclopentadienyl chloride 10 did not cata-
lyze the isomerization at room temperature (entry 9). The
substitution of the carbonyl ligands by triphenylphosphine
(complex 11) gave only 26% of the isomerized alcohol after
17 h at room temperature (entry 10). This result shows the
importance of CO ligands on the Ru center, and that more


electrophilic ruthenium complexes catalyze the isomeriza-
tion under very mild reaction conditions (compare entries 8
and 10). Similarly to complex 11, [Ru(h5-Cp)(PPh3)2Cl] (12)
afforded only 14% yield of 6a after 17 h at room tempera-
ture. However, at 50 8C 91% yield was obtained after 17 h
(entry 12). The indenyl complex 13 also required longer re-
action times (17 h) to give 90% of the product (40% yield
(after 1.5 h; entry 13). Despite the fact that 17 h were re-
quired for the isomerization catalyzed by indenyl complex
13 activated by KOtBu, it is worth noting the mild reaction
conditions (room temperature) used relative to the harsh re-
action conditions required (dioxane, 100 8C) when the cata-
lyst is activated by an excess of [Et3NH]PF6.


[8]


The disadvantages in previously reported isomerizations
catalyzed by cyclopentadienyl ruthenium complexes are
that, not only are high temperatures required, but also that
these catalysts tolerate only a limited substitution pattern on
the substrates.[8,9] Only in the case of allylic primary alcohols
or allylic alcohols bearing an unsubstituted vinyl group do
these procedures give satisfactory results. Therefore, we de-
cided to study the scope and limitations of the isomerization
of a variety of allylic alcohols catalyzed by Ru complex 3a.
The results are summarized in Table 2. Similarly to allylic al-
cohol 4a, allyl benzyl alcohol 4b was isomerized at room
temperature in only 2.5 h (Table 2, entry 2). Not only aro-
matic substrates are transformed to the corresponding ke-
tones, but also aliphatic allylic alcohols are isomerized
under similar reaction conditions (entry 3). We were pleased
to find that more substituted alcohols can be isomerized
very efficiently (entries 4 and 5). In the latter case, higher
temperatures are required most probably due to steric inter-
action of the aliphatic chain with the catalyst.[22] Unfortu-
nately, primary allylic alcohol 4 f failed to give any isomeri-
zation product at room temperature. Only 22% of the prod-
uct was obtained at high temperature (entry 6). A plausible
explanation is that rather than 1,4-hydride addition to the
unsaturated aldehyde intermediate, 1,2-hydride addition
takes place faster (vide infra).


Mechanism of the ruthenium-catalyzed isomerization : The
first step in the catalytic cycle is the activation of the ruthe-
nium halide complexes 3a,b (or 2) by KOtBu to give a
ruthenium tert-butoxide complex 16 (or 15).[23] In analogy
with the color change from yellow to red observed when
complex 2 reacts with KOtBu, a mixture of complex 3a or
3b and KOtBu in toluene at room temperature gave a
strong color change from yellow to dark red after 4 min.


Table 1. Isomerization of allylic alcohol 4a catalyzed by various Ru com-
plexes.[a]


Ru [mol%] KOtBu
[mol%]


T [8C] t [h] Yield [%][b]


1[c] 3b (5) 7 RT 1.5 96
2[c] 3b (3) 6 45 1 96
3 3a (2) 2.8 60 0.16 98
4 3a (1) 1.4 60 0.5 98
5 3b (5) 7 RT 1.5 96
6 3a (5) 7 RT 1.5 93
7[d] 2 (5) 7 RT 1.5 58
8[e] 9 (5) 7 RT 3 52
9 10 (5) 7 RT 17 14
10 11 (5) 7 RT 17 26
11 12 (5) 7 RT 17 14
12 12 (5) 7 50 17 91
13[f] 13 (5) 7 30 1.5 40


[a] Unless otherwise noted, KOtBu (0.5m in THF) was added to a solu-
tion of the Ru catalyst in toluene (substrate concentration: 0.5m) under
an argon atmosphere. The mixture was stirred for 4 min before adding
the alcohol. [b] Determined by GC or 1H NMR spectroscopy. [c] One
equivalent of Na2CO3 was added. [d] 91% yield of 6a and 9% of benzyli-
denacetone after 18 h. [e] 92% yield of 6a and 8% of benzylidenacetone
after 24 h. [f] 90% yield after 17 h.
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Furthermore, the isomerization is not significantly affected
by the nature of the halide atom (vide supra), indicating
that the active intermediate formed from complexes 3a,b in
the catalytic cycle might be the same. A ligand exchange re-
action of 16 (or 15) with the substrate gives a new alkoxide
(17), which can undergo b-hydride elimination to produce a
ruthenium hydride intermediate 18 (or 14) and the unsatu-
rated ketone (19). We have recently demonstrated that in
the racemization of sec-alcohols catalyzed by complex 2, the
ruthenium h5-hydride intermediate 14 is not an abundant
species in the catalytic process.[15b] A long induction period
of 2.5 hours was observed for the racemization of (S)-1-phe-
nylethanol catalyzed by 5 mol% of 14 in the presence of 5
mol% of acetophenone. This result indicated that the reac-
tion of the ruthenium hydride 14 with acetophenone is
rather slow. However, once the active species was formed,
the racemization proceeded very fast. In sharp contrast, rac-
emization catalyzed by tert-butoxide complex 15 (only
1 mol% was employed) occurred in less than 30 min.[15b]


Based on these results we proposed b-hydride elimination
by means of a h5!h3 ring slippage to give hydride ketone
complex 20, in which the ketone stays coordinated to the
ruthenium center during the racemization.
To find out whether h5-ruthenium hydride species (14 or


18) are active intermediates in the catalytic isomerization of
allylic alcohols, the reaction of 4a in the presence of ruthe-
nium hydride 14 was studied. In one experiment we studied
the isomerization catalyzed by 5 mol% of 14 in the presence
of 5 mol% of benzylidenacetone (19). We were expecting to
observe an induction period due to a slow reaction between
ruthenium hydride 14 with 19 to form an active alkoxide in-
termediate. The reaction was followed by GC, and com-
pared to the reaction catalyzed by complex 3a activated by


KOtBu. As shown in Figure 2,
only a slight decrease in the in-
itial rate of the isomerization
reaction catalyzed by hydride
14 (in the presence of 19) was
observed. Based on this result
a mechanism in which h5-
ruthenium hydride intermedi-
ates are formed could not be
completely ruled out. Howev-
er, it is important to note that
a mechanism similar to that
shown in Scheme 3 (path a)
can also be involved when the
reaction is catalyzed by ruthe-
nium hydrides. Thus, insertion
of the alkene moiety of the al-
lylic alcohol (4a) into the Ru�
H bond, followed by b-hydride
elimination of the hydrogen
atom a to the OH group
would produce an enol that


can tautomerize to the saturated ketone (Scheme 7). In this
mechanism ruthenium alkoxides are not involved. To prove
that such a mechanism also operates, we performed the iso-
merization of 4a catalyzed by ruthenium hydride 14 in the
absence of ketone 19. A slower initial rate for this isomeri-
zation was observed, but the product was obtained in excel-
lent yield after 21 h (Figure 2). The shape of the curve indi-


Table 2. Isomerization of a variety of allylic alcohols (4) catalyzed by 3a.[a]


Substrate t [h] T [8C] Product Yield [%][b,c]


1 1.5 RT 96 (96)


2 2.5 RT 99 (94)


3 3 RT 97 (92)


4 2.5 RT 95 (94)


5 2 80 95[d] (94)


6 23 80 22


[a] Unless otherwise noted, KOtBu (7 mol%, 0.5m in THF) was added to a solution of the Ru catalyst 3a
(5 mol%) in toluene (substrate concentration: 0.5m) under an argon atmosphere. The mixture was stirred for
4 min before adding the alcohol. [b] Determined by GC or 1H NMR spectroscopy. [c] Isolated yield in paren-
theses. [d] After 1 h the yield determined by NMR spectroscopy is 87%.


Figure 2. Isomerization of 4a (0.5m in toluene) to ketone 6a catalyzed
by: ruthenium chloride 2 (5 mol%) after treatment with KOtBu (^),
ruthenium hydride 14 (5 mol%) in the presence of benzylidenacetone 19
(5 mol%) (~), and ruthenium hydride 14 (*).


Scheme 7. Isomerization mechanism catalyzed by ruthenium hydride
complexes.
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cates that a more active catalytic species is generated as the
reaction proceeds. Furthermore, during the first 3–4 h the
reaction mixture remains colorless, and after 4 h it becomes
red. The red color is an indication of formation of rutheni-
um alkoxides (ruthenium tert-butoxide complex 15 in tolu-
ene is a red solution), and a dark red color is observed for
the reactions catalyzed by ruthenium alkoxides.
Another approach to probe the intermediacy of h5-ruthe-


nium hydride complexes (14 or 18) is by performing the iso-
merization of an allylic alcohol catalyzed by ruthenium chlo-
ride complexes, activated by KOtBu, in the presence of an
unsaturated ketone different from that obtained by oxida-
tion of the starting allylic alcohol. Thus, if the alkoxide from
the allylic alcohol (17) undergoes b-hydride elimination and
a h5-ruthenium hydride complex (14 or 18) is formed, the
new unsaturated ketone can now react with the Ru�H
moiety and be transformed to the corresponding saturated
ketone. If, on the other hand, after b-hydride elimination
the substrate stays coordinated to the Ru atom and 1,4-addi-
tion of the hydride immediately occurs, the new added unsa-
turated ketone will remain intact as the reaction proceeds.
We decided to study the isomerization of allylic alcohols 4c
and 4d in the presence of ketone 19 (1 equiv). The reactions
were carried out at room temperature in toluene with
5 mol% of catalyst, which was activated by 7 mol% of
KOtBu. In the case of catalyst 3a, after 2.5–3 h, high yields
of 6c and 6d were obtained and only 6% of the added unsa-
turated ketone (19) had been converted to saturated ketone
6a (about 6% of the starting allylic alcohols were oxidized
to the corresponding unsaturated ketones; Table 3, entries 1
and 2). When catalyst 2 was employed, after 14 h at room


temperature, quantitative yield of 6d was obtained, and
ketone 6a was not detected (Table 3, entry 3). To rule out
any effect of disfavored coordination of the added a,b-unsa-
turated ketone compared to that generated, isomerization of
[D3]4a (94% D3) in the presence of one equivalent of
ketone 19 catalyzed by complex 2 was studied. This reaction
afforded [D3]6a (84% D3) in 78% yield. The lower degree
of deuterium on the product ([D3]6a (84% D3)) compared
to the starting allylic alcohols ([D3]4a (94% D3)) indicates
that 10% of the added ketone 19 had been reduced to the
saturated ketone (Table 3, entry 4).
The above results show that at room temperature, the un-


saturated ketone obtained from oxidation of the allylic alco-
hol stays in the coordination sphere of the Ru atom during
isomerization, and only exchanges to a minor extent with
added free unsaturated ketone. This observation is best ex-
plained by the intermediacy of h3-ruthenium hydride ketone
complexes (21) after b-hydride elimination from the allylic
alcohol. The dissociation of the unsaturated ketone from 21,
leading to exchange, is slow compared to hydride addition
(leading to enolate 22); that is, k2@k1, considering that the
added a,b-unsaturated ketone is in large excess with respect
to the a,b-unsaturated ketone generated from the allylic al-
cohol (Scheme 8).
In the catalytic cycle the ketohydride is obtained from


alkoxide complex 17, which is in turn generated from the
precatalyst via tert-butoxide complex 15 or 16 (Scheme 9).
The hydride in complex 21 can be re-added to the carbonyl
group (i.e. , 1,2-addition) to form again alkoxide 17, or alter-
natively it can be added to the double bond (i.e. , 1,4-addi-
tion). The addition of the hydride most likely occurs through


slippage to the p-coordinated
ketone (1,2-addition) or to the
p-coordinated alkene (1,4-ad-
dition). Insertion of the alkene
produces a ruthenium enolate
(22) that can undergo alkoxide
exchange with a molecule of
the starting allylic alcohol (4)
releasing an enol intermediate
(23) and regenerating alkoxide
17. The enol then tautomerizes
to the carbonyl derivative (6)
(Scheme 9).
It was of interest estimate


the relative rate between 1,2-
hydride addition and 1,4-addi-
tion, that is, if there is time for
reversible 1,2-addition before
the irreversible 1,4-addition
takes place. To estimate the
extent of the 1,2-addition/b-
elimination, we studied the
redox isomerization of an
enantiomerically pure allylic
alcohol ((S)-4a) and measured
the enantiopurity of the re-


Table 3. Isomerization of allylic alcohols in the presence of one equivalent of benzylidenacetone (19).[a]


Substrate Catalyst t [h] Product Yield 6a
[%][b] [%][b]


1 3a 3 94 6


2 3a 2.5 86 6


3 2 14 100 0


4 2 14 78 (84%D3) 10[c]


[a] Unless otherwise noted, KOtBu (70 mL, 0.5m in THF) was added to a solution of the Ru catalyst 3a or 2
(5 mol%) in toluene (0.5 mL) under an argon atmosphere. The mixture was stirred for 4–6 min before adding
a solution of the allylic alcohol and 19 in toluene (0.5 mL). [b] Determined by GC or 1H NMR spectroscopy.
[c] Calculated by 1H NMR spectroscopy considering the degree of deuteration of [D3]6a : 94% D3.
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maining starting material as the reaction proceeds. As
shown in Scheme 10, when catalyst 3a was employed, after
only 8 min 47% of product was obtained, and the ee of the
remaining starting alcohol had dropped to 49%.[24] When
complex 2 was employed as the catalyst, the reaction was
slower (32% yield after 8 min), but the ee of the remaining
alcohol had dropped to 8%.[24] These results indicate that
reversible 1,2-addition (i.e. , racemization) takes place
before the hydride is irreversibly added to the double bond.
Furthermore, the rate of 1,2-addition is higher for complex


2 than for complex 3a, which explains the lower activity of 2
in the isomerization of allylic alcohols. A plausible explana-
tion for the surprisingly slow isomerization of primary allylic
alcohols is that with aldehydes, which are more electrophilic
species than ketones, the rate of the 1,2-addition might be
several orders of magnitude faster than the 1,4-hydride addi-
tion that would lead to the product.


In the discussion above we
proposed that the redox iso-
merization catalyzed by the
ruthenium hydride 14 proceeds
by means of a different mecha-
nism in the early part of the
reaction (Scheme 7). This was
based on the color change ob-
served (a change of colorless
to red after 3–4 h) and the dif-
ferent rates observed for
ruthenium hydride 14 and
ruthenium chloride 2. Now, if
the hydride catalyst proceeds
through an insertion of the C�
C double bond followed by b-
elimination according to
Scheme 7, this would not in-
volve a ruthenium alkoxide in-
termediate. To probe whether
the mechanism according to
Scheme 7 is involved in the
early stage of the reaction, we
studied the rearrangement of
enantiomerically pure starting
material (S)-4a catalyzed by
ruthenium hydride 14
(Scheme 11). In the mecha-
nism with insertion of the C�C
double bond followed by b-


Scheme 8. Hydride addition versus unsaturated ketone dissociation and
exchange. R1=alkyl, aryl; R2=alkyl, aryl.


Scheme 9. Mechanism of isomerization of allylic alcohols catalyzed by ruthenium cyclopentadienyl complexes.
R1=alkyl, aryl; R2=alkyl, aryl.


Scheme 10. Redox isomerization of (S)-4a catalyzed by ruthenium tert-
butoxide complexes.


Scheme 11. Redox isomerization of (S)-4a catalyzed by ruthenium hy-
dride complex 14.
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elimination (Scheme 7), racemization of the allylic alcohol
would not occur during the rearrangement of the allylic al-
cohol to saturated ketone, whereas in the mechanism via a
ruthenium alkoxide complex (Scheme 9) it would. Reaction
of (S)-4a catalyzed by ruthenium hydride 14 gave 20% of
the product (6a) after 1.5 h and, interestingly, the remaining
starting material had not been racemized (94% ee)
(Scheme 11). However, after 5 h when 30% of 6a had been
obtained, the remaining starting material was racemic. This
provides strong support for that the redox isomerization cat-
alyzed by the ruthenium hydride 14 initially follows an inser-
tion (of alkene)/b-elimination pathway (Scheme 7) and that
the mechanism switches to an alkoxide mechanism as the re-
action proceeds.[25] A plausible explanation for the change
of isomerization mechanism is that as the concentration of
saturated ketone 6a builds up, the ruthenium hydride 14
reacts with the product (6a) forming a ruthenium alkoxide.
A slow reaction of the ruthenium hydride with the ketone
to give an alkoxide intermediate (several hours) is in ac-
cordance with previous observations.[15b]


Finally, the intermediacy of a ruthenium enolate was
probed by isomerizing an allylic alcohol in the presence of
an electrophile.[26–28] Thus, when the isomerization of 4b was
performed in the presence of benzaldehyde (1 equiv) at
room temperature only 50% of the aldol product 24[29]


(syn :anti=83:17) was formed after 14 h. However, after 2 h
at 50 8C, 24 was obtained in 72% yield (syn :anti=52:48),
the remaining product being saturated ketone 6a (28%)
from isomerization of the allylic alcohol (Scheme 12). The


selectivity (syn :anti ratio) of such an isomerization–aldol
tandem process has been discussed in the literature.[28] How-
ever, it is important to note that catalysts 2 and 3 are highly
efficient in racemizing sec-alcohols. Therefore, the aldol
product produced is readily epimerized to the syn :anti mix-
ture obtained, which should be close to the thermodynamic
mixture. Indeed, we observed that the syn :anti ratio changes
as the reaction proceeds.[30]


Another advantage of this system is the lack of reactivity
of double bonds not bearing an alcohol group at the allylic
position. Thus, when homoallylic alcohol 25 was subjected
to the reaction conditions no isomerization of the double
bond could be observed and after 24 h the starting material
remained intact (Scheme 13).
After the completion of this work a communication ap-


peared describing the use of a Ru–Cp* complex with an


aminophosphine ligand.[31] This catalyst isomerized allylic al-
cohols to the corresponding ketone at 30 8C within 1 h.


Conclusion


We have studied the isomerization of allylic alcohols to satu-
rated ketones catalyzed by ruthenium–cyclopentadienyl
complexes and demonstrated a higher efficiency with CO li-
gands than with phosphine ligands coordinated to the ruthe-
nium atom. The use of these complexes in combination with
an efficient activation of the ruthenium halide catalysts by
KOtBu allows the isomerization of allylic alcohols at ambi-
ent temperature with short reaction times. We have studied
the mechanism and proven the intermediacy of Ru–alkox-
ides and Ru–enolates. We also propose the formation of h3-
ruthenium keto hydride complexes. Exchange studies show
that the substrate stays coordinated to the ruthenium center
through the isomerization mechanism. A study of the iso-
merization of enantiopure allylic alcohols has shown that
the h3-ruthenium keto hydride intermediate undergoes 1,2-
hydride addition several times before irreversible 1,4-hy-
dride addition takes place. Finally, we have found support
for a partly different mechanism for the reaction catalyzed
by ruthenium hydrides.


Experimental Section


General : All reactions were carried out under dry argon atmosphere in
flame-dried glassware. Solvents were purified and dried with standard
procedures. Flash chromatography was carried out on 60 S (35–70 mm)
silica gel. 1H and 13C NMR spectra were recorded at 400 or 300 MHz and
at 100 or 75 MHz, respectively. Chemical shifts (d) are reported in ppm,
with the residual solvent peak in CDCl3 (dH=7.26 and dC=77.00 ppm) as
internal standard, and coupling constants (J) are given in Hz. Enantio-
meric excess (ee) were determined by analytical gas chromatography em-
ploying a CP-Chirasil-Dex CB a chiral capillar column.


Complexes 2, 3a, 8, and 14, and cyclopentadienes 7 were obtained previ-
ously.[15] Allylic alcohols 4b–d and 4 f are commerically available. Alco-
hol 4a was prepared by NaBH4 reduction of (E)-4-phenyl-3-buten-2-one
as reported in the literature.[32] Enantiopure alcohol (S)-4a was prepared
by CALB-catalyzed kinetic resolution (CALB=Candida antarctica lipase
B) employing isopropenyl acetate as the acyl donor.[32] Alcohol 4e was
prepared by reaction of nBuLi with (E)-cinnamaldehyde as reported.[8]


[Ru(h5-Ph4MeCp)(CO)2Br] (3b): An excess of Br2 (100 mL) was added
to a suspension of dimer 8 (300 mg, 0.277 mmol) in CHCl3 (5 mL) at am-
bient temperature. After 1.5 h the mixture was washed with a saturated
solution of Na2SO3 (aq.) (3T5 mL), dried over Na2CO3, filtered, and
evaporated. Purification by chromatography (SiO2; pentane/dichlorome-
thane 3:1) afforded complex 3b as a yellow powder (312 mg, 98%):
1H NMR (400 MHz, CDCl3): d=7.37–7.29 (m, 10H), 7.17–7.12 (m, 2H),
7.07–7.03 (m, 4H), 6.99–6.97 (m, 4H), 2.12 ppm (s, 3H); 13C NMR


Scheme 12. Tandem isomerization–aldol reaction.


Scheme 13. Reaction of homoallylic alcohol 25 with Ru complex 3a acti-
vated by KOtBu.


www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5832 – 58425840


J.-E. BCckvall, B. Mart?n-Matute et al.



www.chemeurj.org





(100 MHz, CDCl3): d=196.91, 132.07, 131.90, 130.00, 129.55, 128.42,
128.38, 128.35, 127.76, 114.39, 105.99, 102.20, 12.46 ppm.


General procedure for the isomerization of allylic alcohols : KOtBu
(140 mL; 0.5m in THF) was added to a solution of complex 3a (32 mg,
0.05 mmol) in toluene (1 mL) under an argon atmosphere. The mixture
was stirred for 4 min before adding a solution of 4a (148 mg, 1 mmol) in
toluene (1 mL). The mixture was stirred at ambient temperature for 1.5 h
before adding HCl (1.6 wt%, 0.5 mL). The product was extracted with
Et2O and dried over MgSO4, and the solvent was evaporated. Purifica-
tion by chromatography (SiO2; pentane/diethyl ether 97:3) afforded ben-
zylacetone (6a) (142 mg, 96%) as a colorless oil. NMR spectra were
identical to those obtained from a pure sample of benzylacetone. NMR
data of ketones 6b–d were also compared to those obtained from pure
samples. NMR data of ketone 6e were compared to the reported data.[8]


General procedure for the isomerization of allylic alcohols in the pres-
ence of one equivalent of benzylidenacetone (19): KOtBu (70 mL; 0.5m
in THF) was added to a solution of complex 3a (15 mg, 0.025 mmol) in
toluene (0.5 mL) under an argon atmosphere. The mixture was stirred for
4 min. Then, a solution of 4d (105 mg, 0.5 mmol) and 19 (73 mg,
0.5 mmol) in toluene (0.5 mL) was added. The mixture was stirred at am-
bient temperature for 2.5 h before adding HCl (1.6 wt%, 0.25 mL). The
product was extracted with Et2O and dried over MgSO4, and the solvent
was evaporated. 1H NMR analysis showed 86% of 1,3-diphenyl-1-propa-
none (6d) and 6% of benzylacetone (6a). About 6% of trans-chalcone
was also detected.


4-Phenyl-3-buten-(1-2H3)-2-ol ([D3]4a): Benzylideneacetone (4.38 g,
30 mmol), K2CO3 (414 mg, 3 mmol), and D2O (30 mL) were stirred vigo-
rously overnight at 100 8C, then at 120 8C for additional 3 h. The mixture
was cooled down to ambient temperature and NaBH4 (571 mg,
15.1 mmol) was added. After 12 h the product was extracted with diethyl
ether (3T50 mL), and the combined organic layers were dried over
MgSO4. After evaporation of the solvent [D3]4a was obtained as a yel-
lowish oil (4.5 g, 97%, 96% deuterated): 1H NMR (300 MHz, CDCl3):
d=7.44–7.19 (m, 5H), 6.57 (d, J=15.7 Hz, 1H), 6.26 (dd, J=15.7 Hz,
6.3 Hz, 1H), 4.48 (br s, 1H), 1.6–1.8 ppm (m, 0.19H).


Cross-coupling between a-vinylbenzyl alcohol (4b) and benzaldehyde :
KOtBu (280 mL; 0.5m in THF) was added to a solution of complex 3a
(58 mg, 0.1 mmol) in toluene (2 mL) under an argon atmosphere. The
mixture was stirred for 4 min and then a solution of 4b (268 mg, 2 mmol)
and benzaldehyde (204 mg, 2 mmol) in toluene (2 mL) was added
through a cannula. The mixture was stirred at 50 8C for 2 h before adding
HCl (1.6 wt%, 1 mL). The product was extracted with Et2O and dried
over MgSO4, and the solvent was evaporated.


1H NMR analysis showed
aldol 24[29] (72%, syn :anti=52:48) and propiophenone (6b) (28%):
1H NMR (300 MHz, CDCl3, anti-24): d=8.10–7.23 (m, 10H), 5.00 (dd,
J=7.9, 4.0 Hz, 1H), 3.83 (m, 1H), 2.97 (d, J=4.0 Hz, 1H), 1.07 ppm (d,
J=7.1 Hz, 3H); the signal at 2.97 ppm disappeared when the sample was
shaken with D2O;


1H NMR (300 MHz, CDCl3, syn-24): d=8.10–7.23 (m,
10H), 5.25 (brd, J=3 Hz, 1H), 3.70 (dq, J=7.2, 3.0 Hz, 1H), 3.6 (br s,
1H), 1.19 ppm (d, J=7.2 Hz, 3H); the signal at 3.6 ppm disappeared
when the sample was shaken with D2O.
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Introduction


Design and construction[1] of supramolecular organic/inor-
ganic structures that exhibit novel properties[2] are of current
interest. For example, we reported on rectangular tetrame-
tallic [2 2] grids [M4(L


1)8] (1)
[3] (Scheme 1).


Formal replacement of the pyridine and tetrazole hetero-
cycles in (L1)� by thiazole rings led to ligand (L2)� . The geo-
metric requirements of (L1)� and (L2)� are pretty much
alike; however, when (L2)� was treated with zinc acetate in
methanol, we isolated the oxo-centered tetrazinc complex
[Zn4O(L


2)4(OAc)2] (2)
[4] (Scheme 2).


Results and Discussion


Synthesis : Herein we report on the reaction of HL2 (3) in
fluorobenzene and under aerobic conditions with iron(ii)


Abstract: In a one-pot reaction of N-
(5-methylthiazole-2-yl)-thiazole-2-carb-
oxamide HL2 (3) with iron(ii) acetate
in air, the homotrinuclear heteroleptic
mixed-valent oxo-centered iron cluster
[FeIIFeIII2 O(L


2)3(OAc)3] (4) was formed.
Exchange of iron(ii) in 4 by nickel(ii)
afforded the heteronuclear cluster
[NiIIFeIII2 O(L


2)3(OAc)3] (6). To obtain
crystals suitable for X-ray structure
analyses, in 4 and 6, the OAc� co-li-


gands were exchanged by OBz� ligands
to give [FeIIFeIII2 O(L


2)3(OBz)3] (5) and
[NiIIFeIII2 O(L


2)3(OBz)3] (7). The com-
plexes 5 and 7 are isostructural and
made up of three ditopic, tridentate li-
gands (L2)� and three bridging ben-


zoate co-ligands, which fix the three
metal ions in the corners of a triangle
with an m3-O


2� ion in the center. The
mixed-valent character of 4–7, their in-
tramolecular electron-exchange pro-
cesses, and their redox properties were
studied by variable-temperature Mçss-
bauer spectroscopy and cyclic voltam-
metry.


Keywords: electron exchange ·
iron · mixed valence · Moessbauer
spectroscopy · trinuclear
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Scheme 1. Schematic presentation of [M4(L
1)8] (1).
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acetate,[5] which yields the deep violet microcrystalline prod-
uct 4, which in turn can be converted to 5–7 (Scheme 3). It
is worth noting that the asymmetrically substituted mixed-
valent m3-oxo centered trinuclear complexes 4–7 are the first
of this type.
On the basis of the analytical data and the FAB mass


spectrum, 4 was identified as an oxo-triiron chelate complex
of the composition [Fe3O(L


2)3(OAc)3] with a metal-to-
ligand-to-co-ligand ratio (M:L:co-L) of 1:1:1.[6] The lack of a
counterion implies intramolecular charge compensation and
therefore mixed-valence character for [FeIIFeIII2 O(L


2)3-
(OAc)3] (4).


X-ray structure analysis : However, these analytical data
alone did not unequivocally confirm the structure of 4.
Since all our efforts to grow single crystals suitable for an
X-ray structure analysis of 4 were unsuccessful, we generat-
ed [FeIIFeIII2 O(L


2)3(OBz)3] (5) from 4 by exchange of the
(OAc)� co-ligands with (OBz)� ions (Scheme 3). In contrast
to 4, crystals of 5 were readily available when diethyl ether
was allowed to evaporate into a solution of 5 in chloroform.
According to the single-crystal X-ray structure determina-
tion,[7–9] [FeIIFeIII2 O(L


2)3(OBz)3] (5) is made up of three di-
topic, tridentate ligands (L2)� and three bridging benzoate
co-ligands, which fix the FeIIFeIII2 ions in the corners of a tri-
angle with an m3-O


2� ion in the center (mean distance Fe�
m3-O=1.88 P). The iron centers Fe1/2 are linked by two
(L2)� ligands (head-to-tail/tail-to-head), Fe2/3 by one (L2)�


ligand (head-to-tail) and a benzoate ion, and Fe1/3 by two
benzoate bridges. As a consequence, all three iron ions in
the mixed-valent complex [FeIIFeIII2 O(L


2)3(OBz)3] (5) are
differently octahedrally coordinated (Figure 1).


Variable-temperature Mçssbauer studies: To further support
the mixed-valent character of the unprecedented asymmetri-
cally substituted 4 and 5, and to gain deeper insight into the
electron-exchange processes of these m3-oxo-triiron com-
plexes, we carried out variable-temperature Mçssbauer
measurements of powder samples of both complexes
(Figure 2, Table 1).
The Mçssbauer spectra of 4 and 5 at 300 K are almost


identical and both exhibit two quadrupolar doublets with an
area ratio of 1:2 for the FeII and the two FeIII ions. The dou-
blet with a quadrupole splitting of DEQ=1.59(3) mms�1 (4),
1.43(3) mms�1 (5) and an isomeric shift of d=0.97(3) mms�1


(4), 0.89(3) mms�1 (5) is consistent with a high-spin iron(ii)
species (relative intensity: 33(3)%), whereas the doublet
with a quadrupole splitting of DEQ=1.18(3) mms�1 (4, 5)
and an isomeric shift of d=0.43(3) mms�1 (4), 0.46
(3) mms�1 (5) is consistent with a high-spin iron(iii) species
(relative intensity: 67(3)%).
Most interestingly, at 4.2 K the Mçssbauer spectra of 4


and 5 differ considerably (Figure 2, Table 1). The spectrum


Scheme 2. Schematic presentation of [Zn4O(L
2)4(OAc)2] (2).


Scheme 3. Synthesis and schematic presentation of homotrinuclear [FeII-
FeIII2 O(L


2)3(OAc)3] (4) and [FeIIFeIII2 O(L
2)3(OBz)3] (5); and heterotrinu-


clear [NiIIFeIII2 O(L
2)3(OAc)3] (6) and [Ni


IIFeIII2 O(L
2)3(OBz)3] (7).


Figure 1. Molecular structure of 5 in the crystal (Stereoview, PLUTON
presentation, with the numbering of the iron ions, only one stereoisomer
shown). H atoms omitted for clarity. C: shaded; N: net; O: diagonal; S:
mesh; Fe: void.
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of 4 at 4.2 K was fitted with two doublets, yielding reasona-
bly narrow line widths G and an area ratio of 1:2 for the FeII


and the two FeIII ions (DEQ=2.50(2) mms�1, d=


1.21(2) mms�1, G=0.30(2) mms�1 for FeII and DEQ=


1.35(2) mms�1, d=0.49(2) mms�1, G=0.32(2) mms�1 for
FeIII). The FeII site in 5 exhibits a stronger temperature de-
pendence of the quadrupole splitting than in 4, indicating
that the energy splitting of the t2g shell is smaller in 5 than
in 4. This is consistent with a somewhat stronger distortion
of the axial ligand field at the FeII site in 5 compared to that
in 4. Unlike for 4, the spectrum at 4.2 K for 5 shows a rather
broad signature of the FeII doublet as compared with the
FeIII doublet: whereas the lines of the quadrupole doublet
for the two FeIII ions are sharp (DEQ=1.23(2) mms�1, d=
0.56(2) mms�1, G=0.31(2) mms�1, 67(2)%), the lines of the
quadrupole doublet of FeII are rather broad (~0.65 mms�1).
The experimental data are best fitted by three doublets
(DEQ=2.77(2), 2.66(2), 2.66(2) mms�1; d=1.19(2), 1.12(2),
0.96(2) mms�1; G=0.25(2), 0.25(2), 0.25(2) mms�1), which
represent FeII with a relative area ratio of 11(1), 11(1), and
11(1)%, respectively.
Although the ferric site of 5 exhibits a marginally higher


isomer shift of 0.56(2) mms�1 than the ferric site of 4
(0.49(2) mms�1), we exclude the presence of partial electron
delocalization[10] at 4.2 K, since the all-ferric complexes 6
and 7 show comparable values at 77 K (d=0.50(2) and
0.49(2) mms�1, Table 1).
The effect of the (OAc)� co-ligands on the (FeIIFeIII2 ) core


in 4 obviously is different from the effect of the (OBz)� co-
ligands on the iron core in 5, leading to the situation that in
5, the difference in coordination among iron sites is larger


Figure 2. Mçssbauer spectra of 4 (a: 300 K; b: 4.2 K), 5 (c: 300 K; d:
4.2 K), and 6 (e: 77 K). The orange and blue solid lines are Lorentzian
fits for the iron(iii) and iron(ii) centers, respectively. For 5, the experi-
mental data at 4.2 K of the three differently substituted high-spin FeII


centers are best fitted by three individual quadrupole doublets, the high-
velocity lines of which are highlighted in the inset of (d) in magenta,
black, and green.


Table 1. Parameters obtained from the analysis of the Mçssbauer spectra
of complexes 4–7.[a]


Complex T d DEQ G Rel. area
[K] [mms�1] [mms�1] [mms�1] [%]


4 FeIII 300 0.43(3) 1.18(3) 0.46(3) 67(3)
FeII 0.97(3) 1.59(3) 0.54(3) 33(3)
FeIII 4.2 0.49(2) 1.35(2) 0.32(2) 66(2)
FeII 1.21(2) 2.50(2) 0.30(2) 33(2)


5 FeIII 300 0.46(3) 1.18(3) 0.29(3) 67(3)
FeII 0.89(3) 1.43(3) 0.35(3) 33(3)
FeIII 4.2 0.56(2) 1.23(2) 0.31(2) 67(2)
FeII 1.19(2) 2.77(2) 0.25(2) 11(1)
FeII 1.12(2) 2.66(2) 0.25(2) 11(1)
FeII 0.96(2) 2.66(2) 0.25(2) 11(1)


6 FeIII 77 0.50(2) 1.14(2) 0.44(2) 100
7 FeIII 77 0.49(2) 1.21(2) 0.41(2) 100


[a] Errors in the last digit are given in brackets.
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than in 4. This is consistent with the observed stronger tem-
perature dependence of the quadrupole splitting at FeII sites
in 5 than in 4. In addition, the exchange of (OAc)� co-li-
gands with (OBz)� co-ligands could also influence electron-
exchange rates, electronic couplings, or local vibronic cou-
plings, thus affecting also activation barriers. Comparison of
the Mçssbauer data at 4.2 K and 300 K reveals a larger in-
crease of line broadening for all iron sites at 300 K in 4 than
for the same sites in 5. From this finding it seems that (ther-
mally activated) electron exchange is faster and gets closer
to the Mçssbauer time window in 4 than in 5. As a result of
the different coordination of the iron sites [(Fe1)3N/3O,
(Fe2)4N/2O, (Fe3)2N/4O], there exist evidently three con-
figurations with unlike energies [(Fe1)II(Fe2)III(Fe3)III,
(Fe1)III(Fe2)II(Fe3)III, (Fe1)III(Fe2)III(Fe3)II] for 4 and 5.
Even if the difference among these energies is small and can
be overcome at elevated temperature by thermal activation,
at low temperature one expects that only the configuration
with the lowest energy is populated, corresponding to only
one FeII doublet in the Mçssbauer spectrum at 4.2 K. From
ligand field theoretical considerations the configuration with
the lowest energy is FeII with a 4N/2O core. However, as-
suming a slow electron-tunneling exchange mechanism in 5,
one might arrive at a situation, at which all three configura-
tions remain nearly equally populated, even at very low
temperature. Since the differences in coordination affect
more significantly the Mçssbauer characteristics of FeII than
of FeIII, the slow exchange and the three different types of
coordination explain the presence of three FeII doublets and
of only one FeIII doublet at 4.2 K in 5. Such a situation is
not unlikely. We and others have found molecular subconfi-
gurations of iron proteins at low temperature by Mçssbauer
spectroscopy[11,12] and optical methods;[13] these subconfigu-
rations exist simultaneously and give rise to low-tempera-
ture molecular dynamics extending over months.[12]


Within this picture, electron exchange in 4 is fast enough
to populate only the lowest energy configuration at low tem-
perature. At 300 K thermal fluctuations equalize the ligand
field strength around each iron site in 4 and 5, such that it is
not possible to resolve the different (Fe1)II, (Fe2)II, and
(Fe3)II components in the Mçssbauer spectra.


Exchange of FeII by NiII : To provide further insight into the
electronic structure of 4 and 5, we prepared the hetero-
nuclear, mixed-valent cluster [NiIIFeIII2 O(L


2)3(OAc)3] (6), by
exchanging FeII in the mixed-valent all-iron complex 4 with
NiII by using an excess of nickel acetate (Scheme 3). Com-
plete FeII-to-NiII exchange in 4 was established unequivo-
cally from the Mçssbauer spectrum of 6 at 77 K (Figure 2,
Table 1). Powder samples of 6 displayed a rather sharp
single quadrupolar doublet (two high-spin FeIII centers:
DEQ(77 K)=1.14 mms�1, d(77 K)=0.50 mms�1, G=


0.44 mms�1, 100%).
Again, we were not able to grow single crystals suitable


for an X-ray structure analysis of 6. Therefore, we generated
[NiIIFeIII2 O(L


2)3(OBz)3] (7) from 6 by exchange of the
(OAc)� co-ligands with (OBz)� ions (Scheme 3). Compared


with 6, complex 7 displayed a similar Mçssbauer spectrum
(Table 1, Figure 2). The X-ray structure analysis of 7[14] re-
vealed it to be isostructural with 5.


Cyclic voltammetry : The reversible cyclic voltammograms[15]


of redox-active 4 and 5 were recorded under anaerobic,
aprotic conditions, and displayed basically two processes
attributable to the reduction of 4 and 5 from FeIIFeIII2 to
FeII2 Fe


III, and oxidation to the all-FeIII species (Figure 3,
Table 2). The number of electrons transferred at different


potentials during this process was determined in acetonitrile
versus Fc/Fc+ and turned out to be one for the reduction of
all-FeIII to FeIIFeIII2 and one for the second reduction to


FeII2 Fe
III. Further reduction of FeII2 Fe


III to the all-FeII species
is irreversible. Consequently, the cyclic voltammograms of
redox-active 6 and 7 represent the reduction of NiIIFeIII2 to
NiIIFeIIFeIII, and reoxidation to NiIIFeIII2 (Figure 3, Table 2).
As determined in acetonitrile versus Fc/Fc+ , one electron is


Figure 3. Cyclic voltammograms of 5 (top) and 7 (bottom).


Table 2. Half-wave potential (E1/2) values of complexes 4–7.
[a]


Complex 4 5 6 7


E1
1=2 [mV] �151 �85


E2
1=2 [mV] �837 �765 �939 �872


[a] Recorded in CH3CN (0.1m [(nBu)4N][PF6]) versus Fc/Fc
+ at 20 8C;


scan rate 200 mVs�1.
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transferred during this redox process. Further reduction of
NiIIFeIIFeIII to the NiIIFeII2 species is irreversible.


Conclusion


In summary, we have presented a new synthesis of homo-/
heterotrinuclear mixed-valent oxo-centered heteroleptic
species that are structurally related to the active sites of nu-
merous iron–oxo proteins. Variable-temperature Mçssbauer
spectroscopy of [FeIIFeIII2 O(L


2)3(OAc)3] (4) calls for the oc-
currence of fast electron exchange and population of only
one of the three configurations of 4 at 4.2 K, whereas, for
[FeIIFeIII2 O(L


2)3(OBz)3] (5) at 4.2 K slow electron exchange
leads to almost equal population within the three unlike
substituted iron sites in 5. Obviously, the effect of the
(OAc)� co-ligands on the (FeIIFeIII2 ) core in 4 is weaker than
the effect of the (OBz)� co-ligands on the iron core in 5. As
demonstrated by cyclovoltammetry for 4 and 5, the redox-
active chelate complexes are stable for FeIII3 , Fe


IIFeIII2 , and
FeII2 Fe


III but not for FeII3 .


Experimental Section


General methods and materials : All reagents and solvents employed
were commercially available high-grade purity materials (Fluka, Al-
drich), used as supplied without further purification. IR spectra were re-
corded from CHBr3 triturations on a Bruker IFS 25 spectrometer. FAB-
MS spectra were recorded on a Micromass ZAB-Spec spectrometer. Ele-
mental analyses were performed on a EA 1110 CHNS-Microautomat.
The microanalytical data for 4 and 6 deviate from theory due to the pres-
ence of crystal solvents and are not recorded here.


Cyclic voltammetry :[15] Cyclic voltammetry at a platinum electrode was
performed in CH3CN/TBAH (0.2m, TBAH= [(nBu)4N][PF6]) at room
temperature under an argon atmosphere using a three-electrode set-up
and an EG&G (potentiostat/galvanostat) model 283. Redox potentials
were internally referenced against ferrocene/ferrocenium (Fc/Fc+).
HPLC-grade CH3CN for electrochemical experiments was refluxed and
distilled over CaH2 under a nitrogen atmosphere. Tetra-n-butylammoni-
um hexafluorophosphate was prepared and purified according to a previ-
ously described procedure.[16]


[FeIIFeIII2 O(L
2)3(OAc)3] (4): A solution of HL2 3 (135 mg, 0.6 mmol) in


fluorobenzene (15 mL) was added to a suspension of iron(ii) acetate
(87 mg, 0.5 mmol) in fluorobenzene (35 mL). The reaction mixture was
stirred at 20 8C for 24 h in the presence of air. After addition of five
drops of distilled water, stirring was continued for a further 24 h. The
precipitate was collected and dried under reduced pressure. Yield:
102 mg (59%) dark violet powder; m.p. > 250 8C (decomp); IR (KBr):
ñ=3132, 2919, 1609, 1568, 1556, 1504 cm�1; FAB-MS (m-NBA): m/z (%):
1033 (52) [M]+, 974 (100) [M�OAc]+ , 915 (48) [M�2OAc]+ , 856 (21)
[M�3OAc]+ , 809 (40) [M�L2]+ , 750 (59) [M�OAc�L2]+ , 691 (55)
[M�2OAc�L2]+ , 576 (86) [M�3OAc�L2�Fe]+ , 526 (31)
[M�OAc�2L2]+ ; C30H27Fe3N9O10S6 (1033.50).


[FeIIFeIII2 O(L
2)3(OBz)3] (5): Sodium benzoate (692 mg, 4.8 mmol) was


added to a solution of 4 (83 mg, 0.08 mmol) in chloroform (25 mL). The
pale violet suspension was stirred at 20 8C for 48 h. After removal of
excess of the sodium salt, the remaining solution was evaporated to dry-
ness. Yield: 67 mg (69%) dark violet crystals from CHCl3 by vapor diffu-
sion of diethyl ether; m.p. > 250 8C (decomp); IR (KBr): ñ=3120, 3104,
3061, 2920, 1597, 1560, 1505 cm�1; FAB-MS (m-NBA): m/z (%): 1219
(100) [M]+ , 1098 (74) [M-OBz]+ , 995 (86) [M�L2]+ , 874 (49)
[M�OBz�L2]+ , 771 (33) [M�2L2]+ , 753 (23) [M�2OBz�L2]+ , 650 (40)


[M�2L2�OBz]+ , 576 (46) [M�3OBz�L2�Fe]+ ; elemental analysis calcd
(%) for C45H33Fe3N9O10S6·0.5 CHCl3 (1279.40): C 42.72, H 2.64, N 9.85;
found: C 42.72, H 2.80, N 9.78.


[NiIIFeIII2 O(L
2)3(OAc)3] (6): Nickel acetate tetrahydrate (93 mg,


0.375 mmol) was added to a solution of 4 (78 mg, 0.075 mmol) in chloro-
form (15 mL). The initially violet suspension was stirred at 20 8C for 48 h.
After filtration over a pad of celite, the remaining brown solution was
evaporated to dryness. Yield: 43 mg (55%) brown precipitate from
CHCl3/n-pentane (5 mL/30 mL, 2 ); m.p. > 250 8C (decomp); IR (KBr):
ñ=2926, 2855, 1614, 1568, 1556, 1505 cm�1; FAB-MS (m-NBA): m/z (%):
1035 (10) [M]+, 976 (69) [M�OAc]+ , 917 (13) [M�2OAc]+ , 811 (100)
[M�L2]+ , 788 (24), 752 (47) [M�OAc�L2]+ , 693 (21) [M�2OAc�L2]+ ,
528 (28) [M�OAc�2L2]+ ; C30H27Fe2N9NiO10S6 (1036.36).


[NiIIFeIII2 O(L
2)3(OBz)3] (7): In analogy to compound 5, 6 (62 mg,


0.06 mmol) was allowed to react with sodium benzoate (519 mg,
3.6 mmol) in chloroform (20 mL). Yield: 45 mg (61%) deep brown crys-
tals from CHCl3 by vapor diffusion of diethyl ether; m.p. > 250 8C
(decomp); IR (KBr): ñ=3113, 3086, 2921, 1600, 1565, 1551, 1504 cm�1;
FAB-MS (m-NBA): m/z (%): 1222 (17) [M+H]+ , 1100 (100) [M�OBz]+ ,
997 (80) [M�L2]+ , 979 (18) [M�2OBz]+ , 876 (37) [M�OBz�L2]+ , 773
(20) [M�2L2]+, 755 (14) [M�2OBz�L2]+ , 652 (19) [M�2L2�OBz]+ ,
578 (18) [M�3OBz�L2�Fe]+ ; elemental analysis calcd (%) for
C45H33Fe2N9NiO10S6·CHCl3 (1341.95): C 41.17, H 2.55, N 9.39; found: C
40.86, H 2.87, N 9.83.
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A Small Cavity with Reactive Internal Shell Atoms Spanned by Four
{As(W/V)9}-Type Building Blocks Allows Host–Guest Chemistry under
Confined Conditions
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Introduction


Polyoxometalates constitute—due to their structural variety
as well as their relevance to several fields[1–4]—a unique
class of inorganic species. Whereas in recent years, a variety
of very large polyoxomolybdates have been synthesized and
structurally characterized, for example the wheel-shaped
anions of the type Mo154, Mo176


[5,6] as well as the correspond-
ing derivative Mo248,


[7] the spherical icosahedral capsule
Mo132,


[8] and the “hedgehog-shaped” Mo368-type cluster spe-
cies,[9] the chemistry of polyoxotungstates is not so rich re-
garding nanosized complexes (for reasons see reference [9a];
but note the existence of the W148 anion[10]). On the other
hand, polyoxotungstates offer other options: special
polyoxotungstate(vi) matrices for instance are ideal for em-
bedding “guests”, for example, in the form of magnetic cen-
ters. In this sense trilacunary-type XW9 units used as build-
ing blocks are of special importance. When three corner-
shared octahedra are removed from a Keggin ion, the so-
called A-type trilacunary anion is obtained, whereas the loss
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Abstract: The reaction of [H2AsIII-
W18O60]


7� with VO2+ and SO4
2� ions in


aqueous solution leads to a VIV/VV


mixed-valence cluster anion containing
the {As4M40O140}-type cryptand which
has a high formation tendency. An im-
portant result is that it exhibits a new
type of reactive internal cavity shell.
The correspondingly obtained com-
pound Na(NH4)20[{(V


IVO(H2O))(VIVO)2-
(SO4)2}{(AsIIIW9O33)2(AsIIIW7.5V


V
1.5O31)2-


(WO2)4}]·40 H2O (1), which can also be
synthesized from a precursor with the
preorganized cryptand, was character-
ized by elemental and thermogravimet-
ric analyses (determination of crystal


water content), redox titrations (deter-
mination of the number of VIV cen-
ters), electronic absorption as well as
vibrational spectra, single-crystal X-ray
structure analysis (including bond va-
lence sum calculations), and magnetic
susceptibility measurements. The rela-
tively small central cavity—formed by
the linking of four {AsM9}-type lacuna-
ry units (M=W/V) by four WO6 octa-
hedra—allows positioning of a variety


of cationic as well as anionic “guests”
under confined conditions according to
a new approach: replacement of some
of the W by V atoms leads to high re-
activity of the internal cavity shell as a
result of relatively weak VO bonds
compared to the WO bonds. This
allows an interesting “encapsulation
chemistry” with new options. In the
present case the cavity contains besides
an arrangement of three VIV centers,
two sulfate groups that replace O
atoms of the {AsM9} units as well as an
interesting hydrogen bond situation.


Keywords: cryptand · encapsula-
tion chemistry · magnetism · poly-
oxometalates · tungsten · vanadium
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of three edge-shared octahedra results in a B-type trilacuna-
ry anion. The latter type, which is obtained if the central
atom such as AsIII has a lone pair of electrons, can be used,
for example, as building blocks for the synthesis of sand-
wich-like mixed- and non-mixed-valence complexes of the
type [(VO)3(XW9O33)2]


n� (n=11, 12; X=AsIII, SbIII) in
which two a-B-[XW9O33]


9� (X=AsIII, SbIII) units are linked
by a belt of three VO2+ ions[11,12] (see also reference [13]).
Quite a variety of encapsulation-type investigations were
performed based on the (related) cryptand {As4W40O140}, in
which four B-type trilacunary units are linked together by
four WO6 octahedra, for example, in clusters with the gener-
al formula [M1M2mZ2(H2O)2As4W40O140]


x�, where M1 and
M2 (m=0 or 1) are alkali and/or alkaline-earth metal cati-
ons and Z, first-row transition-metal ions (e.g. Co2+).[14–16]


Here we demonstrate the option for a new type of encapsu-
lation chemistry by an unprecedented activation of the
{As4W40O140} internal shell cryptand atoms, which is based
on the substitution of tungsten atoms of the XW9 units by
vanadium centers with the consequence of an activation of
the oxygen atoms at the internal cavity shell. In this context
we report here the compound Na(NH4)20[{(VIVO(H2O))-
(VIVO)2(SO4)2}{(AsIIIW9O33)2(AsIIIW7.5V


V
1:5O31)2(WO2)4}]·40H2O


(1)�Na(NH4)20-1a·40 H2O, containing three VIV centers and
two sulfate groups in the small anion central cavity which
could be made possible due to the replacement of WVI by
VV atoms leading to increased reactivity of the O (-V)
atoms. The present investigation demonstrates the general
option to place a variety of magnetic centers adjacent to
anionic guests such as sulfate ions under confined conditions
in a cryptand, as well as the option to generate interesting
hydrogen bonding situations in which water ligands coordi-
nated to the metal centers are involved. Important in this
context is the small cavity space which can lead, in principle,
to strong exchange interactions.


Results and Discussion


Compound 1 was primarily prepared by heating an aqueous
solution of the sodium salt of [H2AsIIIW18O60]


7� (2a)[17] and
VOSO4·5 H2O and was characterized by elemental and ther-
mogravimetric analyses (for determination of crystal water
content), electronic absorption as well as vibrational spectra,
single-crystal X-ray structure analysis (including bond va-
lence sum calculations), magnetic susceptibility measure-
ments, and redox titrations (for the determination of the
number of VIV centers). The mentioned reaction occurs due
to the high formation tendency of the anionic {As4M40O140}
type cryptand. (Compound 1 can correspondingly also be
obtained from the preorganized cryptand abundant in the
compound Na27[Na{(AsIIIW9O33)4(WO2)4}]·60 H2O (3)[14] (see
Experimental Section), but unfortunately the crystal quality
is not as good.) Although the basic framework, that is, the
cryptand skeleton of 1a, is formally similar to that of the
anions 4a of (NH4)21[{(NH4)3(CoIIH2O)2}{(AsIIIW9O33)4-
(WO2)4}]·19 H2O (4)� (NH4)21-4a·19 H2O


[15, 18] and 5a of


Na23[{Na(Na4)}{(AsIIIW9O33)4(WO2)4}]·2 Cl·nH2O (5)�Na23-
5a·nH2O (reformulated here),[19] it contains a new type of
cavity reactivity and related interesting “encapsulations”
(details below).


Each cluster anion of 1a is “linked” in the crystal lattice
to two neighboring anions by disordered Na(H2O)3 units,
leading to the formation of infinite parallel chains (Fig-
ure 1a). A characteristic feature of these parallel chains is
that they are rotated relative to neighboring chains by 1808
parallel to the c axis, translated by c/2, and are then connect-
ed through additional “Na�O bonds” thus forming a layer
structure. Interestingly, exactly the same number of Na+


ions was obtained (one Na+ ion/formula unit) in spite of
varying the NH4


+ concentration in the reaction medium.
This reemphasizes the possible importance of the presence
of appropriate countercations for the assembly of (large)
polyoxometalate structures.


The cluster anion 1a (Figure 1b) is, as mentioned above,
built up by four trilacunary a-B-As(W/V)9 units connected
by four WO6 octahedra, thereby generating a cyclic arrange-
ment with a small central cavity. Two of the opposite AsM9


units have two tungsten atoms (mostly) replaced by VV cen-
ters, which corresponds to the related disorder of the anions
in the crystal lattice, while the occupancy factor is about
25 % for W and 75 % for V atoms. Each trilacunary unit has
six oxygen atoms available for coordination; in Figure 1b
the corresponding 4 U 6 oxygen atoms (red) are marked by a
black rectangle. Four of these oxygen atoms are shared with
neighboring connecting WO6 octahedra (see above), that is,
two lacunary units share one WO6 octahedron. The remain-
ing two oxygen atoms participate in two coordination
modes: 1) each of the two lacunary units containing only W
atoms (these are shown on the left and right in Figure 1b) is
linked to an O=VIVO4 square pyramid by sharing corners,
that is, at the positions marked as S2 in Figure 1c where
Co2+ is found in 4a ; 2) each of the two lacunary units con-
taining V centers (top and bottom in Figure 1b) is linked to
a sulfate group by sharing corners, that is, at the positions
marked as S2’ in Figure 1c where NH4


+ ions are found in
4a. Referring to the four bridging WO6 groups: each of
these shares one corner with one of the O=VIVO4 square
pyramids and another corner with a central VIVO5(H2O) oc-
tahedron, defining the S1 site, which is occupied in 4a by an
NH4


+ ion. Interestingly, the sulfate groups are stabilized by
short hydrogen bonds between the O atoms of the sulfate
group and the H2O ligand of the central VIVO5(H2O) octa-
hedron (Figure 2a).


Owing to its small central cavity and the reactive internal
cavity shell, the present {As4M40O140}-type cryptand (see also
references [14,15]) is a remarkable “host” for the incorpora-
tion of guest cations and anions, and especially of magnetic
centers in presence of anions under confined conditions.
The option of making the lacunary fragments more reactive
leads to sulfate ligation, which is caused by the partial re-
placement of W by V atoms, and consequently to weakened
metal–oxygen bonds. Under changed reaction conditions by
a synthesis similar to that of compound 1[20] but with a lower
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pH value, the compound (NH4)20[{(VIVO(H2O)(VIVO)2)-
(NH4)2}{(AsIIIW9O33)4(WO2)4}]·40H2O (6)� (NH4)20-
6a·40 H2O,[20] can be obtained. This is similar to 1 but with


the difference that the W atoms are not substituted by V
atoms at all and the positions of the sulfate ligands are cor-
respondingly (formally) occupied by NH4


+ ions. This obser-
vation corresponds to the known fact that substitution reac-
tions of the type discussed here, involving a weakening of
the WO bonds, are favored at higher pH values (see for ex-
ample, reference [3]). The complete results of the single-
crystal structure analysis of 6a, which are not of interest in
the present context, are not reported here, only the charac-
terization by unit cell dimensions, analytical data, and char-
acteristic magnetic data which show clearly the three encap-
sulated VIV centers (see below).


Spectroscopic and magnetic properties : The electronic ab-
sorption spectrum (Vis/NIR region) of 1 in aqueous solu-
tions shows bands at about 690(sh) and about 860 nm, which
arise from d–d (VIV) and/or VIV!WVI (IVCT) charge trans-
fer transitions[21] and confirm the presence of the VIV cen-
ters.


The magnetic susceptibility of compound 1 was measured
as a function of temperature. These data are shown in
Figure 3 as the product of molar magnetic susceptibility and
temperature against temperature. The cT value at high tem-
perature is 1.08 emuK�1 mol�1, which is close to the expect-
ed spin-only value for three S=1/2 ions (cT=1.08 emu K


Figure 1. a) Packing of the cluster anions 1a (see Figure 1b) in the crystal
lattice of 1. Each anion is “connected” to two neighboring anions by dis-
ordered Na(H2O)3 units, leading to the formation of infinite chains paral-
lel to the crystallographic c axis (top to bottom). Parallel chains are rotat-
ed relative to neighboring chains by 1808 parallel to the c axis, translated
by c/2 and then connected through additional “Na�O bonds” forming a
layer-type structure (color code as in Figure 1b; Na+ ions: gray spheres;
coordinating H2O molecules: red spheres). b) and c) Structure of 1a (b)
(in polyhedral representation) and comparison with that of 4a, 5a (c; in
polyhedral and schematic representation; S1, S2 and S2’ denoted as in
reference [15]). All three anions are built up by four AsM9-type units
(green polyhedra; As centers: orange spheres) linked by four WO6 octa-
hedra (light green polyhedra). In 1a (b) two tungsten positions in two of
the four AsM9 units (top and bottom) are partially occupied by vanadium
atoms (related polyhedra blue). Three additional vanadium centers
occupy the sites marked as S1 and S2 in Figure 1c. A VO5(H2O) octahe-
dron fills position S1, whereas two OVO4 square pyramids occupy the S2
positions. The S2’ sites are formally “filled” by SO4


2� tetrahedra, whereas
the AsM9 (i.e. V/W) and SO4


2� units have O atoms in common. (The
color code for the polyhedra and the O atoms is chosen to illustrate the
formal building blocks as given in the formula of 1: “VIVO(H2O)”: red
octahedron with two yellow spheres; “VIVO”: red square pyramids with
one yellow sphere; “SO4”: yellow tetrahedra with four red spheres;
“WO2”: light green polyhedra with two green spheres). In 4a (c) the S1
and S2’ positions are occupied by NH4


+ ions, and both S2 sites by Co2+ .
In 5a (c) all S1, S2, and S2’ sites are occupied by Na+ ions; Cl� ions
bridge the Na+ ions in the S2 and S2’ sites (see reference [19]).


Figure 2. a) Side view of 1a highlighting the cavity with the interatomic
distances [W] corresponding to short hydrogen bonds between the sulfate
groups and the central VIVO5(H2O) octahedron. b) The interatomic dis-
tances [W] and angles [8] between the three VIV centers inside the cavity
of 1a defining a triangle (color code as in Figure 1).
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mol�1; the average g value of vanadyl ions was taken to be
1.96[22]). On lowering the temperature the cT product de-
creases first slightly, then more rapidly. At the lowest tem-
peratures, it seems to be approaching a limiting value. Fit-
ting c�1 versus T to the Curie–Weiss law (35 K�T�300 K),
yields a Curie constant of 1.12 emu K mol�1, close to the
room-temperature cT value, and a Weiss temperature of q=
�13.2 K, indicative of predominantly antiferromagnetic ex-
change interactions. The cT versus T data can also be fitted
to the van Vleck formula for the susceptibility,[23] assuming
nearest neighbor exchange interactions only. Although the
three vanadyl ions form a triangle in the structure (Fig-
ure 2b), there is interestingly no superexchange pathway be-
tween vanadyl ions 1 and 3, but only between neighbored
vanadyl ions 1 and 2, and 2 and 3. This means that magneti-
cally, the system can be considered formally as a linear
trimer. The superexchange pathway is VIV-O-W-O-VIV and
the spin Hamiltonian was defined as H=J(S1S2 + S2S3). The
least-squares fit leads to an exchange interaction constant of
J=13.2�0.5 cm�1 and g=1.94. As mentioned above there is
no direct superexchange pathway between the outer vanadyl
ions and indeed, including a next-nearest neighbor interac-
tion between the two outer vanadyl ions does not improve
the fit significantly.


The compound (NH4)23[{(K)(VIVO)2}{(AsIIIW9O33)4-
(WO2)4}]·nH2O, the anion of which corresponds to 1a with-
out the central VIV atom, has been earlier examined by mag-
netic susceptibility measurements and ESR spectroscopy.[24]


The susceptibility data between 5 and 300 K show no mag-
netic coupling between the vanadium ions, in agreement
with the above given results for 1. However, based upon
single crystal ESR spectra a very weak antiferromagnetic
exchange interaction with J=�0.073 cm�1 could be reliably
determined and represents a superexchange pathway
through a sequence of even ten W�O bonds.


Compound 6, in which no substitution of W atoms by VV


has occurred was also studied by magnetic susceptibility
measurements. The room-temperature cT value of
1.02 emu K mol�1 is consistent with the presence of three S=


1/2 ions. The cT product decreases with decreasing tempera-
ture, and reaches a small plateau at 5 K (cT
�0.4 emu K mol�1) before decreasing further. The magnetic
susceptibility curve was fitted assuming a linear trinuclear
cluster without exchange interactions between the outer
ions, as for compound 1 (Figure 4). The obtained exchange
interaction of J=10.7�0.5 cm�1, with g=1.92, is slightly
smaller than that of 1; the difference should be due to the
presence of the sulfates in 1a.


Conclusions and Perspectives


The present discovery shows, in principle, the options of in-
corporating a variety of (cationic) magnetic centers (see also
references [19,25–27]) together with anions in the small
cavity of the cryptand. On the other hand, there is the
option to investigate interesting related hydrogen bonds sit-
uations between oxo anions and H2O ligands of the metal
centers under confined conditions.


The cavity discussed here is much smaller than in some
larger polyoxomolybdates that were mentioned in the intro-
duction, for example, in the case of our spherical porous
capsules of the type {(Mo)Mo5}12{Linkers}30


[28] which can
also encapsulate (cationic) magnetic centers (“A single-mol-
ecule anion made of 132 molybdenum atoms forms a spheri-
cal oxide cage that can bind several cations” was mentioned
in a recent highlight referring to that[18] in which the present
{As4W40}-type cryptand[29] was discussed in that context too).
A further option for the future is to study cation inside–out-
side exchanges by NMR spectroscopy as was done in an in-
teresting earlier study for the present type of cryptand
system (see reference [2c]) and which now could be extend-
ed to situations in the presence of “encapsulated” anions.
Additionally, there is—according to preliminary experi-
ments—the possibility to generate interesting magnetic mi-
celles with cationic surfactants from the cluster anions re-
ported here.[30]


Figure 3. The molar susceptibility temperature product versus tempera-
ture for 1, recorded on a powder sample at an applied field of 0.5 T.


Figure 4. The molar susceptibility temperature product versus tempera-
ture for 6 (squares). The drawn line is a fit assuming a linear triangular
cluster of three S=1/2 ions, without exchange interactions between the
outer ions.
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Experimental Section


Preparation of 1: method 1: The sodium salt of 2a (3 g), which was pre-
pared according to reference [17], was added to an aqueous solution of
CH3COONa/CH3COOH buffer (pH 4.0) (60 mL) and VOSO4·5 H2O (2 g,
8 mmol). The resulting brown mixture was stirred for 48 h at room tem-
perature, and then heated to 70–80 8C. After addition of NH4Cl (5 g,
93.4 mmol), the solution was kept at this temperature for 30 min and
then filtered while still hot. After six days, dark brown crystals of 1 were
filtered. Yield: 1.73 g (54 % based on W).


IR (solid, KBr pellet): ñ=1616 (m) [d (H2O)], 1402 (s) [das (NH4)], 1209
(w), 1126 (w), 1022 (sh) [all nas(SO4)], 956 (s) [n(W=O)/n(V=O)], 877
(m), 833 (m), 704 (sh), 621 (m) [nas(W-O-W)/nas(W-O-V)] cm�1; Raman
(solid, KBr dilution, le=1064 nm): ñ=886 (m), 969 (w) [n(W=O)/n(V=


O)] cm�1; UV/Vis (in H2O): lmax (e)=862 (208), 694 nm
(232 mol�1 dm3 cm�1); elemental analysis calcd (%) for H162As4N20-
NaO188S2V6W37 (10946.38): N 2.47, Na 0.2, S 0.55, V 2.8, V(IV) 1.5;
found: N 2.6, Na 0.2, S 0.3, V 3, V(IV) 1.3.


Method 2 : Na27[Na{(AsIIIW9O33)4(WO2)4}]·60 H2O (3 ; 3 g, 0.26 mmol),
which was prepared according to reference [14], was added to an aque-
ous solution of CH3COONa/CH3COOH buffer (pH 4.0) (60 mL) and
VOSO4·5 H2O (2 g, 8 mmol). The resulting brown mixture was stirred for
48 h at room temperature, and then heated to 70–80 8C. After addition of
NH4Cl (5 g, 93.4 mmol), the solution was kept at this temperature for
30 min and then filtered while still hot. After five days, the dark brown
precipitated crystals of 1 were filtered. Yield: 0.5 g (18 % based on W).


As the quality of the crystals obtained by the alternative preparation
method was not as good as those of method 1 the obtained structural
data were not given here, though they confirmed the reported structure.
Also the analytical, spectroscopic and magnetic data are identical.


Single-crystal X-ray structure determination : Crystals suitable for X-ray
crystal structure determination were obtained with the above given syn-
thetic method with the difference that only 1.5 g NH4Cl was used. This
led to better and bigger crystals but also to a longer crystallization time
(six weeks). The X-ray crystal structure determination presented here
was performed on the crystals obtained primarily.


Crystal data for 1: H162As4N20NaO188S2V6W37, Mr=10946.38 gmol�1, or-
thorhombic, space group Pnma, a=26.201(2), b=28.257(2), c=
23.1844(14) W, V=17165(2) W3, Z=4, 1=4.236 gcm�3, m=25.914 mm�1,
F(000)=19 428, crystal size=0.30 U 0.25 U 0.15 mm. Crystals of 1 were re-
moved from the mother liquor and immediately cooled to 183(2) K on a
Bruker AXS SMART diffractometer (three circle goniometer with 1 K
CCD detector, MoKa radiation, graphite monochromator; hemisphere
data collection in w at 0.38 scan width in three runs with 606, 435, and
230 frames (q=0, 88 and 1808) at a detector distance of 5 cm). A total of
98713 reflections (1.17<V<27.028) were collected of which 19 072 re-
flections were unique (R(int)=0.0644). An empirical absorption correc-
tion using equivalent reflections was performed with the program
SADABS. The structure was solved with the program SHELXS-97 and
refined by using SHELXL-93 to R=0.0447 for 14594 reflections with I>
2s(I), R=0.0666 for all reflections; max/min residual electron density
3.798/�3.066 eW�3. (SHELXS/L, SADABS from G.M. Sheldrick, Univer-
sity of Gçttingen 1993/97; structure graphics with DIAMOND 2.1 from
K. Brandenburg, Crystal Impact GbR, 2001.)


Further details of the crystal structure investigation can be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (+49) 7247-808-666; e-mail : crysdata@fiz-karlsruhe.
de) on quoting the depository number CSD-414216 (1).


Magnetic measurements : Magnetic susceptibility measurements were per-
formed on a powder sample using a Quantum Design MPMS XL7
SQUID magnetometer. The data were corrected for the diamagnetic con-
tributions to the molar magnetic susceptibility using PascalYs constants
and also for temperature-independent paramagnetism.


Acknowledgements


We thank the Fonds der Chemischen Industrie, the Deutsche Forschungs-
gemeinschaft, the Volkswagen Stiftung, and the European Union (Brus-
sels) for financial support. A. Merca thanks the “Graduiertenkolleg
Strukturbildungsprozesse”, UniversitBt Bielefeld, for a fellowship. The
authors thank Dipl.-Chem. Alois Berkle for some analyses and Dr. Paul
Kçgerler for his collaboration.


[1] M. T. Pope, Heteropoly and Isopoly Oxometalates, Springer, Berlin,
1983.


[2] a) Polyoxometalate Chemistry: From Topology via Self-Assembly to
Applications (Eds.: M. T. Pope, A. M:ller), Kluwer, Dordrecht,
2001; b) Polyoxometalate Molecular Science (Eds.: J. J. BorrZs-Alme-
nar, E. Coronado, A. M:ller, M. T. Pope), Kluwer, Dordrecht, 2003 ;
c) Polyoxometalates: From Platonic Solids to Anti-Retroviral Activity
(Eds.: M. T. Pope, A. M:ller), Kluwer, Dordrecht, 1994 (with special
reference to the article of R. Thouvenot, M. Michelon, A. T[z[, G.
Herv[, pp. 177 –190); d) A. M:ller, S. Roy in The Chemistry of
Nanomaterials: Synthesis, Properties and Applications (Eds.: C. N. R.
Rao, A. M:ller, A. K. Cheetham), Wiley-VCH, Weinheim, 2004,
pp. 452 –475.


[3] M. T. Pope, A. M:ller, Angew. Chem. 1991, 103, 56–70; Angew.
Chem. Int. Ed. Engl. 1991, 30, 34 –48.


[4] A. M:ller, F. Peters, M. T. Pope, D. Gatteschi, Chem. Rev. 1998, 98,
239 – 271.


[5] a) A. M:ller, P. Kçgerler, C. Kuhlmann, Chem. Commun. 1999,
1347 – 1358; b) A. M:ller, C. Serain, Acc. Chem. Res. 2000, 33, 2– 10.


[6] A. M:ller, S. Roy, Coord. Chem. Rev. 2003, 245, 153 – 166.
[7] A. M:ller, S. Q. N. Shah, H. Bçgge, M. Schmidtmann, Nature 1999,


397, 48 –50.
[8] A. M:ller, E. Krickemeyer, H. Bçgge, M. Schmidtmann, F. Peters,


Angew. Chem. 1998, 110, 3567 – 3571; Angew. Chem. Int. Ed. 1998,
37, 3360 –3363.


[9] a) A. M:ller, E. Beckmann, H. Bçgge, M. Schmidtmann, A. Dress,
Angew. Chem. 2002, 114, 1210 –1215; Angew. Chem. Int. Ed. 2002,
41, 1162 – 1167; b) A. M:ller, B. Botar, S. K. Das, H. Bçgge, M.
Schmidtmann, A. Merca, Polyhedron 2004, 23, 2381 – 2385.


[10] K. Wassermann, M. H. Dickman, M. T. Pope, Angew. Chem. 1997,
109, 1513 – 1516; Angew. Chem. Int. Ed. Engl. 1997, 36, 1445 –1448.


[11] P. Mialane, J. Marrot, E. Rivi\re, J. Nebout, G. Herv[, Inorg. Chem.
2001, 40, 44–48.


[12] T. Yamase, B. Botar, E. Ishikawa, K. Fukaya, Chem. Lett. 2001, 56–
57.


[13] B. Botar, H. Bçgge, A. M:ller, Bull. Pol. Acad. Sc. Chem. 2002, 50,
139 – 144 (Dedicated to Prof. A. Bielanski).


[14] M. Leyrie, G. Herv[, Nouv. J. Chim. 1978, 2, 233 –237.
[15] F. Robert, M. Leyrie, G. Herv[, A. T[z[, Y. Jeannin, Inorg. Chem.


1980, 19, 1746 –1752.
[16] M. Leyrie, R. Thouvenot, A. T[z[, G. Herv[, New J. Chem. 1992,


16, 475 –481.
[17] Y. Jeannin, J. Martin-Fr\re, Inorg. Chem. 1979, 18, 3010 – 3014.
[18] W. G. Klemperer, G. Westwood, Nat. Mater. 2003, 2, 780 –781.
[19] K. Wassermann, M. T. Pope, Inorg. Chem. 2001, 40, 2763 –2768.
[20] Preparation of 6: VOSO4·5H2O (2 g, 8 mmol) was added to a solu-


tion of the sodium salt of 2a (1.5 g; prepared according to refer-
ence [17]) in H2O (40 mL), which was adjusted to pH 1.9 with 0.5m
H2SO4 (2 mL). The solution was stirred at room temperature for
24 h, and then heated to 70–80 8C. After addition of NH4Cl (3.5 g,
65.38 mmol), the solution was kept at this temperature for 30 min
and then filtered hot. After 12 days the precipitated dark brown
crystals of 6 were filtered. Yield 0.4 g (24 % based on W). Elemental
analysis calcd (%) for H170As4N22O184V3W40 (11 229.5): N 2.7, V 1.3;
found: N 2.5, V 1.2. Unit cell parameters for 6 : a=50.064(3), b=
19.8450(10), c=39.185(2) W, b=110.50(1)8, V=36 465(3) W3; mono-
clinic space group P21/c (for the magneto-chemical characterization
see text).


Chem. Eur. J. 2005, 11, 5849 – 5854 O 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 5853


FULL PAPERHost–Guest Chemistry under Confined Conditions



www.chemeurj.org





[21] S. P. Harmalker, M. A. Leparulo, M. T. Pope, J. Am. Chem. Soc.
1983, 105, 4286 –4292.


[22] J. R. Pilbrow, Transition Ion Electron Paramagnetic Resonance, Clar-
endon, Oxford, 1990.


[23] O. Kahn, Molecular Magnetism, VCH, New York, 1993.
[24] Y. H. Cho, Ph. D. Thesis, Single Crystal EPR Studies on Magnetic In-


teractions in Polyoxometalates Containing Several Paramagnetic Ions,
Sogang University, Seoul, 1996.


[25] K.-C. Kim, M. T. Pope, J. Chem. Soc. Dalton Trans. 2001, 986 –990.
[26] J.-F. Liu, Y.-G. Chen, L. Meng, J. Guo, Y. Liu, M. T. Pope, Poly-


hedron 1998, 17, 1541 –1546.
[27] Y. H. Cho, H. So, M. T. Pope in Modern Applications of EPR/ESR:


From Biophysics to Materials Science (Proc. First Asia-Pacific EPR/
ESR Symposium) (Eds.: C. Z. Rudowicz, K. N. Yu, H. Hiraoka),
Springer, Singapore, 1998, pp. 202 –209.


[28] a) A. M:ller, S. K. Das, S. Talismanov, S. Roy, E. Beckmann, H.
Bçgge, M. Schmidtmann, A. Merca, A. Berkle, L. Allouche, Y.
Zhou, L. Zhang, Angew. Chem. 2003, 115, 5193 –5198; Angew.
Chem. Int. Ed. 2003, 42, 5039 –5044; b) A. M:ller, E. Krickemeyer,
H. Bçgge, M. Schmidtmann, B. Botar, M. O. Talismanova, Angew.
Chem. 2003, 115, 2131 – 2136; Angew. Chem. Int. Ed. 2003, 42, 2085 –
2090.


[29] According to a nice description in reference [18] the cryptand type
can be described as follows: the “[···] polyoxoanion has an annular


structure, with a central cation binding site surrounded by four
equivalent binding sites arranged on its interior surface. In this ar-
rangement, a ”large“ central cavity similar to a very distorted cube
of eight oxygen atoms is formed, whereas each of the four smaller
binding sites has square pyramidal geometry defined by four basal
oxygen atoms and an apical arsenic atom [···]”.


[30] The treatment of an aqueous solution of 1 with a trichlormethane
solution of DODA+Br� leads to a transfer of the complex anion 1a
into the organic phase. Related studies are in progress. For similar
encapsulation studies of the giant spherical cluster anions mentioned
in the introduction see: a) D. G. Kurth, P. Lehmann, D. Volkmer, H.
Cçlfen, M. J. Koop, A. M:ller, A. Du Chesne, Chem. Eur. J. 2000, 6,
385 – 393; b) D. Volkmer, A. Du Chesne, D. G. Kurth, H. Schnableg-
ger, P. Lehmann, M. J. Koop, A. M:ller, J. Am. Chem. Soc. 2000,
122, 1995 –1998; c) D. G. Kurth, D. Volkmer, M. Ruttorf, B. Richter,
A. M:ller, Chem. Mater. 2000, 12, 2829 –2831; d) D. G. Kurth, P.
Lehmann, D. Volkmer, A. M:ller, D. Schwahn, J. Chem. Soc.
Dalton Trans. 2000, 3989 –3998; e) F. Caruso, D. G. Kurth, D.
Volkmer, M. J. Koop, A. M:ller, Langmuir 1998, 14, 3462 –3465.


Received: March 14, 2005
Published online: July 25, 2005


www.chemeurj.org O 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5849 – 58545854


A. M:ller, M. T. Pope et al.



www.chemeurj.org






DOI: 10.1002/chem.200500036


Low-Spin State Structure of [Fe(chloroethyltetrazole)6](BF4)2 Obtained from
Synchrotron Powder Diffraction Data


Eva Dova,*[a] Ren0 Peschar,[a] Masaki Takata,[b] Eiji Nishibori,[c] Henk Schenk,[a]


Arno F. Stassen,[d, e] and Jaap G. Haasnoot[d]


Introduction


Spin crossover (SCO) is the phenomenon in which an exter-
nal perturbation (e.g., temperature, light, or pressure) can
change the spin state of an atom, thereby changing the total
magnetic moment of the compound;[1–5] this may find poten-
tial application in areas such as temperature sensors, active
elements in various types of molecular-based displays, and
in information storage and retrieval.[1,6–10] A wide range of


SCOs have been observed experimentally, for example,
gradual complete, two-step transitions, transitions with a re-
sidual high-spin species at low temperature, and hysteresis
loops.[11–13] Thermal SCO in coordination compounds of 3d
transition metals has been well known for many years and,
in particular, the compounds [Fe(alkyltetrazole)6]X2 (X=


BF4
� , ClO4


� , CF3SO3
�) have been investigated in detail


since their discovery in the early eighties,[14–15] because of
their wide variety of SCO behavior.


Recently, a novel series of FeII SCO complexes has been
introduced with (halogen-ethyl)tetrazoles as ligands.[11, 16]


The series member [Fe(chloroethyltetrazole)6](BF4)2 (1)
shows a two-step spin transition between 300 and 90 K and
it was hypothesized that two high-spin (HS) fractions of FeII


may exist with different crystallographic positioning and be-
havior during the spin transition.[11] A crystal structure de-
termination of the HS structure from powder diffraction
data revealed FeII to be in a special position, but no evi-
dence was found for different HS FeII fractions.[17] The pla-
teau in the transition curve has also been explained by the
assumption that extra thermodynamic stabilization takes
place when 50% of the FeII ions are in the HS state and
50% in the low-spin (LS) state,[18] and in two recent articles
this stabilization was attributed to the existence of regular
structures of alternating HS and LS molecules.[19–20] To inves-
tigate this two-step phase transition in more detail from a
structural point of view, synchrotron powder diffraction data
have been collected at a series of temperatures along the
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spin-transition curve over two different time periods. By
using the direct-space parallel tempering (simulated anneal-
ing) technique, crystal structure models have been obtained
of which the model at 90 K has been refined completely.
The crystal structure results and an analysis of the experi-
mental data indicate that the changes in the structure that
occur during the spin transition, as expressed by the unit-
cell contraction, depend both on the average cooling rate
and on the timescale of the data collection.


Results


Scan versus long-term measurement data : The scan data
show that peak positions and intensities change gradually as
the temperature decreases (Figure 1), but neither changes in
space group nor appearances of new peaks are observed, so
a significant structural phase transition from 300!90 K is
not likely to have occurred on this timescale.


As the temperature decreases, the unit-cell volume con-
traction follows the magnetic susceptibility versus tempera-
ture curve closely (Figure 2), in agreement with the findings
of Meissner et al.[5] Interestingly, the volume contraction of
the scan measurements shows the best correspondence. In
this respect, it is worth noting that the average temperature
drop (DT) in the scan experiments (1.3 Kmin�1, see Table 1)
is comparable to the cooling rate used in the magnetic sus-
ceptibility measurements (�1 Kmin�1). Some of the unit-


cell parameters, in particular the angle b, the a and b axes,
and the volume, are remarkably different in scan and long-
term experiments, especially after the first step of the SCO
(T�170 K; Table 2, Figure 3a and b). A possible explana-
tion is the much lower cooling rate in the case of long-term
measurements (at T=170 K, DT=0.31 Kmin�1, see Table 1)
that may have resulted in thermal and structural stabiliza-
tion.


In Figure 3c and d, for each temperature, the changes in
unit-cell axis lengths (DL=LT�L90) and volume (DV=


VT�V90) relative to the values at 90 K are shown for the
scan and long-term measurements, respectively. Figure 3c
shows to a good approximation a two-step behavior, but for
Figure 3d this conclusion cannot be drawn, also because of
the lack of experimental points along the second step of the
spin transition. The unit-cell contraction is anisotropic and
in the scan experiments (Figure 3e) the largest changes (rel-
ative to T=300 K) are observed at the b axis (3.2%). Sur-
prisingly, the anisotropic contraction in the long-term ex-
periments is different, with a relatively larger contraction of
the a axis (Figure 3f). No significant differences were ob-
served in the relative changes of c axis and volume.


Structure determination from X-ray powder data : A sum-
mary of the results after Pawley refinement and Rietveld re-
finement (RR) with both the Materials Studio suite and the


Figure 1. Diffraction patterns (3–358=2q) of the scan measurements of
[Fe(teec)6](BF4)2: 300!90 K from top to bottom. Several changes in the
peak positions and intensities can be observed.


Figure 2. Unit-cell volume versus temperature for long-term (*) and scan
(J) measurements of [Fe(teec)6](BF4)2: the larger volume differences at
the same temperature are observed after the plateau (T�150 K). Mag-
netic susceptibility (cT) of both batches A (^) and B (~) is plotted and
the Imaging Plate picture of the scan measurements is shown too for
comparison (see legend at top of the figure).


Table 1. Average temperature drop [Kmin�1] in the scan and long-term
experiments of [Fe(teec)6](BF4)2.


Scan measurements (5 min) Long-term measurements (60 min)
step DT step DT


300!250 5.55 300!250, 250!200, 140!90 0.77
rest 1.3 200!190, 190!180 0.15


180!160, 160!140 0.31
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general structure analysis system (GSAS; see Experimental
Section) is given in Table 3. To compensate for the expected
volume contraction due to cooling and the Fe�N bond
shortening due to the SCO, in the parallel tempering (PT)
runs the Fe�N bonds were shortened. Structure determina-
tion with PT at all temperatures investigated (T=200–90 K),
using the modified ESRF structure as the initial model,
turned out to be relatively easy. In all PT runs using 18 DOF
(degrees of freedom) the Rwp dropped significantly within
15 frames (20000 steps) from �14 to �9.5%, and in gener-
al, in less than 25 frames (1000000 steps) the final solution
was found. A superposition (Figure 4) of all final structural
models found in the PT runs and the structure solution de-
termined from the ESRF data shows the similarity of the
Fe–tetrazole ring conformations and also the much larger
conformational variation of the chloroethyl groups.


The initial RRs were carried out at the chosen tempera-
tures with the program package Materials Studio (MS)
treating every chloroethyltetrazole branch (Figure 5) as a
rigid body (see Experimental Section). The refinement of
the 90 K model was carried out completely by using GSAS,
because of its more sophisticated restraints handling and be-
cause it allows the refinement of a second phase. As a result
of ice formation outside the capillary, the hexagonal (P63/
mmc) phase of ice[21] with a=b=4.523, c=7.367 L was in-
troduced into the RR as a second phase. After fitting the ice


phase using the same profile
function as for the main phase,
all its parameters were kept
constant and only those of 1
were refined. Atomic displace-
ment parameters (adps) of Cl
could be refined isotropically
but attempts to refine those of
the other non-hydrogen atoms
led to unacceptable values and
therefore they were kept fixed
at 0.025 L2 (default value in
GSAS). Spherical harmonics
coefficients up to the 6th order
were refined and the final tex-
ture index was J=2.027, imply-
ing a significant preferred ori-
entation. The final observed
and calculated diffraction pat-
terns show a good correspond-
ence, even in the higher angular
region, as judged from the dif-
ference pattern (Figure 6).


A superposition of the final
model refinement with GSAS
and the final rigid-body-refined
model with MS (Figure 7) and
the difference in R values
(Table 3) show that the model,
although being restrained, has
changed considerably, indicat-


ing the importance of imposing soft constraints and the limi-
tation of the rigid-body approach.


Structure of [Fe(chloroethyltetrazole)6](BF4)2 : The FeII ion
in the centrosymmetric [Fe(teec)6]


2+ complex is at a special
position and is almost perfectly octahedrally coordinated to
the neighboring nitrogen atoms at distances of 2.201(16)-
2.220(16) L at room temperature (RT) and of 1.813(10)–
1.962(10) L at 90 K, which are typical Fe�N distances at HS
and LS states, respectively. Also, the N-Fe-N angles show an
almost ideal octahedral symmetry with a maximum devia-
tion of 0.88 from 908 at RT and 2.48 at 90 K. At RT, the four
in-plane N atoms form an almost perfect square (deviation
smaller than 18 from 908). At 90 K, the square is distorted
with a maximum deviation of 4.58 from 908 (distances and
angles given in the text containing estimated standard devia-
tions (esds) have been calculated with the program
PLATON;[22] those not containing esds have been calculated
with DIAMOND[23,24] or PLUVA).[25]


The average bond length of the Fe moiety (excluding the
Fe�N bonds) at RT (1.29 L) and at 90 K (1.28 L) is virtually
the same, so overall hardly any shrinkage has occurred as a
result of the drop in temperature. In contrast, the average
Fe�N bond decrease is 13.9% (0.31 L), suggesting that the
shortening of the Fe�N bonds is related to the HS!LS
transition, as commonly observed with SCO compounds.[26]


Table 2. Unit-cell dimensions of [Fe(teec)6](BF4)2 on the basis of all scan measurements (SPring8), Guinier,
and ESRF data at room temperature (Dova et al, 2001) after full-pattern decomposition with MRIA. The
second line given at several temperatures denotes the unit cell of the long-term measurements (refined with
MS).


T [K] a [L] b [L] c [L] b [8] V [L3]


90 11.9509(16) 17.407(3) 10.3463(13) 92.064(12) 2150.9(6)
11.8171(4) 17.5389(4) 10.3690(3) 90.8123(15) 2148.85(11)


100 11.9704(18) 17.415(4) 10.3512(16) 92.085(15) 2156.5(7)
110 12.011(2) 17.419(4) 10.368(2) 92.08(2) 2167.8(9)
120 12.034(17) 17.433(4) 10.3715(16) 92.170(16) 2174.3(7)
130 12.065(3) 17.449(5) 10.387(3) 92.13(3) 2185.1(10)
140 12.0735(16) 17.469(4) 10.3977(17) 92.025(17) 2191.7(8)


11.9341(4) 17.5775(5) 10.4050(3) 90.8032(16) 2182.46(12)
150 12.0608(15) 17.498(4) 10.4057(17) 91.873(17) 2194.8(8)
160 12.0609(16) 17.532(4) 10.4170(17) 91.661(17) 2201.8(8)


11.9801(5) 17.5995(7) 10.4173(4) 90.772(16) 2196.2(4)
170 12.0646(15) 17.548(4) 10.4223(16) 91.350(14) 2205.9(7)
180 12.0683(15) 17.621(3) 10.4459(15) 90.968(12) 2221.0(6)


12.04465(13) 17.6686(3) 10.44625(19) 90.5910(16) 2222.97(7)
190 12.0892(12) 17.672(3) 10.4603(11) 90.739(8) 2234.6(5)


12.06831(12) 17.6939(3) 10.45744(16) 90.5112(13) 2232.95(6)
200 12.1136(12) 17.6943(17) 10.4746(11) 90.581(8) 2245.0(5)


12.10189(12) 17.7231(2) 10.46997(17) 90.4326(14) 2245.57(6)
210 12.1365(14) 17.7383(17) 10.4869(12) 90.397(9) 2257.6(5)
220 12.1490(12) 17.7709(14) 10.5036(9) 90.179(13) 2267.7(5)
230 12.1558(12) 17.8105(14) 10.5035(8) 90.07(3) 2274.0(8)
240 12.1646(15) 17.8488(17) 10.5042(10) 90.09(3) 2278.7(7)
250 12.1529(13) 17.8700(13) 10.4952(9) 90.195(9) 2279.3(4)


12.15736(12) 17.8463(2) 10.51659(14) 90.2864(12) 2281.69(5)
300 12.1630(13) 17.9882(12) 10.5472(8) 90.496(6) 2307.5(4)


12.1775(3) 17.9411(3) 10.5498(2) 90.5700(16) 2304.78(9)
Guinier 12.2013(15) 17.9994(13) 10.5832(8) 90.560(6) 2324.1(4)
ESRF 12.1977(7) 17.9693(9) 10.5668(5) 90.548(4) 2316.0(3)
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From the superposition of the refined structures at RT
and 90 K (Figure 8, left) it is concluded that, apart from the
Fe�N contraction, the orientations of the tetrazole rings
have hardly changed, as they are seen as being almost paral-
lel at both temperatures. However, the ethyl molecules of
the ligands have undergone much larger changes, especially
the ethyl molecule of ligand c.


At both temperatures, the structure is packed in layers,
parallel to the b and c axes and perpendicular to the a axis
(Figure 9). Within the layers, the Fe and B atoms are centers


of pseudotrigonal symmetry (Figure 10). The two structures
differ significantly in the direction of the b and c axes,
mainly because of the different position of the ethyl mole-
cule of ligand c. The interlayer distance becomes shorter,
from �2.9 L at RT to 2 L at 90 K. (It should be noted that
the reported interlayer distances have been estimated visual-
ly as the layers being viewed along the b and c axes, there-
fore they are given for indicative and mostly comparative
reasons.) Weak interlayer interactions seem to exist between
close Cl and H atoms (Table 4). In Table 5, possible inter-


Figure 3. a) Unit-cell axes lengths (^/^= long-term measurement (long)/scan measurement (scan), a axis; ~/~= long/scan, c axis; &/&= long/scan, b axis)
and b) angle b (J= long, –= scan) of the [Fe(teec)6](BF4)2 unit cells as a function of temperature. Changes in unit-cell axes (^=a, &=b, ~=c) and
volume (J) at each temperature relative to the values at c) 90 K (scan), d) 90 K (long), e) 300 K (scan), and f) 300 K (long).
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molecular hydrogen bonds are listed. The N···H�C hydrogen
bonds are directed almost parallel to the b axis and become
weaker at 90 K. At 90 K, two Cl···H�C hydrogen bonds ori-
ented almost parallel to the c axis have been formed, proba-
bly after the significant move of the chloroethyl of ligand c.


Both of these Cl···H�C hydro-
gen bonds involve the b and c
ligands of neighboring mole-
cules along the c axis.


Discussion


Spin-crossover behavior: The
two-step magnetic susceptibility
(cT) curves of two batches (A
and B) of 1 and the presence of
two different HS signals (HS1
and HS2) in the 57Fe Mçssbauer
spectra of a third batch (C)
have been explained by assum-
ing the existence of two symme-


try-inequivalent FeII sites, each showing a different SCO be-
havior.[16] In other compounds, for example, in [Fe(mtz)6]X2


(mtz=methyltetrazole),[27] [Fe(btr)3](ClO4)2 (btr=4,4’-
bis(1,2,4-triazole)),[28] and [Fe(DPEA)(bim)](ClO4)2·0.5H2O
(DPEA=2-aminoethylbis(2-pyridylmethyl)amine, bim=2,2-
bisimidazole),[29] a similar type of argument was used based
on single-crystal structure analyses. However, in 1 the frac-
tion (gHS) of FeII ions in the HS1 and the HS2 states, as cal-
culated from the 57Fe Mçssbauer experiment,[18] does not
suggest two inequivalent sites of equal population, as this
implies that one of the signals had to disappear first in the
cooling mode.


As an alternative explanation of the two-step transition, it
has been proposed that extra thermodynamic stabilization
takes place when 50% of the FeII ions are in the HS state
and 50% in the LS state, as suggested by the plateau at T
�155 K.[18] In refs. [19, 20] the spin crossover behavior of 1
was described quantitatively by two models, both based on
the assumption that HS–LS structures are stabilized.


The first of these, the model of ordering, treats the stabili-
zation as a result of nonspecific molecular interactions, that
is, those that do not introduce any stoichiometric relation-
ships and can be of any nature, for example, coulombic, hy-
drogen bonding, or delocalization of electrons. These inter-
actions may be of different strength in homo- (HS–HS or
LS–LS) and heteropairs (HS–LS). When ordering is taken
into account, that is, the formation of regular structures with
alternating LS and HS molecules, a plateau in the transition
curve appears. In the approximation of binary interactions,
only a qualitative correspondence between theoretical and
experimental curves could be obtained. A quantitative de-
scription of the two-step spin crossover could be achieved
only under the assumption of triple interactions, that is, in-
teractions with the two nearest neighbors along a direction.


The second, the quasichemical model, considers the stabi-
lization of HS–LS pairs to be the result of specific (stoichi-
ometry-controlled) molecular interactions that occur
through the rearrangements of ligands and associated
energy levels. This purely chemical model (ideal approxima-
tion) provided a poor qualitative description of the two-step


Table 3. Results of Pawley refinement (MS) and Rietveld refinement (MS, GSAS) as obtained for the SPring8
long-term measurements of [Fe(teec)6](BF4)2.


T [K] 200 180 160 140 90


Rp
[a,c] [%] 3.65 3.72 3.93 3.81 2.36; 3.93


1.20 1.21 1.11 1.15 1.07
Rwp


[b,c] [%] 5.23 5.25 5.48 5.34 3.21; 5.45
1.79 1.86 1.69 1.82 1.75


2q region[c] [8] 3–55 3–52 3–52 3–51.5 2.5–47
3–35 3–35 3–30 3–35 3–35


resolution [L] 1.08 1.14 1.14 1.15 1.25
1.66 1.66 1.93 1.66 1.66


excluded regions [8] 16.68–16.76 15.65–15.70 15.67–15.78
27.85–27.93 25.64–25.74 16.65–16.80


[a]Rp=� jyobsd�ycalcd j /�yobsd. [b] Rwp= {�w(yobsd�ycalcd)
2/�wyobsd


2}1/2. [c] The first line of 2q region, Rp, and Rwp


lists the settings and results of the Rietveld refinement (GSAS; MS results at 90 K), whereas the second line
lists the settings and results of the FPD procedure.


Figure 4. Superposition of structure solutions of [Fe(teec)6](BF4)2 at all
investigated temperatures after the parallel tempering procedure
(SPring8 data) and the structure at RT from ESRF data.


Figure 5. Torsion-angle (t1-t9) variations of chloroethyltetrazole moieties
in [Fe(teec)6](BF4)2.
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spin crossover, but when non-
specific binary molecular inter-
actions were also taken into ac-
count, an acceptable quantita-
tive description was obtained.


In 1, at all temperatures in-
vestigated (T=90–300 K) the
Fe atoms are at (symmetry-
equivalent) special positions
(space group P21/c, Z=2) and
there is no evidence from the
performed diffraction experi-
ments that at any moment the
symmetry is broken or that the
Fe atoms are behaving differ-
ently. Therefore, the two-step
SCO behavior of 1 cannot be
attributed to the existence of
two types of differently behav-
ing FeII ions. The SPring-8 data
of also provide no evidence
that a structural phase transi-
tion is involved like in [Fe{5-


NO2-sal-N(1,4,7,10)}] (sal= salicylidene).[30] In fact, an ex-
planation of the SCO solely on the basis of crystal structure
similarity has limited applicability, as shown from [Fe-
(mtz)6](BF4)2.


[27] Like 1, this compound is monoclinic, the
cation complex is centrosymmetric, and the FeII ions are at
inversion centers. It is also layered with Fe and B exhibiting
pseudotrigonal symmetry within the layers, following the
general feature of the series [Fe(Rtz)6](BF4)2 (R=alkyl),[31]


and has Fe�B distances similar to those in 1. In spite of
these similarities, the magnetic behavior is different to [Fe-
(mtz)6](BF4)2 in that it shows only a single-step SCO of
50% of the FeII ions.


The SCO behavior of 1 resembles strongly that of [Fe(2-
pic)3]Cl2·EtOH[32] (2) which has been studied extensively


Figure 6. Experimental powder diffraction pattern at 90 K (top), the pattern calculated from the crystal struc-
ture after Rietveld refinement (middle), and the difference (exptl�calcd) pattern (bottom) of [Fe(teec)6]-
(BF4)2. The positions of ice peaks (upper row) and reflection positions (lower row) are marked by vertical
lines. The inset shows an enlargement of the 2q=20–458 region.


Figure 7. Superposition of the structure of [Fe(teec)6](BF4)2 at 90 K after
Rietveld Refinement with MS (light gray) and GSAS (black).


Figure 8. Left: The refined structures of [Fe(teec)6](BF4)2 at RT (black) and 90 K (light gray) with an obvious shortening of the Fe�N bonds in the latter.
Right: Molecular crystal structure of [Fe(teec)6](BF4)2 showing the numbering scheme of the non-hydrogen atoms.
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since the first report about its spin transition by Renovitch
and Baker.[33] By using single-crystal X-ray diffraction, crys-
tal structures of 2 at various temperatures have been report-
ed.[34–37] In both HS (298, 150 K) and LS (90 K) states the
space group is P21/c and no structural phase transition was
observed.[35] A comparison of 1 with 2 shows FeII to have a
pseudooctahedral coordination (2) or an almost perfect oc-
tahedral coordination (1) through six N atoms, from three
bidentate 2-picolylamine ligands (2) or six monodentate
chloroethyl-tetrazole (1) ligands, respectively. When going
from a HS to LS state, the Fe�N bonds contract on average
by 0.18 L (2) whereas in 1 the contraction is much larger


(0.31 L). The other bond lengths, however, do not change
significantly in either case. Both 1 and 2 are packed in
layers along the b and c axes that weakly interact along the
a axis. In the layers of 2, N�H···Cl and O�H···Cl hydrogen
bonds form a two-dimensional hydrogen-bonding network
parallel to the (001) plane. In the HS state, stronger N�
H···Cl hydrogen bonds are present along the c axial direc-
tion, while in the LS state the ordering of the ethanol causes
stronger O�H···Cl hydrogen bonds, so creating a stronger
network along the b axis.[35] The hydrogen-bond networks in
1 and 2 are quite similar and although in 1 no definite hy-
drogen bonds have been assigned between BF4


� and the Fe


Figure 9. The structure of [Fe(teec)6](BF4)2 at a),b) RT and c),d) 90 K showing the layers formed along the b and c axes (a),c), and b),d), respectively),
perpendicular to the a axis.
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moiety, because of the possible disorder of BF4
� , C�H···F


and N�H···F hydrogen bonds possibly exist, especially at
90 K in view of the F�C and F�N distances (both �3 L)
and the F�H distances that are slightly larger than 2 L. In
spite of the structural similarities observed between 1 and 2,
the latter seems to have a different structural behavior at
lower temperatures, as recently presented.[38] Reinvestiga-
tion of 2 by using X-ray single-crystal diffraction analyses
revealed that it undergoes a first-order phase transition on
cooling from a HS phase via an intermediate phase to a LS
phase. Structure solution at sixteen temperatures between
12 and 298 K showed that the unit-cell constants and atomic
coordinates change discontinuously from the HS to the LS
phase. The intermediate phase, with a double unit-cell


volume compared with the HS and LS phases, has two Fe
moieties per asymmetric unit, one predominantly in the HS
state and the other predominantly in the LS state. The se-
quence of the three phases has been characterized as “re-en-
trant” in the sense that the unit cell corresponding to the
HS phase is similar to that of the LS phase but differs from


the intermediate phase. Over
the time span that the diffrac-
tion experiments of 1 were car-
ried out, and with the used in-
strumentation, no additional re-
flections indicating a super-
structure could be observed,
but this does not exclude the
fact that other experiments may
demonstrate such a behavior.


Anisotropy of unit-cell contrac-
tion : An anisotropic unit-cell
contraction was observed
during the scan measurements,


with the b axis contracting more than the a axis, indicating a
larger mobility along the former within the structural layers
parallel to the bc plane, rather than in between them, and
resulting in an increase of the angle b. For the long-term
measurements, the contraction turned out to be directed dif-
ferently: the shrinkage along the a axis was larger while the
b axis seemed to have relaxed compared with the scan ex-
periments (Figure 3a). The decrease of the c axis was essen-
tially the same in both the scan and long-term experiments.
Remarkably, the main differences in the lattice parameters
are observed practically after completion of the first SCO.
These differences between the scan and long-term measure-
ments suggest that structural changes in the complex, if any,
occur first within the layers and parallel to the b axis, proba-


Figure 10. View of the [Fe(teec)6](BF4)2 structure at RT (left) and 90 K (right) along the a axis; within these layers the Fe and B atoms exhibit pseudo-
trigonal symmetry, shown with a thick line (left structure).


Table 4. Interlayer short contacts in [Fe(teec)6](BF4)2 at RT and 90 K
(the second line denotes the number of contacts in each case).


T Cl�Cl<4.4 L Cl�H<3.5 L H�H<3.5 L


RT 3.90–4.26 2.87–3.48 2.82–3.43
2 5 3


90 K 4.05–4.32 2.99–3.26 2.96–3.46
4 2 3


Table 5. Possible intermolecular hydrogen-bond lengths [L] and angles [8] of the [Fe(teec)6](BF4)2 structure at
RT and 90 K.


RT 90 K


N···H N···C N-H-C N···H N···C N-H-C
N2a···H2b2�C2b 2.29(3) 3.13(3) 134(3) 2.73 3.57 133
N2b···H2a1�C2a 2.44(3) 3.18(3) 121(2)
N2b···H3a2�C3a 2.61(4) 3.33(3) 122(3) 2.70 3.25 110
N2c···H2c1�C2c 2.64 3.39 127 3.40 3.51 87


Cl···H Cl···C Cl-H-C
C3b···H3b2�Cl3 2.76(3) 3.677(19) 144(3)
C3c···H3c2�Cl2 2.75(3) 3.541(19) 128(2)
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bly facilitated by the hydrogen bonds along the b axis, but
later perpendicular to the layers. This behavior may be ex-
plained as follows: after the SCO takes place, the modified
lattice vibrations (mainly due to the Fe�N bond-length
shrinkage) are transmitted to the rest of the molecule. The
first way for the vibrations to be transmitted is within the bc
planes, as the intralayer intermolecular contacts and interac-
tions (hydrogen bonds) are stronger than the interlayer con-
tacts. After the intralayer relaxation, the contractions occur
in directions where more space is available, that is, along the
a axis. If this hypothesis is correct, the time span of the scan
measurements could have been such that the first part of
the lattice vibrations was traced, while the long-term meas-
urements revealed the later structural changes. Overall, the
structural changes connected with the lattice contractions
probably were not very large as the unit cells of the scan
measurements could still be described by using the same
space group.


Anisotropic changes in lattice parameters as a function of
temperature have been observed in other compounds that
exhibit a two-step SCO. The unit-cell constants of 2 (single-
crystal data) showed a linear decrease as the temperature
was lowered in the HS region, but after the spin-transition
temperature region, abrupt changes took place: 1.3%
shrinkage of the b axis and 0.7% elongation of the a axis (at
the time these results were reported, a one-step SCO vs T
was still considered to take place).[34] From calculated ther-
mal expansion coefficients, the authors concluded that the
thermal vibration was the largest in the [100] direction,
along which no hydrogen bonds were present. The latter is
in agreement with the long-term measurements of 1, as
along the a axis no significant hydrogen bonds exist. In
ref. [38] it is reported that the unit-cell constants and atomic
coordinates change discontinuously with changing tempera-
ture between HS and LS phases, but no further details are
given concerning anisotropy in those changes. In the case of
[Fe(DPEA)(bim)](ClO4)2·0.5H2O (also exhibiting a two-
step SCO) the unit-cell contraction was anisotropic as well,
with cell-parameter reductions of 2.15, 0.03, and 1.94% for
the a, b, and c axes, respectively.[29]


Anisotropic changes in lattice parameters that depend on
the cooling rate do not seem to have been reported previ-
ously. Until now, little attention has been paid to the de-
pendence of the SCO behavior on the cooling/heating rate,
except for the quenching leading to HS-state trapping.
Amongst the few cases we could find, Kçnig et al.[39] con-
cluded, on the basis of magnetic susceptibility measurements
and Mçssbauer spectroscopy analyses, that the cooling rate
is of importance to SCO behavior. However, the depen-
dence on the cooling rate referred to the SCO behavior and
not to changes in the crystal structure, the latter being un-
available at the time the work was reported.


Conclusion


From the results of the time- and temperature-dependent
powder diffraction experiments and crystal structure deter-
mination of 1, it cannot be straightforwardly concluded
whether the origin of the two-step SCO is due to intermo-
lecular interactions (“elasticity of the medium”), as suggest-
ed in the regular solution model.[40–42] The X-ray diffraction
patterns also showed no evidence that domains consisting of
molecules with identical spin[43] were formed, at least no do-
mains that were large enough to be observed in the diffrac-
tion pattern and not on the timescale at which the diffrac-
tion experiments were carried out. The hypothesis of Rom-
stedt et al. ,[44] that anisotropic changes in the lattice lead to
anisotropy of molecular interactions, is in agreement with
our observations. Moreover, it was observed that the aver-
age cooling rate is important, at least for the lattice contrac-
tion and, possibly, also for the changes that occur at the mo-
lecular level although this fact does not necessarily justify
the theory of the regular solution. From this it is concluded
that to analyze spin-crossover behavior in terms of (crystal)
structural changes, the timescale of the diffraction-data col-
lection ideally should correspond to that of the magnetic
data. The structural features of a long-term, thermally stabi-
lized model may well differ from the structures occurring
under nonequilibrium conditions, and this implies that the
SCO behavior of complexes with similar long-term struc-
tures is not necessarily similar (as observed in the case of 1
and [Fe(mtz)6](BF4)2).


Experimental Section


X-ray powder data collection : Out of the three batches of 1 (A, B, and
C, all white powders), prepared as described by Stassen et al. ,[16] batch B
time-resolved synchrotron powder diffraction data were collected at the
beam line BL02B2 of the Japan Synchrotron Radiation Research Insti-
tute (Nishi-Harima, Hyogo, Japan; referred to as SPring8), by using a
large Debye–Scherrer camera (radius 286.5 mm). Cooling in the range
90–300 K was achieved by using a N2 gas flow, with a temperature accu-
racy of about �1–2 K and quench capacities of 100 Kmin�1 (300–110 K)
and 30 Kmin�1 (110–90 K).[45] An imaging plate detector (IP, selected
pixel size 50 mm) was mounted on the 2q arm, allowing several powder
patterns (max 18) to be recorded on a single IP using a long vertical slit
attached in front of the IP. A 0.4 mm capillary was mounted in the
sample holder of the camera and rotated with a speed of 6 8min�1. The
wavelength used was l=0.999995 L. After each experiment the IP was
read out by a BAS-2000 machine and the two-dimensional digital frame
was integrated over sets of 51 pixels (2.55 mm on the IP) using local
SPring8 software into a normal powder diffraction pattern (0.01<2q<
76.618, step 0.018).


Short scan exposures (5 min) were used to select an appropriate sample
(having nongranular and sharp lines) and subsequently, at a series of tem-
peratures (300 K, and from 250 to 90 K in steps of 10 K), data collection
was carried out for 5 min at each temperature. To avoid temperature
overshoot, a temperature-stabilization period was applied before starting
each data collection. The temperature-stabilization time from 300 to
250 K was 240 s and for all lower temperatures 160 s. In total, 18 diffrac-
tion patterns were collected within almost 137 min.


After inspection of the results at several temperatures (300, 250, 200,
190, 180, 160, 140, and 90 K) long-term (60 min at each temperature)
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data collections were carried out in one run, using a temperature-stabili-
zation time of 5 min after cooling to the next temperature. From the tem-
perature difference and the sum of temperature-stabilization period and
data-collection time, the average temperature drop (Kmin�1) for each ex-
periment was calculated (Table 1). After the long-term experiments (8 h
35 min) had been carried out, the color of the sample had become pale.


Structure solution and refinement : All powder diffraction patterns could
be indexed on a monoclinic cell (P21/c) with Z=2, just like the room
temperature (T=293 K, RT) pattern collected at the European Synchro-
tron Research Facility (ESRF).[17] Unit cells of the scan and long-term ex-
periments (Table 2) were refined by applying the Pawley refinement as
incorporated in the program package Materials Studio (MS) of Accel-
rys.[46] The 2q regions corresponding to ice peaks (ice formed outside the
capillary at lower temperatures) were excluded except for ice peaks very
close to reflection peaks. The background was fitted with the default set-
tings (20th order polynomial). In all first runs of the structure solution
procedure, the profile was fitted with a Pearson-VII function but later
the Tomandl Pseudo-Voigt profile function was adopted because of a
more satisfactory fitting, and this latter function was used in additional
structure solution runs and in the Rietveld refinement (RR). In some
cases, asymmetry correction was applied according to the BSrar–Baldi-
nozzi function.[47]


The initial search model was taken from the ESRF-room temperature
model of 1.[17] With Z=2, 1 being centrosymmetric and the FeII at a spe-
cial position, eighteen structural parameters (degrees of freedom, DOF)
had to be determined, consisting of the position and orientation of BF4


�


(6 DOF) and the orientation (3 DOF) and torsion angles (9 DOF,
Figure 5) of three chloroethyltetrazole moieties. In the first run of the
parallel tempering (PT) optimization procedure of the program Powder
Solve,[48–49] all 18 DOF were used simultaneously whereas in some later
runs the number of DOF allowed to vary was decreased. The interval 3–
258 2q was used with default settings, unless stated otherwise (see
Table 3).


In all runs, RR was carried out with the refinement program available in
the MS package. The [Fe(teec)6]


2+ moiety and BF4
� were refined initially


as rigid bodies and the torsion angles (see Figure 5) were refined as well.
Texture correction was applied using the March–Dollase method as im-
plemented in the MS package. In the version of the MS package avail-
able at the time this work was carried out, no sophisticated restraints
handling was available, except for a rigid-body option. Refinement at-
tempts without this option were not successful and led to distorted
models. Therefore, a full-restrained refinement, including bond-distance,
bond-angle, and planar restraints, was carried out with the program
GSAS[50] using the interface EXPGUI,[51] but only for the LS model
(90 K), because of limitations in time and the surprising differences be-
tween scan and long-term diffraction data, as was discussed above. A spe-
cial type of pseudo-Voigt function (profile function type 3 in GSAS) was
used to model reflection asymmetry. Texture was corrected for using
spherical-harmonic functions. Zero-point correction and cell-parameter
refinement were applied as well.


CCDC-259971 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Magnetic resonance imaging (MRI) is a firmly established
clinical technique that provides noninvasive high-resolution
images of body tissues. Clinical MRI measures the NMR
signals of protons, largely those of water. Differences in
signal intensity create contrast in the image and may allow
discrimination between tissue types and disease states.
Tissue contrast is achieved in many ways—by means of dif-
ferences in water content among tissues, by weighting the
imaging sequence to display differences in proton relaxation
rates (1/T1 and 1/T2), differences in chemical shift, differen-
ces in water diffusion, the effect of flowing blood, or by
using magnetization-transfer techniques.[1] In T1-weighted
imaging, a more intense signal is observed in regions in
which the longitudinal relaxation rate is fast (for which T1 is


Abstract: The synthesis of a novel
ligand, based on N-methyl-diethylene-
triaminetetraacetate and containing a
diphenylcyclohexyl serum albumin
binding group (L1) is described and
the coordination chemistry and bio-
physical properties of its GdIII complex
Gd–L1 are reported. The GdIII com-
plex of the diethylenetriaminepenta-
acetate analogue of the ligand de-
scribed here (L2) is the MRI contrast
agent MS-325. The effect of converting
an acetate to a methyl group on metal–
ligand stability, hydration number,
water-exchange rate, relaxivity, and
binding to the protein human serum al-
bumin (HSA) is explored. The complex
Gd–L1 has two coordinated water mol-


ecules in solution, that is, [Gd(L1)-
(H2O)2]


2� as shown by D-band proton
ENDOR spectroscopy and implied by
1H and 17O NMR relaxation rate meas-
urements. The Gd�Hwater distance of
the coordinated waters was found to be
identical to that found for Gd–L2,
3.08 7. Loss of the acetate group de-
stabilizes the GdIII complex by 1.7 log
units (logKML=20.34) relative to the
complex with L2. The affinity of Gd–
L1 for HSA is essentially the same as
that of Gd–L2. The water-exchange


rate of the two coordinated waters on
Gd–L1 (kex=4.4:10


5 s�1) is slowed by
an order of magnitude relative to Gd–
L2. As a result of this slow water-ex-
change rate, the observed proton relax-
ivity of Gd–L1 is much lower in a solu-
tion of HSA under physiological condi-
tions (robs1 =22.0 mm


�1 s�1 for 0.1 mm


Gd–L1 in 0.67 mm HSA, HEPES
buffer, pH 7.4, 35 8C at 20 MHz) than
that of Gd–L2 (robs1 =41.5 mm


�1 s�1)
measured under the same conditions.
Despite having two exchangeable
water molecules, slow water exchange
limits the potential efficacy of Gd–L1
as an MRI contrast agent.


Keywords: gadolinium · imaging
agents · magnetic resonance imag-
ing · relaxivity · serum albumin


[a] Dr. P. Caravan, Dr. J. C. Amedio Jr., Dr. S. U. Dunham,
M. T. Greenfield, Dr. N. J. Cloutier, S. A. McDermid, Dr. S. G. Zech,
R. J. Looby, Dr. T. J. McMurry, Dr. R. B. Lauffer
EPIX Pharmaceuticals, Inc., 67 Rogers Street
Cambridge, MA 02142–1118 (USA)
Fax: (+1)617-250-6127
E-mail : pcaravan@epixpharma.com


[b] M. Spiller
Department of Radiology, New York Medical College
Valhalla, NY 10595 (USA)


[c] Dr. A. M. Raitsimring
Department of Chemistry, University of Arizona
Tucson, AZ 85721 (USA)


I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5866 – 58745866







short). The longitudinal relaxation rate of water protons can
be further enhanced by the addition of paramagnetic metal
complexes. These complexes, known as MRI contrast
agents,[2] provide enhanced image contrast in regions in
which the complex localizes.
The first generation of clinically approved contrast agents


distribute to plasma and to the extracellular space.[3] These
are low-molecular-weight ternary complexes of gadolini-
um(iii), in which the GdIII ion is complexed by an octaden-
tate ligand and a single coordinated water molecule. The oc-
tadentate ligand is required for safety—to insure that the
somewhat toxic GdIII ion remains sequestered in vivo and
that the complex can be excreted intact. The coordinated
water is required for contrast. The GdIII ion relaxes the coor-
dinated water, which is in fast exchange with bulk water.
This results in a shortened T1 value for the bulk (and MRI
observable) water.
MS-325 (also referred to here as Gd–L2) is a new con-


trast agent[4] that has recently completed clinical trials for
blood vessel imaging.[5] MS-325 was designed to reversibly
target the protein human serum albumin (HSA) in the
blood plasma.[6] Binding to HSA serves three purposes: 1) it
restricts the distribution of the contrast agent to the intra-
vascular space, 2) reversible binding insures that there is
always an unbound fraction available for renal excretion,
and 3) it enhances the relaxivity of the compound. Relaxivi-
ty (r1) refers to the ability of the complex to enhance the re-
laxation rate of the solvent; see Equation (1) in which D(1/


T1) is the change in relaxation rate of the solvent after addi-
tion of contrast agent of metal concentration [M] in units of
mm.


r1 ¼
Dð1=T1Þ


½M� ð1Þ


At equal concentration, a compound with enhanced relax-
ivity will appear brighter in an image compared to a com-
pound of lower relaxivity; alternately a compound with
higher relaxivity can provide the same contrast as a low re-
laxivity compound but at a lower dose.


Relaxivity can be factored into a term that accounts for
the relaxation effect due the coordinated inner-sphere water
(rIS1 ) and an outer-sphere term (rOS1 ), which encompasses
contributions of relaxation to the second and outer-sphere
waters [Eq. (2)]. The inner-sphere term is given by Equa-
tion (3), which is derived from the description of two-site
exchange.[7]


r1 ¼ rIS1 þ rOS
1 ð2Þ


rIS1 ¼ q=½H2O�
T1m þ tm


ð3Þ


Here q is the number of coordinated water molecules, the
water concentration is in mM, T1m is the relaxation time of
the coordinated water(s), and tm is the lifetime of the coor-
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dinated water (inverse of the water-exchange rate, kex=1/
tm).
It is apparent from Equation (3) that the relaxivity can be


increased by increasing the number of coordinated water
molecules or by decreasing the denominator. It was recog-
nized early on that the relaxivity at clinical field strengths of
compounds like [Gd(DTPA)(H2O)]


2� is limited by T1m.
[8]


The reason for this is that the rotational diffusion rate of the
complex is very fast compared to the Larmor frequency of
the hydrogen atom. When MS-325 forms an adduct with
HSA, the rotational diffusion rate is slowed and the relaxa-
tion efficiency of the inner-sphere water is enhanced (T1m is
decreased). This leads to a relaxivity of MS-325 in blood
plasma that is several times the
relaxivity obtained in pure
water.[4]


In early mechanistic studies
of GdIII-based contrast agents it
was assumed that the water-ex-
change rate was very fast and
close to the diffusion limit.
However in a series of seminal
papers in the 1990s, the Mer-
bach research group in Lau-
sanne showed that the water-ex-
change rate depended on the
co-ligand and that this rate
could vary over several orders
of magnitude.[9–14] For the GdIII


compounds used clinically,
water-exchange rates were 2–3
orders of magnitude slower
than that on the aqua ion. Yet
since relaxation of the coordi-
nated water was not very effi-
cient due to fast rotation, T1m@
tm, and the relaxivities of these
compounds are essentially the
same.[2]


For protein-targeted or for polymeric gadolinium com-
plexes it is expected that the water-exchange rate may be
the limiting factor for optimizing relaxivity. During the de-
velopment of the synthetic process for MS-325 it was ob-
served that if the borane reduction of a protected amide in-
termediate was carried out under reflux conditions (vide
infra), the protecting group is lost and an N-methyl impurity
forms. Carrying this impurity through the alkylation and
complexation conditions used for MS-325 yields a com-
pound denoted Gd–L1. Compound Gd–L1 is a useful
model for mechanistic studies. The similarity to MS-325 (re-
ferred to hereafter as Gd–L2) suggests that it will bind to al-
bumin at the same site. The albumin-bound relaxivity of
Gd–L1 should differ from Gd–L2, because there are two
coordinated water molecules and the water-exchange rate is
expected to be different as the co-ligand has changed.
This paper reports on the synthesis of Gd–L1, its affinity


for serum albumin, its water-exchange rate, the field- and


temperature-dependent relaxivities in buffer only and in
buffered solutions of HSA. In addition, the Gd�H distance
is estimated from a D-band 1H ENDOR study and com-
pared to that of Gd–L2. Finally the effect of modifying the
DTPA core ligand on the formation constant of the GdIII,
ZnII, and CaII complexes is assessed.


Results and Discussion


The synthesis of the ligand H5L1 and its gadolinium(iii)
complex Gd–L1 is outlined in Scheme 1. Compound 1,[16] a
key intermediate in the preparation of MS-325,[15] was treat-


ed with a borane–tetrahydrofuran complex under reflux
conditions to achieve amide and carbamate reduction, yield-
ing N-methyl triamine 2. The triamine compound 2 was tet-
raalkylated by heating with tert-butyl bromoacetate in di-
methylformamide with diisopropylethylamine as an acid
scavenger and potassium iodide as a reaction catalyst. Com-
pounds 3 and 4 were coupled together through a phosphate
diester link to give ligand H5L1. This was accomplished by
reacting compound 4 and phosphorus trichloride together in
tetrahydrofuran to generate 4,4-diphenylcyclohexyl
dichlorophosphite in situ. The dichlorophosphite was acti-
vated by reaction with imidazole and the resultant diimida-
zolide was reacted with compound 3 to afford a tetra-tert-
butyl ester of [(diphenylcyclohexyl)phosphinooxymethyl]-N-
methyldiethylenetriamine tetraacetic acid as an intermedi-
ate. In situ oxidation of the phosphorus atom with sodium
periodate followed by deprotection of the tert-butyl ester
groups with concentrated hydrochloric acid afforded H5L1.
This sequence converted alcohols 3 and 4 to H5L1 in one-


Scheme 1. a) BH3–THF, reflux. b) diisopropylethylamine, KI, DMF, BrCH2CO2C(CH3)3. c) i) PCl3, THF; ii) 4,
THF; iii) imidazole; iv) 3 ; v) NaIO4, aq. HCl; vi) conc. HCl. d) GdCl3, aq. NaOH.
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pot, utilizing five synthetic steps. Reaction with a stoichio-
metric amount of GdIII and adjusting the pH to neutral with
sodium hydroxide yields Gd–L1.
The regiochemistry of H5L1 was investigated by means of


heteronuclear 1H-13C correlation spectroscopy. The methyl
group and the two CH groups can be easily identified in a
multiplicity-edited HSQC spectrum, since they show oppo-
site intensity from CH2 groups. The location of the N-
methyl group is confirmed by the observation of a long-
range J(C�H) coupling to the carbon atom at the 1-position
(see graphic above for atom labeling) in the HMBC experi-
ment. Assignment of the proton chemical shifts was ob-
tained from DQF-COSY, TOCSY, and ROESY experiments
that complemented the carbon shifts derived from HSQC
and HMBC experiments.
The ligand H5L1 was isolated from acid in its neutral


form. Titration of H5L1 shows that it has five ionizable pro-
tons (Figure 1) with protonation constants listed in Table 1.


The basicity of the ligand is in line with what might be ex-
pected for a diethylenetriamine substituted with acetate
groups. Two of the nitrogen atoms are considerably basic
(pKa>8.5), while the third nitrogen atom and the carboxyl-


ate groups are more acidic. The protonation constants for
H6L2 determined under the same conditions[26] are also
listed in Table 1 for comparison. The addition of the N-
methyl substituent makes this nitrogen atom of L1 more
basic than that of L2.
Once the protonation constants were determined it was


possible to determine some stability constants with different
metals. The CaII and ZnII stability constants were deter-
mined by direct titration of a 1:1 mixture of metal and
ligand. Figure 1 shows that the CaII complexes (Ca–L1 and
HCa–L1) are rather weak and are only significantly formed
at pH>5. The ZnII complex on the other hand is formed at
a much lower pH. The Gd–L1 stability constant could not
be determined by direct titration because the complex pre-
cipitated (presumably as a protonated form) at the low pH
(pH<2.5) needed to have a mixture of free ligand and free
metal ion. The stability constant was determined by compe-
tition for GdIII with L1 and the EDTA ligand. The diphenyl-
cyclohexyl moiety on L1 enables it to be retained on a re-
verse phase HPLC column and allows the gadolinium com-
plex to be separated from the free ligand. Quantitative
HPLC-MS of Gd–L1 and HnL1 along with knowledge of
the ligand protonation constants, the pH, and the Gd–
EDTA stability constant enables calculation of the Gd–L1
formation constant.
The stability constants for M–L1 are listed in Table 2


along with the stability constants for M–L2 reported previ-
ously under the same conditions (ionic strength, medium,


temperature).[26] The stability constant for Gd–L1 is 1.7 log
units lower than that of Gd–L2. A lower stability may be
expected from removing one of the coordinating acetate
groups from L2 and replacing it with a noncoordinating
methyl group. Even with the drop in stability, Gd–L1 still
forms a significantly more stable complex than the commer-
cial contrast agent Gd–DTPA–BMA (logKML=16.85).


[27]


The oxophilic calcium(ii) ion also has a slightly lower stabili-
ty constant with L1 relative to that observed with L2. On
the other hand, Zn–L1 is more stable than Zn–L2. This is
probably because of the lower coordination number of ZnII


relative to those of CaII and GdIII. The ZnII ion does not re-
quire the fifth acetate oxygen donor atom. The increased
basicity of the nitrogen donor as a result of the methyl sub-
stitution could explain the increased Zn–L1 stability con-
stant relative to Zn–L2.


Figure 1. Observed pH versus a (mol OH�/mol ligand) at 1m :1L1 ratios,
25 8C, m=0.1m NaClO4, [M]= [L]~1.5 mm. Symbols are measured pH
and solid lines are fits using the equilibria in Tables 1 and 2.


Table 1. Protonation constants for L1 and comparison with L2[26] deter-
mined at 25 8C in 0.1m NaClO4. Numbers in parentheses refer to 1 stan-
dard deviation based on mean of 4 titrations consisting of >100 data
points.


LogK L1 L2


[HL1]/[H][L1] 9.84 (0.01) 9.56
[H2L1]/[H][HL1] 8.73 (0.01) 8.31
[H3L1]/[H][H2L1] 3.93 (0.03) 4.41
[H4L1]/[H][H3L1] 2.57 (0.04) 2.92
[H5L1]/[H][H4L1] 1.92 (0.09) 2.43


Table 2. Stability constants and metal complex protonation constants for
GdIII, CaII, and ZnII binding to L1 and comparative values for the M–L2
complexes.[26] Equilibria determined at 25 8C, 0.1m NaClO4. Values in pa-
rentheses refer to 1 standard deviation.


LogK L1 L2


[GdL]/[Gd][L] 20.34 (0.04) 22.06
[CaL]/[Ca][L] 10.16 (0.02) 10.45
[HCaL]/[H][CaL] 5.70 (0.005) 5.66
[ZnL]/[Zn][L] 18.42 (0.03) 17.82
[HZnL]/[H][ZnL] 4.01 (0.005) 5.60
[H2ZnL]/[H][HZnL] 1.83 (0.02) 2.54
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The Gd–L1 complex used for further characterization was
prepared in situ by mixing stoichiometric amounts of H5L1
and GdCl3 and adjusting the pH to 7 with NaOH. The ab-
sence of excess gadolinium was confirmed by titration with
xylenol orange. The HPLC-MS trace of the solution showed
a single peak with a mass corresponding to the parent ion of
Gd–L1.
It is expected that Gd–L1 would be nine-coordinate with


two bound water molecules (q=2), that is [Gd(L1)-
(H2O)2]


2�. This is analogous to Gd–L2, which was shown to
be nine-coordinate in solution[6] as are other gadolini-
um(iii)–DTPA derivatives.[28–32] It was recently shown that
gadolinium ENDOR spectroscopy is a useful method to de-
termine the distance between the GdIII ion and the coordi-
nated water oxygen atom[24] or protons.[23,25] Figure 2 shows


the frozen solution D-band proton ENDOR spectrum corre-
sponding to the �1/2$+1/2 electronic transition. The spec-
trum for Gd–L1 is shown by a dotted line and the Gd–L2
spectrum is superimposed as a solid line. The two spectra
are superimposable except for the shoulders at about 197
and 200 MHz, which are labeled A? . These shoulders corre-
spond to the perpendicular part of the hyperfine coupling
constant to coordinated water molecules. The central fea-
tures of the spectrum arise from protons more distant from
the Gd atom, that is; protons on the co-ligand and protons
from the solvent matrix. The shoulders occur at identical
frequencies indicating that Gd–L1 and Gd–L2 have the
same hyperfine coupling to coordinated water molecules
and the same Gd�Hwater distance.


[23,25] This results in a
Gd�Hwater distance of 3.08 7. As discussed previously, the
width of this shoulder indicates that the Gd�Hwater distance
is distributed within 
0.1 7 and centered at 3.08 7. The sig-
nificantly greater intensity of the A? shoulder for Gd–L1
relative to Gd–L2 is qualitative evidence to show that
Gd–L1 has two bound water molecules in solution. The
ENDOR spectrum of Gd–L1 in the presence of HSA (not
shown) has the same A? shoulder that occurs at the same
frequency and at the same amplitude as for Gd–L1 in
water. This implies that the hydration number does not
change when Gd–L1 is bound to HSA.


The affinity of Gd–L1 for HSA is very similar to that re-
ported for Gd–L2 (MS-325). Under the conditions of 0.1mm


Gd–L1 and 4.5% (w/v) HSA in pH 7.4 phosphate-buffered
saline, Gd–L1 was 89.4
0.4% bound to albumin. Under
identical conditions, Gd–L2 was 88% bound to albumin.[6]


This is not surprising given the common binding group. The
difference in charge on the complex appears to play no role.
There was no measurable effect of temperature on albumin
binding. The binding assay was repeated at 5 8C and the
Gd–L1 was 89.4% bound at this temperature as well.
Like Gd–L2, Gd–L1 also binds to site II on HSA; this is


binding site on subdomain IIIA at which the anti-inflamma-
tory drugs ibuprofen and naproxen bind. By using a fluores-
cent probe displacement assay described previously, it was
found that Gd–L1 displaces the probe dansylsarcosine from
HSA with an inhibition constant, Ki=100
10mm (Ki for
Gd–L2=85mm).[6] Using this Ki value, it was calculated that
under the conditions of 0.1mm Gd–L1 and 4.5% HSA
(0.67 mm) there should be 85% of Gd–L1 bound to site II.
The measured value of 89.4% suggests that Gd–L1 is pri-
marily bound to site II. A site I probe was also tested.
Dansyl-l-asparagine is known to bind to site I. Gd–L1
showed only very weak displacement of the site I probe:
Ki=3000
1000mm (Ki for Gd–L2=1500mm).


[6]


The relaxivities of Gd–L1, Gd–L2, and Gd–L3 in
HEPES buffer or in 4.5% HSA solution in HEPES buffer
at 35 8C (pH 7.4, 20 MHz) are shown graphically in Figure 3.


The relaxivity of the q=0 Gd–L3 complex serves as an esti-
mate of the second and outer-sphere contributions to relax-
ivity. The bar graphs show this second/outer-sphere effect in
black, and the gray part represents the estimate of relaxivity
due to the inner-sphere water. In buffer alone, the relaxivity
of Gd–L1 is higher than that of Gd–L2, consistent with
Gd–L1 having two coordinated water molecules, although
the inner-sphere effect is only 50% greater for Gd–L1.
When HSA is added, the relaxivities increase for all com-
pounds. Now, however, the relaxivity of the q=1 Gd–L2 is
clearly much larger than that of Gd–L1. The relaxivities re-
ported are all “observed relaxivities”, this is the relaxivity
that was calculated based on the measured relaxation rates


Figure 2. Normalized (to unity) D-band proton 1H ENDOR spectrum
corresponding to the �1/2$+1/2 electronic transition. The spectrum for
Gd–L1 is shown by a dotted line and the Gd–L2 spectrum is superim-
posed as a solid line.


Figure 3. Observed relaxivities of Gd–L1, Gd–L2, and Gd–L3 in A)
HEPES buffer and B) HEPES buffer + 4.5% (w/v) HSA at 35 8C,
20 MHz, pH 7.4. The estimated second- and outer-sphere relaxivity com-
ponent is shown in black and the estimated inner-sphere component in
gray.
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and arises from both the albumin-bound and free fractions
of the complexes. As shown above, the albumin affinity is
the same, so this difference in relaxivity does not arise in a
difference in the fraction bound to albumin.
Variable-temperature 17O relaxation-rate studies proved


critical in understanding the proton relaxivity differences.
Figure 4 shows the reduced relaxation-rate data, 1/T1r and


1/T2r, for Gd–L1 as a function of reciprocal temperature.
The scatter in the 1/T1r data is greater than that in the 1/T2r
data because fast rotation (vide infra) leads to only a small
paramagnetic enhancement, whereas the paramagnetic
scalar contribution to transverse relaxation is quite large. As
a result, the 17O 1/T1 values determined in the presence of
Gd–L1 are close in magnitude to the those of the solvent
alone, and the difference between the two results in a much
larger relative error for 1/T1r than for 1/T2r.
The data were analyzed as described previously[6] and the


fitted parameters are listed in Table 3 along with the corre-
sponding values for Gd–L2. The hyperfine coupling con-
stant between the Gd and the H2


17O was fixed at �3.8:
106 rads�1.[12] The rotational correlation time at 37 8C deter-
mined by 17O NMR for Gd–L1 was very similar to that ob-
tained for Gd–L2 ; this result is expected given the close
similarity between the molecules. The striking difference
was in the water-exchange rate. The water-exchange rate for
Gd–L1 is markedly reduced relative to that of Gd–L2,
going from 5.8:106 s�1 for Gd–L2[6] at 298 K to 0.44:106 s�1


for Gd–L1. In Figure 4 the dashed line represents the 1/T2r
data for Gd–L2 ; this line highlights the large difference in
water exchange between the two complexes. At lower tem-
peratures (right side of graph) 1/T2r approaches kex and


Figure 4 clearly shows a large difference in water-exchange
rate.
The slow water-exchange rate has a profound effect on re-


laxivity. For a compound tumbling rapidly at 35 8C (tR=
115 ps), T1m is on the order of 5.2 ms at 20 MHz. The water
residency time tm is normally on the nanosecond timescale
and the denominator in Equation (3) is dominated by T1m.
This is certainly true for Gd–L2 in which the water ex-
change has no effect on limiting relaxivity. For Gd–L1 how-
ever, tm=1.3 ms at 35 8C and now the long water residency
time contributes 20% to the denominator in Equation (3)
resulting in a lower than expected relaxivity for Gd–L1
even in HEPES buffer. The long water residency time for
Gd–L1 provides an upper limit on the expected inner-
sphere relaxivity for this compound. If the relaxation time
of the coordinated water, T1m, was made very short, the
inner-sphere relaxivity of Gd–L1 would be at most
27.7mm


�1 s�1. The slow water-exchange result means that al-
though Gd–L1 has two exchangeable water molecules, its
relaxivity is lower in HSA than Gd–L2 with one rapidly ex-
changing water molecule.
The slow water-exchange kinetics predict that the inner-


sphere relaxation effect should be almost completely shut
down if the solutions are cooled down. This is shown in
Figure 5, in which the NMRD profiles of Gd–L1, Gd–L2,
and Gd–L3 are shown in buffer and in HSA solution at
35 8C and at 5 8C. At 5 8C the water residency times for Gd–
L1 and Gd–L2 are 7.8 and 0.9 ms, respectively, giving upper
limits on inner-sphere relaxivity of 4.6 and 20mm


�1 s�1, re-
spectively. Using the relaxivity of Gd–L3 as an estimate of
second/outer-sphere relaxivity, one sees that slow water ex-
change almost completely limits the relaxivity of Gd–L1 at
low temperature. The relaxivity of Gd–L1 in HSA at 5 8C is
very similar to that of Gd–L3, demonstrating that at this
low temperature most of the relaxation enhancement arises
from water protons in the second sphere. Even in buffer
alone, the relaxivity of Gd–L1 is lower than that of Gd–L2,
because of slow exchange of the inner-sphere water.
It is not clear why replacing the N-terminal acetate group


with a methyl group has such a dramatic effect on the
water-exchange rate. One possible explanation is that the
charge is reduced in going from Gd–L2 to Gd–L1 making
the GdIII ion more acidic and strengthening the Gd�O bond.


Figure 4. Reduced 17O relaxation rates (1/T1r, circles and 1/T2r, triangles)
of H2


17O in the presence of Gd–L1 vs reciprocal temperature. Solid lines
represent the simultaneous fit to the data. The dashed line represents the
1/T2r data for Gd–L2 that was described previously.


Table 3. Parameters obtained from the simultaneous fit of T1 and T2 re-
laxation rate data for H2


17O in the presence of Gd–L1 and Gd–L2 (MS-
325).[6] Numbers in parentheses refer to one standard deviation.


Gd–L1 Gd–L2
(MS-325)[6]


t37m [ns] 1160 (600) 69
k298ex [:10


6 s�1] 0.44 (0.21) 5.8
DH� [kJmol�1] 40.0 (9.5) 53.7
DS� [JK�1mol�1] �3 (30) +65
1/T37


1e [:10
7 s�1] 2.3 (2.6) 5.0


DET1e [kJmol
�1] �15 (28) �7.7


t37R [ps] 118 (10) 115
DER [kJmol


�1] 24.2 (4.4) 31.5
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This is not likely. The ENDOR measurement clearly
showed that there was no change in the Gd�Hwater distance.
If the Gd�Owater bond was shorter for Gd–L1 than Gd–L2
one would expect the proton distance to change as well. It is
worthwhile to consider a related system. Consider removal
of an acetate group from [Gd(DOTA)(H2O)]


� to give [Gd-
(DO3A)(H2O)2] (DOTA=1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetato, DO3A=1,4,7,10-tetraazacyclodode-
cane-1,4,7-triacetato). Again the charge is reduced and there
are now two waters bound, but in this case the water-ex-
change rate increases for [Gd(DO3A)(H2O)2].


[12,33] It may
simply be that an eight-coordinate transition state (assuming
a dissociative mechanism) is less stable in the case of Gd–
L1 than for Gd–L2. Future work should address obtaining
X-ray crystal structures of Gd–L1 and Gd–L2.


Conclusion


Removal of one of the acetate oxygen donor atoms from
the MRI contrast agent MS-325 (Gd–L2) and replacement
with a methyl group to give Gd–L1 results in a complex
with two coordinated water molecules that still has relative-
ly high thermodynamic stability. However because of the
slow water-exchange rate of these two water molecules, the
relaxivity of this compound in buffered serum albumin solu-
tion is much lower than may have been expected, and is
considerably worse than MS-325 itself.


Experimental Section


Materials : Human serum albumin (HSA), product number A-1653 (Frac-
tion V Powder 96–99% albumin, containing fatty acids), and the fluores-
cent probes dansyl-l-asparagine, and dansylsarcosine (piperidinium salt),
were purchased from Sigma Chemical Co. (St. Louis, Mo.). Ultrafiltration
units (UFC3LCC00, regenerated cellulose membrane of 5,000 Dalton
nominal molecular weight cut-off) were obtained from Millipore Corpo-
ration (Bedford, MA). Other reagents were supplied by Aldrich Chemi-
cal Co., and were used without further purification. Solvents (HPLC
grade) were purchased from various commercial suppliers as used as re-
ceived. Column chromatography was conducted using silica gel from EM
Merck. The compounds Gd–L2 (MS-325)[15] and Gd–L3[6] were synthe-
sized as described previously. NMR spectra of synthetic intermediates
were obtained with a Varian Unity 300 or a Bruker Avance 400 spec-
trometers.


Preparation of compound 2 : A round-bottomed flask, equipped with an
addition funnel, temperature probe, and a nitrogen purge was charged
with THF (100 mL) and compound 1[16] (10.0 g, 40.4 mmol). The borane–
THF complex (1m solution, 202 mL, 5 equiv, 202 mmol) was added over
a period of 30 min while maintaining an internal temperature of 25–
30 8C. The reaction mixture was heated to 60–65 8C (reflux) and the mix-
ture was allowed to stir for 7 days. The reaction mixture was cooled to
room temperature. Then aqueous HCl (2n, 24 mL) was added, followed
by concentrated HCl (16 mL) while maintaining an internal temperature
of 25–30 8C. The solvent (THF) was removed under vacuum (15 mm Hg,
40–45 8C water bath) to obtain a mobile oil. The oil was heated to 90–
95 8C and allowed to stir for 18 h. The mixture was cooled to room tem-
perature and the solids (boric acid) were collected by suction filtration.
The filtrate was concentrated under vacuum (1 mm Hg, 40–45 8C water
bath) to obtain a pasty solid, which was combined with ethanol (50 mL)
to facilitate precipitation. The solids were collected by suction filtration
and washed with ethanol (3:100 mL), recrystallized with 25% n-butanol
in ethanol and dried to provide 5.5 g of compound 2. 1H NMR: (D2O):
d=2.7 (s, 3H), 3.2–3.4 (m, 6H), 3.5–3.6 (m, 1H), 3.7–3.9 ppm (m, 2H).


Preparation of compound 3 : A round-bottomed flask, equipped with an
addition funnel, temperature probe, and a nitrogen purge was charged
with DMF (500 mL), compound 2 (15.0 g), potassium iodide (19.4 g,
2.0 equiv) and diisopropylethylamine (152.0 mL, 15.0 equiv). The mixture
was cooled to 0–5 8C and tert-butyl bromoacetate (60.8 mL, 7 equiv) was
added over a period of 30 min, while maintaining an internal temperature
of 5–10 8C. The reaction mixture was allowed to warm to room tempera-
ture, and stirring continued for 24 h. The mixture was cooled to 0–5 8C
and aqueous HCl (3n, 250 mL) was added over a period of 15 min, while
maintaining an internal temperature of 5–10 8C. Heptane (350 mL) was
added and the mixture was stirred for 20 min. The layers were separated
and the aqueous layer (pH 3) was treated with saturated sodium carbon-
ate until pH 7 was achieved. Heptane (250 mL) was combined with the
neutralized aqueous layer and stirred for 20 min. The layers were sepa-
rated. The organic layer was dried over MgSO4 and filtered, and the sol-
vent was removed under vacuum (15 mm Hg, 40–45 8C water bath) to
give a crude oil (22.0 g). The oil was subjected to silica gel chromatogra-
phy (25% ethyl acetate/75% hexanes solvent system) to provide purified
compound 3 (14.0 g). 1H NMR 1H NMR (CDCl3): d=1.45 (s, 36H), 2.8
(s, 3H), 2.6–2.9 (m, 3H), 3.1 (dd, 3J=14.7, 7.3 Hz, 1H), 3.30–3.50 (m,
6H), 3.6–3.85 ppm (m, 8H).


Preparation of H5L1: A round-bottomed flask, equipped with an addition
funnel and temperature probe was charged with phosphorous trichloride
(102 ml) and THF (2 mL). A solution consisting of compound 4 (295 mg)
in THF (3 mL) was added over a period of 35 min, while maintaining an
internal temperature of �5 to 0 8C, and the mixture was then stirred for a
further 30 min. A solution consisting of imidazole (400 mg) in THF
(3 mL) was added over a period of 15 min, while maintaining an internal
temperature of 0 to 5 8C and the mixture was stirred for 20 min. A solu-
tion consisting of compound 3 (706 mg) in a mixture of hexanes (1.5 mL)
and THF (4.0 mL) was added over a period of 15 min, while maintaining
an internal temperature of �5 to 0 8C. The mixture was stirred for
20 min. Water (3 mL) was added over a period of 5 min, while maintain-


Figure 5. NMRD profiles showing observed relaxivities of Gd–L1
(squares), Gd–L2 (triangles), and Gd–L3 (circles) at pH 7.4 in A)
HEPES buffer, 5 8C, B) HEPES buffer, 35 8C, C) HEPES buffer + 4.5%
(w/v) HSA, 5 8C, D) HEPES buffer + 4.5% (w/v) HSA, 35 8C.
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ing an internal temperature 0–5 8C, and the mixture was stirred for 5 mi-
nutes. Hexanes (9 mL), toluene (1 mL), and aqueous HCl (5n, 3 mL)
were added over 5 min, while maintaining an internal temperature of 5–
10 8C. Sodium periodate (175 mg) was added over a period of 3 min,
while maintaining an internal temperature of 5–10 8C. The reaction mix-
ture was warmed to room temperature over 15 min and stirred for an ad-
ditional 30 min. The layers were separated and the organic layer was
washed with 10% aqueous sodium thiosulfate (2:5 mLmL). To the or-
ganic layer was added tetraoctylammonium bromide (63 mg). Concen-
trated HCl (6 mL) was then added over a period of 10 min, while main-
taining an internal temperature of 20–25 8C. This mixture was stirred for
16 h. The layers were separated and the organic layer was discarded.
Aqueous sodium hydroxide (8m, 10 mL) was added to the aqueous layer
until a pH of 6.5 was reached. The solution was concentrated under re-
duced pressure and then loaded onto a C-18 reverse-phase silica-gel-
packed column for purification. Lyophilization provided compound L1 as
a white powder (0.385 g). Elemental analysis calcd (%) for
C32H44N3O12P·H2O: C 54.00, H 6.51, N 5.90, P 4.35, H2O 2.53; found: C
53.88, H 6.75, N 5.91, P 4.56, H2O 2.59; ES+-MS: m/z : 694.3 [M++H].
1H NMR (D2O/NaOD): d=2.88 (H-1), 3.69 (H-2a), 3.83 (H-2b), 2.56 (H-
3a), 2.23 (H-3b), 2.63 (H-4a), 2.52 (H-4b), 2.19 (H-5), 3.26 (H-6a), 2.95
(H-6b), 2.50 (H-7a), 2.21 (H-7b), 4.17 (H-8), 2.56 (H-9a), 2.11 (H-9b),
1.82 (H-10a), 1.58 (H-10b), 7.25 (H-14), 7.33 (H-15), 7.14 ppm (H-16);
13C NMR (D2O/NaOD): d=60.7 (C-1), 62.9 (C-2), 54.5(C-3), 51.7 (C-4),
38.1 (C-5),58.3 (C-6), 51.7 (C-7),74.3 (C-8),32.5 (C-9/9’), 29.5 (C-10/10’),
58.4 (C-11), 58.3 (C-12/13), 128.6 (C-14), 126.1 (C-15),126.8 ppm (C-16).


Preparation of Gd–L1: The concentration of the ligand L1 was deter-
mined by photometric titration with Gd(NO3)3 as described previously.


[6]


A solution of GdCl3 (0.447 mL, 150.9mm, 67.5mmol) was added to a solu-
tion of L1 (1.09 mL, 61.5 mm, 67.3 mmol) at pH 6.8, and the pH adjusted
to 6.8 using 1m NaOH. The solution was stirred for 30 min and then
lyophilized affording crude chelate. Inorganic impurities were removed
by elution through a pre-packed and equilibrated C18 column with a gra-
dient of water to 1:1 ethanol/water and conductivity detection. Ethanol
was removed by rotary evaporation and the remaining aqueous solution
was lyophilized to afford purified chelate Gd–L1 as the pentahydrate
disodium salt as a white solid (46.7 mg, 71%). Elemental analysis calcd
(%) for C32H39GdNa2N3O12P·5H2O: C 39.14, H 5.03, N 4.28, Na 4.68, P
3.15; found: C 39.40, H 5.19, N 4.33, Na 4.93, P 3.18. An aqueous solution
of Gd–L1 on a HPLC-MS with UV (254 nm) and +ESI detection with a
gradient of 50mm ammonium formate with 2% (9:1 MeCN/50mm am-
monium formate) rising to 50% (9:1 MeCN/50 mm ammonium formate)
over 5 min (0.8 mLmin�1, Kromasil C4, 50:4.6 mm, 3.5 mm) elutes at
3.39 min (97.3% total peak area at 254 nm, positive ion, m/z=849.2 [M+


+2H]). There was no detectable L1 (L1 elutes at 3.16 min. under the
same conditions) or unchelated gadolinium (xylenol orange test).


Determination of protonation and metal–ligand stability constants : Titra-
tion pH measurements of H5L1 in the absence and presence of Gd


III,
CaII, and ZnII were performed with a Fisher Accumet 25 pH meter equip-
ped with an Orion Ross combination semimicro electrode. The electrode
was calibrated before each titration by titrating a known amount of
standardized HClO4(aq) with standardized NaOH solution at an ionic
strength of 0.1m using NaClO4 as the inert electrolyte. A plot of mV
(measured) versus pH (calculated) gave a working slope and intercept so
that pH could be read as �log[H+] directly. In this report, pH refers to
the hydrogen ion concentration and not activity. A Metrohm automatic
buret (Dosimat 665) was used for the NaOH additions and the buret and
pH meter were interfaced to a PC such that each titration was automated
by using the program TITRATE.[17] The temperature of each solution,
maintained in a covered, water-jacketed vessel, was kept constant at
25.0
0.1 8C by a Fisher Isotemp 901 circulating bath. The ionic strength
was kept constant at 0.10m NaClO4. Nitrogen, after passage through
30% NaOH, was bubbled through the solutions to exclude carbon diox-
ide.


Distilled deionized water (Nanopure, Barnstead) was used for all solu-
tions. Solutions of the ligand were prepared by dissolving a weighed
quantity into a known volume of 0.1m NaClO4. The concentration was
calculated based on the molecular weight of the complex and was con-


firmed by titration. There are two inflections in the ligand titration curve
and two equivalents of hydroxide were required to span these two inflec-
tions. Perchlorate stock solutions of GdIII, CaII, and ZnII were prepared
by dissolving a known amount of the oxide in a slight excess of perchloric
acid and diluting to a known volume. Because hydrolysis of these metal
ions occurs at pH >5, the excess acid concentration was determined di-
rectly by titration with standard NaOH and analysis by GranTs
method.[18] Sodium hydroxide solutions (0.1m) were prepared from dilu-
tion of 50% NaOH with freshly boiled distilled, deionized water that had
been saturated with argon. The base solutions were standardized against
potassium hydrogen phthalate. The amount of carbonate present in the
NaOH solutions was estimated from Gran plots[18] and was always less
than 1%. Acid solutions were standardized against standard NaOH.


The ligand solutions (1–2mm) were titrated with NaOH over a pH range
from 2–11 collecting about 110 data points per titration. The titration
data was fit to a model of a ligand with five ionizable groups by using the
program BEST.[19] The value of pKw was fixed at 13.78 for all analyses.


[20]


Equimolar metal–ligand solutions were titrated (110 data points per titra-
tion) over the pH range 2–11 with NaOH for CaII and ZnII, and the sta-
bility constants determined by analysis of the titration curve with
BEST.[19] The CaII data was fit to a model containing two metal–ligand
species: Ca–L1, and HCa–L1. The ZnII data was modeled with three
metal–ligand species: Zn–L1, HZn–L1, and H2Zn–L1. Multinuclear spe-
cies were not included in the models; since the metal/ligand stoichiome-
try was 1:1 and the data was well reproduced using the species described.


For GdIII, aqueous solutions containing 1:1 or 2:1 mixtures of L1 and
GdIII formed precipitates at pH lower than 2.7. Above pH 2.7 only one
species was observed, Gd–L1. The precipition at low pH made it impos-
sible to work under conditions in which there was a significant fraction of
unchelated GdIII. To circumvent this problem, a competition study was
carried out by using an EDTA competitor ligand and monitoring the
equilibrium by HPLC-MS with a reverse-phase column and eluting with
a pH 6.8 NH4OAc buffer. Six solutions were prepared containing 1 part
L1 to 1 part GdIII to 0.75–1.25 parts EDTA with pH ranging from 3.1 to
3.4. The pH reading stabilized within minutes; however, care was taken
to ensure that there was no slow pH drift due to slow transmetallation ki-
netics. Under these conditions, [Gd(EDTA)] and EDTA eluted in the
void volume while L1 (3.42 min) and Gd–L1 (2.80 min) were retained
(EDTA=ethylenediaminetetraacetate). This allowed the determination
of the distribution of GdIII in the system, and the formation constant for
Gd–L1 was determined by solving the appropriate mass balance equa-
tions using the protonation constants for L1 and EDTA and the [Gd-
(EDTA)] stability constant.[20]


ENDOR spectroscopy: The pulsed EPR experiments were performed
with frozen (8 K) solutions of 1mm Gd–L1 in 1:1 (v/v) H2O/CD3OH
(methanol added for glassification). In these experiments, which included
the electron spin echo (ESE) field sweep and Mims ENDOR[21] measure-
ments, the D-band (130 GHz) spectrometer[22] of Argonne National Lab-
oratory was used. 1H ENDOR spectra were acquired at the maximum of
the EPR spectrum (at which all EPR transitions contribute, but the
�1/2$+1/2 transition dominates) and at 24 mT lower B0 (at which all
EPR transitions contribute except the �1/2$+1/2 transition). Subtract-
ing the latter spectrum from the former gives, after appropriate normali-
zation, the spectrum associated with solely the �1/2$+1/2 electron-spin
transition. The data were analyzed as described previously[23–25] to extract
Gd�Hwater distance estimates.


Ultrafiltration measurements of binding : Solutions containing 0.1 mm


GdIII chelate and human serum albumin (4.5% w/v) were prepared by
mixing appropriate volumes of Gd–L1 or Gd–L2 stock solution, 6%
HSA and PBS. Two aliquots (400 mL) of each these samples were placed
in 5 kDa ultrafiltration units. Two additional 25 mL aliquots were ana-
lyzed by ICP-MS to determine the total Gd concentration. The samples
were incubated at 37 8C for 10 min, and then centrifuged at 5800 g for
3.5 min. The filtrates (~30 mL) from these ultrafiltration units were used
to determine the free concentration of complex in each of the samples by
ICP-MS.


Relaxivity : Relaxivities were determined at 20 MHz (0.47 T) by using a
Bruker Minispec NMS 120 to determine T1. T1 was measured with an in-
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version recovery pulse sequence and all samples were measured at 37 8C.
Relaxivity was obtained from the slope of a plot of 1/T1 versus concentra-
tion for 0, 20, 40, and 60mm Gd samples in 660mm HSA. Relaxivities in
HEPES (pH 7.4) buffer were determined using solutions of 0, 100, 150,
and 200mm Gd (HEPES=2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesul-
fonic acid). The 1H NMRD profiles (5, 35 8C) were recorded on a field
cycling relaxometer at NY Medical College over the frequency range
0.01 to 50 MHz. For the samples in HSA, the gadolinium concentration
was 100mm and the HSA was 660mm. For the HEPES buffer only solu-
tions, the GdIII concentration was 1mm. Relaxivity was computed by sub-
tracting the relaxation rate of the medium (HSA in HEPES, or HEPES
only) from the relaxation rate of the Gd solution at each field strength
and dividing the difference by the gadolinium in millimoles. All solutions
were assayed for gadolinium concentration by ICP-MS.
17O NMR : H2


17O transverse relaxation rates were determined for a
HEPES buffer solution in the presence and absence of 9.399 mmolal Gd–
L1 as a function of temperature (�7 to 95 8C) on a Varian Unity 300
NMR operating at 40.6 MHz. Probe temperatures were determined from
ethylene glycol or methanol chemical shift calibration curves. T2 was de-
termined by a CPMG pulse sequence. Measurements were repeated after
heating to ensure reproducibility. The variable-temperature relaxation-
rate data was analyzed as described previously[6] to extract water ex-
change and rotational dynamics parameters.
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Introduction


Cyclodextrins (CDs) as hosts can form supramolecular and
host–guest inclusion compounds with a number of different
organic and inorganic guest molecules.[1] They are commer-
cially available, nontoxic, and water soluble, which makes
them suitable for numerous applications in the pharmaceuti-
cal industry, pesticides, foodstuffs, toilet articles, and textile
processing.[2–4] In addition to their industrial applications,
these shallow, somewhat flexible hosts are related to many
interesting topics, such as molecular recognition and self-as-
sembly, selectivity, molecular encapsulation, chemical stabili-


zation, and intermolecular interactions.[3,5,6] Such successful
performances of CDs originate from their unique structure
and properties. It is well known that CDs are a series of
cyclic oligosaccharides, which are composed of six, seven, or
eight glucose units connected by a-1,4-acetyl linkages, and
called a-, b-, and g-CD, respectively. They have a hollow
truncated cone shape with a hydrophobic inner cavity and a
hydrophilic outside surface. Based on the well-known repre-
sentatives of this category, that is, a-, b-, and g-CDs, many
different derivatives have been synthesized that possess dif-
ferent water solubility and inclusion capabilities.[6–8]


In aqueous solution, the slightly apolar cavity of cyclodex-
trin is occupied by water molecules which are energetically
unfavored, and therefore can be readily substituted by ap-
propriate guest molecules that are less polar than water.
The guest penetrates the cavity, leading to the formation of
an inclusion compound through several kinds of relevant in-
teractions. Recently, with increasing interest in macromolec-
ular recognition, the inclusion complexes of CDs and linear
polymers have been extensively investigated.[9–22] Some CDs
can be penetrated by a polymeric chain, forming the so-
called polypseudorotaxanes that can then be converted into
molecular necklaces.[23] Furthermore, a large number of or-
ganometallic compounds and their derivatives can form in-
clusion compounds with CDs, and the interaction mecha-


Abstract: The solubilities of b-cyclo-
dextrin (b-CD), ionic liquid (IL) 1-
butyl-3-methylimidazolium hexafluoro-
phosphate (bmimPF6), and their mix-
ture in water were determined, and the
conductivity of these aqueous solutions
was measured. It was demonstrated
that b-CD and bmimPF6 could enhance
the solubility of each other, and the
solubility curves of each were linear
with gradients of about 1. The conduc-
tivity decreased remarkably with in-
creasing b-CD concentration, and a dis-


cernible break in the conductivity
curve could be observed when b-CD
and bmimPF6 were equimolar in the
solution. The solubility and conductivi-
ty results indicated that inclusion com-
plexes (ICs) of 1:1 stoichiometry were
formed. The inclusion compounds were
further characterized by using powder


X-ray diffraction (XRD) analysis, 13C
CP/MAS (cross-polarization magic-
angle spinning) NMR and 1H NMR
spectroscopy, and thermogravimetric
analysis (TGA). The results showed
that the ICs were a fine crystalline
powder. The host–guest system exhibit-
ed a channel-type structure and each
glucose unit of b-CD was in a similar
environment. The decomposition tem-
perature of the ICs was lower than that
of bmimPF6 and b-CD individually.
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nism and properties of these compounds have been dis-
cussed.[24–26] The catalytic activities of some water-soluble
metal nanoparticles modified with covalently attached CD
receptors can be modulated by the inclusion interaction be-
tween organometallic compounds and CD, thus catalytic re-
actions can be carried out effectively.[25,27] Matt and co-
workers successfully modified CDs as ligands to form che-
late complexes of CD derivatives and transition-metal
ions.[8]


In recent years, ionic liquids (ILs), which consist of organ-
ic cations and appropriate anions, have received much atten-
tion due to their potential as a green and recyclable alterna-
tive to traditional organic solvents.[28] Compared with tradi-
tional salts, ILs have a much lower melting temperature.
Their favorable properties, such as high polarity, negligible
vapor pressure, high ionic conductivity, and thermal stability,
make them ideal solvents in organic synthesis, chemical re-
actions, chemical separations, and material preparations.[29]


It has been reported that ILs can form extended hydrogen-
bond systems in the liquid state and are therefore highly
structured.[30] The preorganized structure exhibits an extend-
ed network of cations–anions connected by hydrogen bonds.
The solubility of cellulose in ILs was deduced to be associat-
ed with the extended hydrogen-bonded systems.[31] The
strong hydrogen-bond-driven solvent structure makes ILs
potential key tools in the preparation of a new generation of
chemical nanostructures.[32] Furthermore, for imidazolium-
based ILs, the interactions of the imidazolium rings result in
the formation of a three-dimensional arrangement, because
in some cases, typical p–p stacking interactions exist among
the imidazolium rings, which result in the generation of
channel-type molecular arrangements.[33]


There have been some reports on the combination of CDs
and ILs. For instance, Qi et al. used ILs as running electro-
lytes in capillary zone electrophoresis and b-cyclodextrin as
the modifier for the separation of the anthraquinones ex-
tract of Chinese herb.[34] The inclusion complexation of
methyl orange or phenol with CDs in ILs has been studied
by using spectral analyses.[35] CDs or their derivatives dis-
solved in ILs can be used to prepare stationary phases in
gas chromatography.[36] Moreover, Duvivier et al. studied
the solubility of b-cyclodextrin in a water–ethylammonium
nitrate mixture.[37] However, to the best of our knowledge,
the study of the inclusion interaction between CDs and ILs
has not been reported so far. Considering the special struc-
ture and properties of ILs, it is of interest to investigate the
complexation behavior between them and CDs by using dif-
ferent techniques.


Results and Discussion


Solubility measurements : It is well known that b-CD has a
relatively lower solubility in water compared with that of a-
or g-CD, and that the bmimPF6 ionic liquid is hydrophobic
and slightly soluble in water. The solubilities of b-CD and
bmimPF6 in water (100 mL) at 25 8C are 1.85 g and 1.88 g,


respectively,[38] corresponding to molar concentrations of
16.3 and 66.2 mmolL�1, respectively. Figure 1 shows the sol-
ubility curves of b-CD and bmimPF6 at 25 8C. Regions A


and C are two-phase regions and B is a single-phase region.
In region A, there exists both a water-rich phase and a b-
CD-rich phase, whereas region C consists of a water-rich
phase and a bmimPF6-rich phase. The figure demonstrates
clearly that b-CD and bmimPF6 can enhance the solubility
of each other. A reasonable explanation is that the cation of
bmimPF6 is incorporated into the cavity of b-CD. The coun-
terions are retained outside of the b-CD torus. Ions outside
the b-CD torus strongly affect the ordering of the surround-
ing water molecules, which is favorable for the dissolution
of b-CD.[39] It can be considered that the IL and b-CD form
a more soluble inclusion compound, which consists of a
cation (bmim+ in the b-CD torus) and an anion (PF6


�). The
solubilities of the separate IL and b-CD are not affected
considerably by the new compound. Therefore, the total sol-
ubility of the mixture is increased. The figure also shows
that the two curves are linear and the gradients of the two
lines are about 1, suggesting that bmimPF6 is included by b-
CD in a 1:1 molar ratio.[4]


Conductivity study : Measurement of the conductivity is a
commonly used method for studying the inclusion phenom-
enon, and it can be used to elucidate not only whether inclu-
sion can occur but also the stoichiometry of the inclusion
complexes (ICs) formed.[40] As discussed above, the IL is
partially soluble in water. If it forms an inclusion complex
with b-CD, the solution conductivity will be distinctly affect-
ed by the addition of b-CD. The conductivity of various b-
CD concentrations in aqueous IL (5.0 mmolL�1) were mea-
sured at 25 8C, and the dependence of the conductivity on b-
CD concentration is shown in Figure 2. The conductivity de-
creased remarkably with increasing b-CD concentration, in-
dicating the inclusion-complex formation between b-CD and
the hydrophobic IL. A discernible break in the conductivity
curve occurred at a concentration of about 5.0 mmolL�1 b-
CD, suggesting that the stoichiometry of the b-CD–
bmimPF6 (1) ionic compound is equimolar.[41] This conclu-
sion is the same as that deduced from the solubility curves
above. Palepu et al. determined the conductivity of solutions


Figure 1. Solubilities of b-CD (&) and bmimPF6 (*) in water at 25 8C.
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of sodium alkyl carboxylates in water with different alkyl
groups and b-CD,[40] and produced conductivity curves simi-
lar to that shown in Figure 2.


Powder X-ray diffraction (XRD): XRD is a widely used
technique in the study of inclusion compounds for assessing
the structure, and to check whether a new compound has
been produced from the parent molecules.[12] Harata and co-
workers reported that the crystal structures of CD com-
plexes are classified mainly into three types: channel, cage,
and layer.[11] Figure 3 shows the XRD patterns of b-CD and
that of 1. The results suggest that the obtained ICs between


b-CD and bmimPF6 are fine crystalline powders, although
bmimPF6 itself is a liquid at room temperature. In Figure 3a,
major peaks at 9.5, 12.8, 13.3, and 18.18 are observed, indi-
cating that b-CD represents a typical cage structure.[11,18,20, 22]


The pattern of 1 (Figure 3b) shows some sharp reflections,
the main two of which at 2q=11.6 and 17.88 represent a
head-to-head channel-type structure,[25] which is different
from that of b-CD.[11,18,20, 22] The results indicate that the in-
clusion complex formed from b-CD and bmimPF6 is isomor-


phous with a channel-type structure rather than the so-
called “cage” structure.


The formation mechanism of such a channel-type struc-
ture for host–guest inclusion complexes of cyclodextrins has
been widely investigated.[18,19,21,41] In general, the type of
guest molecule and experimental conditions determine the
packing type, described as cage or channel structures.[42] For
a long-chain molecule guest, the inclusion complexes were
found to adopt a head-to-head channel-type structure in
which cyclodextrin molecules are stacked along an axis to
form a cylinder. In fact, the channel-type structure, without
any included guests other than water of hydration, can also
be obtained through an appropriate recrystallization process.
Therefore, even when there are no guest molecules included
other than water, the channel structure consisting of endless
columns of stacked CD molecules connected to each other
by hydrogen bonds has been proved to be a stable struc-
ture.[42] The hydrogen bonds between hydroxyl groups of
neighboring CD molecules were mediated by water mole-
cules.[41] There is credible evidence that the hydrogen bonds
between CDs play an important role in stabilizing the com-
plexes.[11]


Solid-state 13C CP/MAS (cross-polarization magic-angle
spinning) NMR spectroscopy: High-resolution NMR spec-
troscopy is another technique used to analyze the structure
and molecular dynamics of ICs either in aqueous solution or
in the solid state. It is known that the formation of the ICs
should change the conformation and the electromagnetic en-
vironment of both the host CD and the guest molecules,
which should be reflected in the 13C CP/MAS NMR spectra
of the host and the guest molecules in the ICs.[11,17,20, 21]


Figure 4 shows the 13C CP/MAS NMR spectra of the un-


complexed b-CD and 1. The b-CD molecules are known to
have a less symmetrical conformation in the crystalline
state.[18, 20,21] In this case, the spectrum of b-CD (Figure 4a)
shows resolved carbon resonances from each of the glucose
units, reflected by strong splitting for all C1-C6 resonances.
However, the resolved resonances disappear for 1, and the


Figure 2. Dependence of conductivity of an aqueous bmimPF6 solution
(5.0 mmolL�1) on the concentration of b-CD at 25.0 8C.


Figure 3. X-ray power diffraction patterns of a) b-CD and b) 1.


Figure 4. 13C CP/MAS NMR spectra of a) b-CD and b) 1.
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13C signals of 1 give sharp singlets (Figure 4b). The results
show that the b-CD molecules in 1 adopt a more symmetri-
cal conformation. That is, each glucose units of b-CD is in a
similar environment.[9,15, 20] Small resonance peaks in the
solid-state 13C NMR spectrum of 1 at about 20, 40, 120, and
130 ppm are presumably due to the bmimPF6 guest, which
indicates its presence in the channel structure of crystalline
1. Therefore, the formation of channel structures of ICs in
the present study is further supported by these 13C CP/MAS
NMR measurements.


1H NMR spectra : The solution structure of the inclusion
complexes of b-CD and bmimPF6 was further investigated
by using 1H NMR at room temperature. It is well known
that b-CD molecules adopt the conformation of a torus in
which the H-3 and H-5 protons are located inside the cavity,
whereas H-2 and H-4 are outside the torus. The H-6 protons
of the primary alcohol group are on the narrow side and H-
1 is in the glycosidic bond plane of b-CD. Figure 5a shows


the 1H NMR spectrum of a solution of b-CD in D2O (12.0N
10�3


m). At this stage the expected H-5 signal cannot be
clearly observed, due to the overlap with the H-6 signal and
the resonances appearing as a strong and unresolved broad
peak.[43] However, with the addition of bmimPF6 the upfield
shift of H-5 is quite prominent and becomes clearer as the
amount of bmimPF6 is increased, as is illustrated in Fig-
ure 5b and c. The similar phenomenon was observed for
sodium diclofenac (DCF), (+)-catechin (CA), and (�)-epi-
catechin (EC) complexes with b-CD.[43,44] Besides the upfield
shift of H-5, we can observe that the H-6 protons, which lie
on the inner surface of the primary hydroxyl group side,
also shift upfield. Although H-3 lies on the inner surface of


the cavity, the upfield shift is not as obvious as that of the
H-5 proton of b-CD. The main reason for this is that H-3 is
located on the surface of a secondary hydroxyl group side
and is a long way from the symmetrical axis of b-CD, thus
no obvious interaction occurs with the included IL. Another
reason is based on the assumption that the imidazolium ring
entered the cavity of b-CD from the wide secondary hydrox-
yl group side with close contact with the atoms on the inner
surface of the primary hydroxy group side, and the butyl tail
positioned near the center of the cavity along the molecular
axis of b-CD did not make close contact with the H-3 pro-
tons. Moreover, H-4 and H-5 of an imidazolium ring are in
similar environments and their peaks are very close together
in free ILs (d=7.31 and 7.26 ppm). However, two peaks
change into one peak at d=7.32 ppm after inclusion occurs.
This indicates that H-4 and H-5 of the imidazolium ring
have close contact with b-CD molecules and the interaction
leads to an equivalent environment for H-4 and H-5. The
upfield shifts of the H-2 and H-4 protons of b-CD are not
observed due to their location outside of the torus. Upfield
shift of the protons lying on the inner surface of b-CD per-
haps result from shielding effects,[44] suggesting that the IL is
included into the cavity of b-CD. On the other hand, the
proton signals of bmimPF6 did not broaden clearly, indicat-
ing that bmimPF6 fits loosely with b-CD.[44]


Through combination of the solubility, conductivity, XRD,
and NMR studies, we speculate a possible inclusion struc-
ture, illustrated in Figure 6. The PF6


� ion perhaps dissociates
near the b-CD molecules (not shown here).


Thermogravimetric analysis (TGA): The thermal stability of
1 was evaluated by using TGA analysis, and the results were
compared with pure b-CD and bmimPF6. Figure 7 shows the
weight-loss curves for 1 and its precursors. It is quite inter-
esting that 1 has a lower initial decomposition temperature
than both pure bmimPF6 and b-CD. Normally, the initial de-
composition temperatures of ICs are higher than those of
CD, and the inclusion complexation is believed to contribute
to the better stability of CDs.[14,21] Thus, the present TGA
results are somewhat unusual. This phenomenon results
from the unique molecular structure and properties of
bmimPF6 compared with organic compounds and polymers.
The steric congestion[18] and the geometry distortion of the
components may make 1 unstable. Moreover, when the


Figure 5. 1H NMR spectra of b-CD in D2O in the presence of bmimPF6


at various molar ratios (bmimPF6/b-CD): a) 0:1; b) 0.5:1; c) 1:1.


Figure 6. Plausible structure of inclusion complex 1 in aqueous solution.
Molecule key: black=nitrogen, dark gray=carbon, light gray=hydro-
gen.
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cation bmim+ is included into the cavity of b-CD, the dis-
tance between bmim+ and PF6


� may be longer than that in
the ion pair bmimPF6. The quantum chemical calculation re-
sults show that the total energies of bmim+ and PF6


� are
higher than those of the ion pair bmimPF6,


[45] which may
lead to lower decomposition temperature of the ICs.


The driving forces for the inclusion : We believe that the
driving forces for the formation of 1 are similar to those of
other b-CD-based ICs, which are related to van der Waals
interactions, release of cyclodextrin strain energy upon com-
plexation, hydrogen bonding between either the primary or
secondary hydroxyl groups of the cyclodextrin and the
guest, and hydrophobic interactions.[46] Moreover, the geo-
metric compatibility or fit is thought to be a significant
factor.[22] Recently, the theoretical calculations of ICs have
revealed that van der Waals interactions are the main driv-
ing force in complexation.[47]


Conclusion


The inclusion behavior of b-CD and bmimPF6 in aqueous
solution has been studied by solubility, conductivity, and 1H
NMR spectroscopy experiments. The results indicate that b-
CD and bmimPF6 can form ICs with a 1:1 stoichiometry.
The b-CD and the IL can promote the solubility of each
other due to the soluble nature of the ICs formed. XRD, 13C
CP/MAS NMR, and TGA studies illustrated that the ICs
are isomorphous, with a channel-type structure, with the b-
CD molecules adopting a symmetrical conformation, and
with each glucose unit of b-CD being in a similar environ-
ment. The thermal stability of the ICs is lower than the two
precursors. The possible reason for this is that the steric con-
gestion and the geometry distortion of b-CD in 1 reduces
the thermal stability of b-CD. When the cation bmim+ is in-
cluded into the cavity of b-CD, the distance between bmim+


and PF6
� may be longer than that in the ion pair bmimPF6,


which may reduce the decomposition temperature of the IL.


Experimental Section


Materials : b-CD was obtained from the Chemical Factory of Nankai Uni-
versity and used after drying at 80 8C under vacuum for at least 24 h. The
bmimPF6 ionic liquid was prepared and characterized following the pro-
cedures of other authors.[48] All liquid reagents used to prepare the IL
were AR grade. The water used was doubly distilled and deionized.


Apparatus and procedures : A low-frequency conductivity meter (Model
DDS-307, Shanghai Cany Precision Instrument Co., Ltd.) with a preci-
sion of �1% was used to measure solution conductivity at 25.0 8C.
Powder X-ray diffraction patterns were taken by using CuKa irradiation
with a Rigaku RAD-ROC X-ray diffractometer (voltage, 40 kV; current,
100 mA; scanning speed, 3 8min�1). 13C CP/MAS NMR spectra were ac-
quired on a Bruker DRX-400NMR spectrometer with a sample spinning
rate of 8.0 kHz at room temperature. 1H NMR studies were carried out
with a Varian ARX 400 NMR spectrometer at room temperature (ca.
25 8C). The instrument was operated at a frequency of 400.13 MHz. Cali-
bration of the proton chemical shift was achieved by using tetramethylsi-
lane as an internal reference standard. Samples were dissolved in D2O
(99.8 atom%D, Beijing Chemical Co., Inc.). TGA curves were obtained
by using a NETZSCH STA 409 PC/PG thermogravimetric analyzer. Sam-
ples were heated at 10 8Cmin�1 from room temperature to 900 8C in a dy-
namic nitrogen atmosphere.


To prepare the powder of the inclusion compound, bmimPF6 (1.50 g,
5.3N10�3 mol) and b-CD (5.99 g, 5.3N10�3 mol) were added to water
(150 mL). The mixture was agitated for about 15 min and the solution
became clear gradually. The water was removed at 65 8C by using a
rotary evaporator. The inclusion compounds were continuously dehydrat-
ed at 120 8C until the weight was constant.
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Selective Guest Encapsulation by a Cobalt-Assembled Cage Molecule


Roger G. Harrison,* Jessica L. Burrows, and Lee D. Hansen[a]


Introduction


Molecular recognition is the initial step in many reactions.
Catalytic transformation of biomolecules, selective catalysis,
and chiral catalysis rely on molecular differentiation. To en-
hance molecular recognition, host molecules have several in-
teraction sites. Thus, rings, cavitands, and cages, which have
several binding sites that act in a cooperative manner, are
used as hosts for selective molecular recognition. Over the
last three decades, rings and cavitands with open frame-
works have been used extensively to bind charged and neu-
tral species.[1] Cage compounds, formed either by covalent,
hydrogen, or metal bonds, have also been shown to exhibit
strong molecular binding and encapsulation.[2]


Cages assembled with metal ions have a range of cavity
sizes and encapsulate a variety of molecules.[3] Most enclose
space by using metal ions to assemble several multidentate
ligands. Many of the metal-assembled cages encapsulate
either anions[4] or cations,[5] due to the overall charge on the
cages being either positive because of the metal ions, or neg-


ative because of the ligands. Some also encapsulate neutral
molecules, often of solvent.[6] One family of these metal-as-
sembled cages consists of resorcinarene cavitands assembled
by metal ions.[7] Resorcinarenes have preformed cavities of
aromatic groups, which become walls in the cage when the
resorcinarenes are grouped together by the metal ions. We
have found that resorcinarene-based metal-assembled cages
are able to encapsulate a variety of neutral organic mole-
cules containing aliphatic, aromatic, and heteroatom moiet-
ies.[8] The resorcinarene-based metal-ion-assembled cages
are similar to the organic and hydrogen-bonded resorcinar-
ene-based molecules that have an extensive history of en-
capsulation. The metal-ion-assembled cages differ, however,
in that they are assembled and soluble in water, their encap-
sulation is triggered by pH change, and they have metal ions
close to the encapsulated guest molecules. These cages may,
therefore, be useful for the removal of organic molecules
from water, in catalyzing the reactivity of encapsulated
guests, and as NMR shift reagents.


Although guest encapsulation is mediated by most cages,
the selective encapsulation of a guest is more challenging.
Selective guest encapsulation is important for separating
similar molecules or for encapsulating a specific target mole-
cule. In the formation of organic-based[9] and hydrogen-
bonded[10] cages, the guest often acts as a template for cage
formation, and the template effect can be very dramatic.
The template-directed assembly of metal cages has also
been reported.[11] Although selective encapsulation is well


Abstract: Metal-assembled resorcin-
arene-based cages enclose space and
entrap organic molecules from water.
Addition of cobalt(ii) ions to a neutral,
aqueous solution of a resorcinarene
that has iminodiacetic acids attached to
its upper rim results in the formation
of cages. These cages not only entrap
organic molecules, but they do so in a
selective manner. Guests with optimum
size, shape, and polarity are preferen-
tially entrapped. For example, selection


of p-xylene is twenty thousand times
more favorable than that of m-xylene.
The enthalpy of resorcinarene deproto-
nation and cage formation was calcu-
lated by performing calorimetry studies
and ranged from �305 to


�348 kJmol�1. The change in enthalpy
of guest encapsulation varied by as
much as 43 kJmol�1. The differences in
change in free energy of guest encapsu-
lation varied by �16 kJmol�1. The
changes in enthalpy and free energy of
guest encapsulation were used to calcu-
late the changes in entropy, which
ranged from �97 to +37 Jmol�1K�1.
An enthalpy–entropy compensation of
guest encapsulation was observed.


Keywords: cage compounds · en-
tropy of encapsulation · host–guest
systems · molecular recognition ·
resorcinarenes
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established in nonmetal-assembled cages,[12] it is rare in
metal-assembled cages.[13] Here, we present detailed findings
on the selective encapsulation of organic molecules by
metal-assembled cages.


We previously found that the assembly of resorcinarenes
with appended iminodiacetate groups into cage molecules
can be induced by metal ions, and that these metal-assem-
bled cages can encapsulate organic molecules.[8] Thus, the
addition of cobalt(ii) or iron(ii) ions to a solution of func-
tionalized resorcinarene (1) and organic molecules results in
the encapsulation of the organic molecules by the metal–re-
sorcinarene cage. Guest encapsulation can be demonstrated
by a large upfield shift in the NMR spectrum of the encap-
sulated guest (30 ppm), and by X-ray crystallography show-
ing guest molecules in the cage. Even though these metal-as-
sembled cages are water soluble because of their overall
anionic charge, they posses an elliptical (10I11 J), hydro-
phobic cavity surrounded by aryl and etheric groups. In ad-
dition, we were able to show that the cages encapsulate
guests selectively. For example, p-xylene is encapsulated
twenty thousand times more favorably than either o- or m-
xylene. The encapsulation preference correlates with the
size, shape, and polarity of the guest. The enthalpy change
during encapsulation is favorable for the highly selected
guests. Calorimetric titrations show that several steps are in-
volved in cage formation and guest encapsulation. Differen-
ces in free energy and entropy changes for guest encapsula-
tion were calculated from competitive encapsulation ratios
and the enthalpies of encapsulation.


Results


Stirring of the resorcinarene-based cavitand (1), cobalt(ii)
ions, and organic molecules at pH>5 results in the forma-
tion of cage molecules ([Co4(1)2]


8�) and the encapsulation of
organic molecules (Scheme 1). This occurs in most cases,
even though the organic molecules are present at a lower
concentration than the water molecules, with which they
compete for the cage interior. To determine the preference
of a cage for one guest over another, studies were per-
formed in which two different organic molecules were pres-


ent during cage formation. As shown in Figure 1, the proton
resonances of the encapsulated guests appear in the �20 to
�40 ppm region of an NMR spectrum. The proton NMR
signals were integrated to obtain the quantity of each cage–
guest complex. The cage has a high affinity for some mole-
cules (e.g., anisole and p-xylene) and a low affinity for
others (e.g., pentane and dichloromethane), as seen in
Table 1. The values listed in Table 1 are the selectivities rela-
tive to that of benzene, which was set at 100.


Scheme 1. Guest encapsulation by a metal-assembled cage.


Figure 1. 1H NMR spectra of a cage formed in the presence of toluene
and n-hexane. Bottom spectrum shows cage peaks and guest peaks from
20 to �40 ppm. Top spectrum is a blow up of the �20 to �40 ppm
region. There are two sets of cage peaks, one with toluene inside and one
with hexane inside. The cage peaks are at �24.5, �25.5, �31, and
�32 ppm. The four peaks for encapsulated toluene are at �20, �23.5,
�29, and �32.5 ppm. The three peaks for hexane are at �25, �35, and
�38 ppm. (The small broad peaks next to the hexane peaks are for a
minor isomer.)
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Relative selectivity values can be used to calculate rela-
tive free energy changes for guest encapsulation. In the
presence of two potential guest molecules, the reactions are:


2 1þ4Co2þþAguest ! cage�A


KA ¼ ½cage�A�=½1�2½Co2þ�4½Aguest�
ð1Þ


2 1þ4Co2þþBguest ! cage� B


KB ¼ ½cage� B�=½1�2½Co2þ�4½Bguest�
ð2Þ


Because [1] and [Co2+] were kept constant, Equation (1)
can be divided by Equation (2) to give the expression
([cage–A]/[cage–B])/([Aguest]/[Bguest])=K, in which K=KA/
KB. The ratio of [cage–A]/[cage–B] is the same as the guest
encapsulation preference. The ratio [Aguest]/[Bguest] is calcu-
lated by subtracting the amount of guest in the cage from
the original amount of guest. From the relationship DG8=
�RTlnK, the difference in free energy of encapsulation be-
tween two guests can be calculated. For example, for tolu-
ene and benzene, DG8=�4.5 kJmol�1; for p-xylene and
benzene, DG8=�14 kJmol�1; and for p-xylene and fluoro-
benzene, DG8=�16 kJmol�1.


Results of NMR analysis to track cage formation and
guest entrapment showed that at pH<3.0, cavitand proton
resonances are in the diamagnetic region and, thus, the cavi-
tand is not bound to the paramagnetic Co2+ ions. As the pH
exceeds a value of 3.0, the proton resonances broaden,
which indicates the binding of Co2+ ions. At pH greater
than 5.0, the cavitand proton signals become narrower and
cover a range of 200 ppm, indicating that the metal-assem-
bled cage has formed. There is not a clear change of proton
NMR signals from metal-free cavitand to cage, due in part
to the shifting of resonances from the diamagnetic to the
paramagnetic region. Thus, equilibrium constants for guest
encapsulation could not be determined by NMR analysis.


Titration calorimetry was used to measure the enthalpy
change for encapsulation.[15] Initial titrations of Co2+ ions
into a solution of 18� showed that the formation of a cage
from two molecules of 18� and four Co2+ ions is kinetically
controlled. Titration curves were complex and did not show
the stoichiometry for quantitative cage formation. Results of
NMR titrations showed that some of the iminodiacetate
groups of 18� were not coordinated to Co2+ , even in the
presence of excess Co2+ ions. The inverse titration, in which
18� was titrated into a solution of Co2+ ions, revealed the
formation of several unidentified products before the ap-
pearance of the final [Co4(1)2]


8� product. To create a reac-
tion environment similar to that used in the selective encap-
sulation studies, an acidic solution containing 1 and Co2+


ions was titrated with a solution of NaOH. Quantitative for-
mation of cage by this method was confirmed by performing
NMR titrations. This indirect titration method requires cor-
rection for the heats of deprotonation and water formation,
but allows determination of the heat of cage formation.


Following the titration of an acidic solution of 1 with a
base, two exothermic regions are noted (Figure 2). The en-
thalpy change for the first region is approximately �38 kJ
per mole of OH� ions. The iminodiacetic acid moieties of 1
can have three acidic protons; two on the carboxyl groups
and one on the nitrogen atom. At pH 3.0, at which the ini-
tial titrations are performed, the iminodiacetic acid group
has lost the hydrogen atom from one carboxyl group (pKa


less than 0) and most of the hydrogen atoms from the other
carboxyl group (pKa=2.3).[16] Thus, the first portion of
added hydroxide reacts with ionized H+ ions and increases
the dissociation of the second carboxyl group of the imino-
diacetic acid groups (Scheme 2). As the mole ratio of added
hydroxide increases from 	1.5 to 5.5, the proton from the
nitrogen of the iminodiacetic acid is removed. Curve fit-
ting[17] the titration data produces a conditional equilibrium
constant, associated with loss of the ammonium proton, of
3.0I105, assuming a one-site model. The enthalpy change
for the second region is �29 kJmol�1, which is similar to
that calculated upon titration of the model compound, ben-
zyliminodiacetic acid (BIDA), with OH� , K=1.6I105 and
DH8=�28 kJmol�1. These data are in agreement with the
literature values for BIDA (K=1.3I105) and methylimino-
diacetic acid (DH8=�29 kJmol�1).[16] The titration of BIDA
was performed in the same way as for 1, except that the


Table 1. Relative guest encapsulation preference.[a]


Guest (solubility in mmolL�1 H2O at 25 8C)[19] Encapsulation preference


anisole 27400
p-xylene (1.7) 26700
ethyl benzene (1.5) 2700
acetonitrile[b] 1050
ethyl acetate (920) 800
toluene (5.9) 600
styrene 580
4-chlorotoluene 430
bromobenzene (2.9) 390
1-isoamyl alcohol (410) 270
1-hexanol (52) 210
hexane (0.13) 206
diethyl ether (810) 200
1-bromobutane 170
1-pentanol (240) 122
heptane (0.023) 105
1-chlorobutane 103
chlorobenzene (4.35) 102
benzene (23) 100
1-butanol (1100) 96
1,2-dibromoethane 80
1-bromopropane (19) 77
benzonitrile 69
1-bromopentane 67
fluorobenzene (16) 42
pentane (0.58) 40
bromoethane 35
chloroform (84) 18
1,2-dichloroethane (88) 7
dichloromethane (235) 3
tetrahydrofuran 2
m-xylene (1.7) <1
o-xylene (1.7) <1


[a] Values are the selectivities relative to that of benzene, which was set
at 100. [b] Two guest molecules were encapsulated.
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concentration of BIDA was four times that of 1. Each mole-
cule of 1 has four iminodiacetic acid groups and, therefore,
the pKa of one group could be affected by removal of a
proton from another group. The distance between the imi-
nodiacetic acid groups is too small for them to be independ-
ent of each other.


Titration of a solution of 1 with a base in the presence of
Co2+ ions produces a more complex titration curve
(Figure 3). During the titration, deprotonated 1, cobalt-coor-
dinated 1, and cage are formed sequentially (Scheme 3). At
the beginning of the titration (Figure 3, region a), at a pH of
approximately 3.0, the heat corresponds to the reaction of


free protons and protonated carboxyl groups with OH� ions,
and the coordination of cobalt to carboxylate groups. This
region gradually becomes less exothermic (region b), and in-
dicates a situation in which protonated carboxyl, unbound
Co2+ ions, carboxylate, and coordinated Co2+ ions are in


Figure 2. ITC titration curves, thermogram (top) and isotherm (bottom),
for the titration of 2.4 mm 1 with 92 mm NaOH.


Scheme 2. Deprotonation of 1.


Figure 3. ITC titration curves, thermogram (top) and isotherm (bottom),
for the titration of 2.4 mm 1 and 8.4 mm Co2+ with 92 mm NaOH.


Scheme 3. Deprotonation, Co2+ coordination, and cage formation.
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equilibrium. This phase (a–c) is followed by an exothermic
region of constant heat evolution per injection (region c),
which corresponds to nitrogen deprotonation and cage for-
mation. There is then a sharp decrease in heat evolved per
injection, followed by another region of constant heat per
injection, in which blue cobalt hydroxide forms (region d).
After this, the heat per injection equals the heat of dilution.


The stage of the titration at which one Co2+ ion coordi-
nates to two iminodiacetate groups, thus bringing together
two cavitands to form a cage, reveals a lot about cage as-
sembly. Data from this stage is expected to be influenced by
guest encapsulation. Titration of a solution of 1 and Co2+


ions in the presence of a guest produces curves similar to
those obtained in the absence of a guest, except in the case
of highly selected guests, such as anisole and p-xylene. In
the presence of these guests, a constant heat per injection is
observed not only during cage formation (Figure 4), but also
from the beginning of the titration to the point at which
cobalt hydroxide forms, which shows that these guests favor
cage formation.


The enthalpy change of cage formation can be calculated
from the average heat during the constant exothermic
region attributed to cage formation (region c of Figure 3).
As Table 2 shows, the enthalpy change of cage formation is
	�310 kJmol�1 for many guests and 	�348 kJmol�1 for
others. The enthalpy change of cage formation is apparently
more exothermic for guests that are highly selected, such as
p-xylene and anisole. Guests whose selectivity preferences
are fairly similar, such as toluene, benzene, and ether, have
similar enthalpy changes for cage formation.


Discussion


To assist in the understanding of guest selectivity, a few
properties of the cage need to be reviewed. The cage is el-
lipsoid in shape, being slightly larger in one direction than it
is in the other. It has two poles that are rich in aromatic
groups, with each pole being surrounded by four phenyl
groups. The cage has an equator region surrounded by
etheric groups that are slightly polar. The crystal structure
of the cage shows that the metal ions and their amine and
carboxylate ligands face away from the internal cavity of the
cage.[8] The metal centers are around the equator of the
cage and are separated from the cageOs cavity by methylene
groups.


The size of the cageOs cavity is important to guest selectiv-
ity. Of the nonpolar aromatic compounds, p-xylene is prefer-
red over toluene, which is preferred over benzene. This is
explained by the methyl groups of xylene and toluene,
which point into the poles of the cage and form C�H–aryl
and van der Waal interactions. The two methyl groups of
xylene form a stronger interaction than either the single
methyl group of toluene or a hydrogen atom on benzene.
The cage selectivity for benzene-containing molecules is ex-
plained by their optimum size. Seven of the ten most strong-
ly encapsulated molecules contain a benzene ring. Although
aromatic compounds are some of the most highly selected,
they also show variations in selectivity. There is a correlation
between size and encapsulation selectivity; for example, p-
xylene (26700), ethyl benzene (2700), toluene (600), and
benzene (100) show that encapsulation selectivity follows a
trend from largest to smallest. Thus, the replacement of the
hydrogen atoms on benzene with methyl groups increases
the cage preference for a molecule. However, the cage does
not encapsulate aromatic molecules that have more than
two non-hydrogen atoms on a benzene ring.


A size effect is also demonstrated by the encapsulation of
alkane and haloalkane. The cage has a preference for alka-
nes with intermediate chain lengths, as shown by the selec-


Figure 4. ITC titration curves, thermogram (top) and isotherm (bottom),
for the titration of 2.4 mm 1, 8.4 mm Co2+ , and p-xylene with 92 mm


NaOH.


Table 2. Heats of deprotonation, cobalt coordination, and cage forma-
tion.


Compounds Heat[b] Heat[c] Heat[d]


in solution[a] [kJmol�1] [kJmol�1] [kJmol�1]


BIDA �27.6
1 �28.5
BIDA, Co2+ �31.4 �62.8
1, Co2+ �38.5 �77.0 �308
1, Co2+ , chloroform �39.7 �79.4 �318
1, Co2+ , fluorobenzene �39.3 �78.6 �314
1, Co2+ , benzene �38.1 �76.2 �305
1, Co2+ , diethyl ether �38.5 �77.0 �308
1, Co2+ , toluene �39.3 �78.6 �314
1, Co2+ , ethyl acetate �38.1 �76.2 �305
1, Co2+ , p-xylene �43.5 �87.0 �348
1, Co2+ , anisole �43.5 �87.0 �348


[a] Guests listed in order of selectivity. [b] Per mol of base added. [c] Per
[Co(ida)2]


2� formed. [d] Per cage formed.
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tion of n-hexane (206) over n-heptane (105) and n-pentane
(40), and 1-bromobutane (170) over 1-bromopentane (67)
and 1-bromopropane (77). Small molecules, such as chloro-
form, 1,2-dichloroethane, and methylene chloride are all
poorly selected, due to both size and polarity. One exception
was the small molecule, acetonitrile, which was encapsulated
with preference to larger molecules. However, in contrast to
all other molecules, two acetonitrile molecules were encap-
sulated instead of one.


The aromatic compounds also show that the shape of the
cage cavity affects guest encapsulation. Molecules of p-
xylene are selected twenty thousand times more readily
than molecules of o- and m-xylene. In the o- and m-isomers
of xylene, one methyl group is positioned at a cage pole,
and the other methyl group is positioned close to the equa-
tor, forcing aryl hydrogen atoms to contact cage atoms. An-
other example of shape selectivity is shown by comparing
ethyl benzene to styrene and benzonitrile. The sp3 carbon
atoms of the ethyl group on ethyl benzene make a favorable
aryl–C�C bond angle (1098) to allow for increased interac-
tion of a methyl group with the cage, whereas the sp2 carbon
atoms of styrene (aryl–C�C bond angle of 1208) and the sp
carbon atoms of benzonitrile (aryl–C�N bond angle of 1808)
form bond angles that do not allow for favorable methylene
or nitrogen interactions.


The interaction between guest and cage polarity also af-
fects guest encapsulation. The importance of guest polarity
is demonstrated by the series in which bromobutane (170) is
selected over chlorobutane (103) and pentane (40). As an-
other example, p-xylene (26700) is favored over p-chloroto-
luene (430), and toluene (600) is favored over chloroben-
zene (102). Cases in which the larger and more polorizable
bromine is bound to benzene show selectivities greater than
those of the chlorine compounds. Bromobenzene is prefer-
red over chlorobenzene, which is preferred over fluoroben-
zene. Although chlorobenzene is larger than benzene, it
does not have an improved selectivity. Bromine-containing
alkanes are selected over similar chlorine-containing com-
pounds, as shown by the preference of bromobutane to
chlorobutane (2:1 preference) and 1,2-dibromoethane to
1,2-dichloroethane (10:1 preference).


Heteroatom-containing compounds also reveal how guest
polarity may enhance encapsulation. Anisole is preferred
over ethyl benzene (10:1), diethyl either over pentane (5:1),
and 1-hexanol over heptane (2:1). Furthermore, polar mole-
cules, such as acetonitrile, ethyl acetate, and 1-isoamyl alco-
hol, are towards the top of the selectivity list. This encapsu-
lation of polar molecules exists even though their dipole at-
traction to the solvent water molecules is stronger than that
of the nonpolar molecules. However, there is a limit to how
polar a molecule can be and still be encapsulated. For exam-
ple, encapsulation of water competes with the encapsulation
of ethanol and is, in fact, preferred over the encapsulation
of methanol and DMF. Under the encapsulation conditions,
methanol and DMF are not detected in the cages. The en-
hanced acidity of the protons on the carbon next to the het-
eroatom may enhance the encapsulation of these molecules.


Another possible explanation for guest selectivity is that
those compounds that are least soluble in water are trapped
most easily. This explanation seems to be valid in a qualita-
tive sense for some guests. For example, the solubility
(mmolL�1) trend of benzene (23)> toluene (5.9)>ethylben-
zene (1.5)	p-xylene (1.7) is opposite to their trend in selec-
tivity: p-xylene (26700)>ethylbenzene (2700)> toluene
(600)>benzene (100). This explanation also seems plausible
when considering that very polar molecules, such as acetone,
methanol, and dimethylsulfoxide, are only sparingly encap-
sulated. However, not all compounds support this theory;
for example, the trend in solubility (mmolL�1) for the fol-
lowing polar compounds is: ethyl acetate (920)>diethyl
ether (810)>1-pentanol (240)>chloroform (84), and yet,
the trend in encapsulation preference is qualitatively the
same: ethyl acetate (804)>diethyl ether (200)>1-pentanol
(122)>chloroform (18). Slightly soluble guests along with
soluble guests are shown at the top and bottom of Table 1.


The difference in free energy calculated from the selectiv-
ity difference shows that those guests that are highly select-
ed are thermodynamically favored by about 16 kJmol�1


(Table 3). This is similar to the difference in free energy be-


tween guests encapsulated by cryptophanes.[18] The differ-
ence in enthalpy can be calculated by using the heats of
cage formation in the presence of different guests. These dif-
ferences do not follow an orderly trend to more negative
values in the way that the free energies do. By substituting
the free energy differences and enthalpy differences into the
Gibbs–Helmholtz equation, DG8=DH8�TDS8, the differen-
ces in entropy can be calculated (Table 3). The differences
in entropy correlate well with the size of the guest. If the
size difference between two guests is large, such as between
p-xylene and benzene, the entropy change corresponding to
encapsulation of the larger guest is more negative and less
entropically favorable. However, if a smaller guest is encap-
sulated, such as benzene instead of fluorobenzene, the dif-
ference in entropy is positive. Therefore, both the enthalpy
and entropy are important to guest selectivity. For example,
comparison of benzene and fluorobenzene shows that the
enthalpy of cage formation for benzene relative to fluoro-
benzene is positive (9.0 kJmol�1) and enthalpically not fa-
vorable; however, the entropy is positive (37 Jmol�1K�1)
and favorable, which results in a preference for benzene en-
capsulation. Another example is shown by comparing p-
xylene to benzene. The enthalpy of p-xylene encapsulation


Table 3. Differences in the free energies, enthalpies, and entropies of en-
capsulation between guests.


Guests: preferred DDG8 DDH8 Calcd DDS8
guest given first [kJmol�1] [kJmol�1] [Jmol�1K�1]


benzene/fluorobenzene �2.1 9.0 37
toluene/benzene �4.5 �9.0 �15
p-xylene/toluene �9.1 �34 �84
p-xylene/benzene �14 �43 �97
p-xylene/fluorobenzene �16 �34 �60
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is much more favorable (�43 kJmol�1) than that for ben-
zene; however, the entropy is much less favorable
(�100 Jmol�1K�1). The enthalpy–entropy compensation dis-
played by guest encapsulation is not uncommon for the
binding of guest to synthetic or enzyme receptors.[19]


Along with the titration calorimetry experiments for 1,
the benzyliminodiacetic acid (BIDA) model compound,
which is capable of forming a BIDA:Co coordination com-
pound of ratio 2:1, but not capable of assembling into a
cage, was also titrated. The heat of coordination of cobalt to
two BIDA molecules is less exothermic than the heat of co-
ordination of cobalt to two iminodiacetate units of 1 upon
formation of a cage. Thus, even though the four iminodiace-
tate groups on each 1 could coordinate to cobalt ions and
form other species apart from cages, such as oligomers, it is
thermodynamically favorable by about 8 kJmol�1 per cobalt
ion for the iminodiacetate groups to assemble two molecules
of 1 into a cage.


The last part of the titration, during which cobalt hydrox-
ide forms, is similar for all of the titrations (DH8=
�14 kJmol�1 of base) and does not show a correlation to
the guest present. However, this heat was less exothermic
when the cage was disassembled than when [Co(bida)2] was
broken apart (DH8=�18 kJmol�1 of base). Breaking the
bonds between four cobalt ions and eight iminodiacetate
groups from the cage and the formation of a cobalt hydrox-
ide species is less favorable than breaking the bonds be-
tween one cobalt and two BIDA molecules. As formation of
the cage is more stable, it is less favorable to break it apart.


Conclusion


The metal-assembled resorcinarene-based cage, 1, selective-
ly encapsulates neutral organic molecules. The most domi-
nant factors in encapsulation selectivity are guest fit and po-
larity. The guest of optimum size, shape, and polarity for the
cavity will occupy the greatest amount of cavity space and
have the greatest number of favorable bonding interactions
with the interior of the cage. Consequently, it will achieve
optimum binding. In most cases, molecules with intermedi-
ate polarity are selected over those that are either nonpolar
or very polar. The enthalpy changes for cage formation
around guests differ by as much as 43 kJmol�1 and the free
energy changes for guest encapsulation range from 2 to
15 kJmol�1. For the encapsulated guests, the entropy
changes range from �100 to +37 Jmol�1K�1 and correlate
to the differences in sizes of the guests.


Experimental Section


Solvents, reagents, and organic compounds were used as supplied from
commercial sources. [Ba4(1)] was synthesized as previously described.[8]
1H NMR studies were performed by using a Varian INOVA 300 MHz
Multinuclear FT-NMR spectrometer. Calorimetry was performed by
using a Calorimetry Sciences Corp. Isothermal Titration Calorimeter
Model 4209.


Selectivity studies : [Ba4(1)] (100 mg, 45 mmol) was dissolved in water
(7 mL) and 1m HCl (2 mL). K2SO4 (100 mg, 0.57 mmol) was added to
the solution and the precipitate (BaSO4) was removed. Small portions of
K2CO3 powder were then added to the solution until a pH of 6.0 was
reached. The water was removed by evaporation and the white residue
([K8(1)]) was collected. D2O (5 mL) was added to the dry residue and
the solution was divided into five aliquots. Two different potential guests
(0.010 mL of each) were added to each of the aliquots and the solutions
were capped and stirred for 30 min. CoCl2·6H2O (5.0 mg, 21 mmol) was
added to each aliquot and the solutions stirred for 5 min, after which
they were filtered and analyzed by performing proton NMR spectrosco-
py. The NMR peaks from encapsulated guest molecules were integrated,
and a mole-to-mole ratio of encapsulated guest molecules was calculated.
The selectivity ratios have an error of less than ten percent, which is due
to the ability to integrate the NMR signals. To check for reproducibility,
more than one run was performed with the same two guests, and most of
the guests were run with benzene. In the cases of anisole and p-xylene,
0.0010 mL was used instead of 0.010 mL, due to their high selectivity.
Due to its low selectivity, 0.010 mL of methylene chloride was run with
0.0010 mL of chloroform. The encapsulation preferences shown in
Table 1 were calculated by dividing the molar encapsulation ratio of
cage–Aguest/cage–Bguest by the mole ratio of Aguest/Bguest that was originally
present in the solution. To calculate the encapsulation preferences, cages
containing one guest were compared with cages containing the other
guest.


Titration calorimetry : Compound 1 was formed by dissolving [Ba4(1)] in
HCl (1m), followed by addition of aqueous KOH to adjust the pH of the
solution to 2.0. This induced the precipitation of 1 as a white solid
[K4�xH4+x(1)], which was isolated and dried. The exact molecular weight
of [K4�xH4+x(1)] was established by dissolving a known amount of it and
a reference compound in D2O and comparing the integrated 1H NMR
resonances. A 2.4 mm solution of 1 was prepared and adjusted to pH 3.0
by adding aqueous NaOH. A sample (1 mL) of this solution was placed
in the calorimeter ampule along with CoCl2·6H2O (2.0 mg, 8.4 mmol), in
either the absence of guest or the presence of 41 mmol of guest. The
ampule was placed in the calorimeter and the solution was stirred
(450 rpm) while the instrument equilibrated. During the titration, 40 or
50 injections of aqueous NaOH (92 mm), each with a volume of 5 or 4mL,
were added. Heats of dilution were small compared to the heats of reac-
tion. The results of at least six injections were averaged to calculate the
heat during cage formation. The studies with benzyliminodiacetic acid
were performed by using a 9.6 mm BIDA solution.
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Introduction


Conjugated polymers have received much attention in the
past two decades owing to their potential applications in
light-emitting diodes,[1–7] thin-film transistors,[1–2] chemical
sensors,[8] as well as electronic and photonic devices.[9–11] The
optoelectronic properties of conjugated polymers vary sig-
nificantly depending on the degree of extended conjugation
between the consecutive repeating units and the inherent
electron densities on the polymer backbone.[12–14] Among
them, conjugated pyridine-incorporated polymers have at-
tracted much attention owing to the possibility of fine-
tuning the optical properties by means of 1) the electron-ac-


cepting ability, 2) N-protonation, 3) N-oxidation, 4) N-alky-
lation, and 5) metal complexation.[15–29] p-Conjugated poly-
mers that incorporate aryl heterocyclic units, such as pyri-
dine, pyrrole, and thiophene rings, have been synthesized
and employed in industrial applications.[30–34] The ladder-
type polymers incorporated with pyrazines,[35] benzothiad-
azoles,[36]pyrroloimides,[37] pyridobisimidazoles,[38] and benzo-
thiazole[39] that contain intramolecular hydrogen bonds
along the polymer backbone are also known in the litera-
ture. One of the most important features of the pyridine-in-
corporated polymers is the high electron affinity of pyridine
compared to phenylene-based polymers.[40] Furthermore, the
use of a donor–acceptor system[41] and planarization of the
polymer backbone by means of weak interactions (e.g., in-
trachain hydrogen bonds) allow us to fine-tune the optical
and conducting properties of the polymers.[21–22]


Recently, a few reports have focused on the incorporation
of pyridine into a conjugated polymer backbone.[27–29,42–46]


Chemical sensors based on conjugated polymers are inter-
esting owing to their high sensitivity.[8] The synthesis of con-
jugated polymers with bipyridine/phenanthroline moieties
or crown ethers or a combination of both groups have al-
ready been reported in the literature.[8,15, 46] Our research ef-
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forts are focused on the synthesis and structure–property in-
vestigations of asymmetrically functionalized planar poly-
(paraphenylene)s (PPPs).[47–49] The target PPPs contain alter-
nating functionalized phenylene rings and 2,5-, 2,6-, or 3,5-
substituted pyridine rings on the polymer backbone.


Dodecyloxy groups are incorporated to increase the solu-


bility and ordered packing through alkyl-chain crystalliza-
tion. The intramolecular hydrogen bonds between the adja-
cent phenolic OH groups in P4 and P5 and the nitrogen
atom of the pyridine ring help to planarize the polymer
backbone. However, in polymer P6, no such intramolecular
hydrogen bonds are expected. The optical properties of the
polymer can be fine-tuned by protonation or alkylation of
the nitrogen atom, deprotonation of the OH groups, and
metal-ion complexation.


Results and Discussion


Synthesis and characterization : Recently, a simple oligomer
of the target polymer was synthesized by our group. It dem-
onstrated planarization of the rings owing to the formation
of intramolecular hydrogen bonds.[50] The crystal structure
of the oligomer (Figure 1) revealed the presence of hydro-
gen bonds between the hydroxyl groups and the pyridine ni-
trogen atoms. Interestingly, the torsion angle between the
hydroquinol ring and the pyridine ring is reduced to 4.78,


which results in planarization of the molecule. Even though
it is difficult to see a one-to-one structural correlation be-
tween oligomers and polymers, we incorporated such func-
tional groups along the main chain of our target polymers to
facilitate intramolecular hydrogen-bond-assisted planariza-
tion of the polymer backbone.


The general synthetic route
to the target polymers (P1 and
P4) is outlined in Scheme 1.
The monomer 1-benzyloxy-4-
dodecyloxyphenyl-2,5-bis(bor-
onic acid) (5) was synthesized
from hydroquinone following a
reported procedure.[42] 2,5-Di-
bromohydroquinone (2) was
obtained by bromination of hy-
droquinone with bromine in
acetic acid.[51] Monoalkylation
of 2 with dodecyl bromide in
the presence of NaOH/EtOH
at 45–50 8C gave compound 3,
which was benzylated to afford
4. Compound 4 was reacted
with n-butyllithium followed by


quenching with triisopropyl borate and hydrolysis with hy-
drochloric acid to afford bis(boronic acid) 5. All polymeri-
zations were carried out by means of Suzuki polycondensa-
tion reactions[42–43,46] in a mixture (3:2 v/v) of toluene and
aqueous potassium carbonate solution (2m) containing 3.0
mol % [Pd(PPh3)4] with vigorous stirring at 85–90 8C for 72 h
under a nitrogen atmosphere. After completion of the reac-
tion, the polymer was precipitated from methanol. The
target polymers, P4–P6, were prepared by debenzylation of
a solution of P1–P3 in CHCl3/THF/EtOH under a hydrogen
atmosphere with 10 % Pd/C as the catalyst. The resulting so-
lution was filtered (silica gel/celite), concentrated, and refil-
tered. The residue was washed with methanol and dried to
yield polymers P4 and P5. In the case of polymer P6, the
filtrate was concentrated to afford a solid polymer.


The molecular weights of the polymers were measured by
using gel permeation chromatography (GPC) with THF as
the eluant and polystyrene as the standard (Table 1). The
observed values are relatively low with a polydispersity
index of 1.1–1.4. This may be attributable to the fractiona-
tion of soluble low-molecular-weight polymer in solution.


Figure 1. Molecular structure of the oligomer (left), and its crystal structure: top view (middle) and side view (right). Hydrogen bonds are marked as
dotted lines.
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According to MIllen et al., the GPC results for rigid rod
polymers, particularly polymers with polar groups, are not
completely reliable with polystyrene standards, and the mea-
sured value is often lower than the actual molecular
weight.[52] Moreover, the structure and properties of the
low-molecular-weight PPPs may be similar to the oligomer
discussed above rather than to the high-molecular-weight
polymers. The obtained polymers P1–P6 are soluble in
common organic solvents, such as THF, chloroform, toluene,
and trifluoroacetic acid.


All polymers (P1–P6) were characterized by means of
FTIR, 1H NMR, 13C NMR, GPC, thermogravimetric analy-
sis (TGA), and X-ray diffraction. The assignments of the 1H
and 13C NMR peaks are given in the Experimental Section.
For polymer P1, peaks assigned to protons on the pyridine


rings were observed at d�9.0,
8.2, and 8.1 ppm. Those of the
phenylene ring protons ap-
peared at d=7.9 and 7.4 ppm.
The -CH2- signal of the benzyl
group appeared at 5.2 ppm and
-OCH2- at 4.1 ppm. The re-
maining peaks at d=1.8, 1.3,
and 0.9 ppm were assigned to
the hydrogen atoms on the ali-
phatic dodecyloxy groups. Data
for polymers P2–P3 were also
in good agreement with the
proposed structure. The NMR
signals of the target polymers
P4–P6 appeared as broad sig-
nals, and it is expected that the
polymer may contain head-to-
head and head-to-tail units
along the backbone.[42]


Thermal properties : The ther-
mal stability of the polymers
was evaluated by TGA with a
heating rate of 10 8C min�1


under a nitrogen atmosphere.
Benzylated parent polymers
P1–P3 showed good thermal
stability, and the onset degrada-
tion temperatures were in the


range of 290–310 8C (Figure 2). This decomposition corre-
sponds to the degradation of the benzyl groups on the poly-
mer backbone. The second onset temperature at 390–520 8C
corresponds to the decomposition of dodecyloxy groups and
the polymer backbone. Thus, two-step degradations were
observed for polymers P1–P3. For the target polymers P4–
P6, decomposition temperatures were observed at 80 and
220 8C; the first decomposition is attributed to evaporation


Scheme 1. Synthesis of polymers P1 and P4 : i) Br2/AcOH, 80 %; ii) NaOH/EtOH, CH3(CH2)11Br, 45–50 8C,
10 h, 65%; iii) K2CO3, C6H5CH2Br, 50 8C, 10 h, 90%; iv) nBuLi, THF, �78 8C, triisopropyl borate, RT, 10 h,
70%; v) K2CO3 (2m), toluene, [Pd(PPh3)4] (3.0 mol %), reflux, 3 days; vi) H2, 10% Pd/C, CHCl3/EtOH/THF.


Table 1. Molecular weight and polydispersity index (PDI) of polymers
P1–P6 at room temperature.


Polymer Color Mn
[a] Mw


[b] PDI


P1 bright yellow 3265 3883 1.1
P2 yellow 4354 6421 1.4
P3 light brown 3659 5284 1.4
P4 dark brown 2234 2389 1.1
P5 dark brown 2642 3292 1.3
P6 dark brown 2357 2591 1.1


[a] Number-average molecular weight. [b] Weight-average molecular
weight.


Figure 2. TGA traces of precursor polymers P1–P3. TGA data of P4–P6
are given in the Supporting Information.


Chem. Eur. J. 2005, 11, 5889 – 5898 C 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 5891


FULL PAPERPhenylene–Pyridinylene Copolymers



www.chemeurj.org





of the entrapped solvents from the polymer lattice. The
second decomposition above 370 8C corresponds to the loss
of dodecyloxy groups and the polymer backbone.


Electrochemical properties : The electrochemical behavior
of polymers P1–P6 was investigated by means of cyclic vol-
tammetry (CV). The experiments were performed in a 0.1m
solution of Bu4NClO4 in acetonitrile, with a scan rate of
50 mV s�1 at room temperature under a nitrogen atmos-
phere. A glassy carbon electrode was coated with a thin
polymer film and was used as the working electrode. Cyclic
voltammograms of polymers P1 and P4 are shown in
Figure 3, and the electrochemical data of the polymers P1–
P6 are summarized in Table 2.


The appearance of multiple oxidation and reduction
peaks is common to polymers containing electroactive
groups such as pyridine rings. In the oxidation region, a
peak was observed at �+1.3–1.5 V with reference to (Ag+/
Ag) and was assigned to the oxidation of the phenylene
group (main polymer chain). Such oxidation potentials have
been observed for other pyridine-containing copoly-
mers,[16, 42,46] and these values may be useful towards estab-


lishing the electron-transport properties. Additional oxida-
tion peaks were observed at �0.1 and �0.4 V for P1 and
P2, respectively. The oxidation potential (Eox) of P1 is
higher (1.52 V) than that of P2 (1.32 V), which indicates
that P2 can be easily oxidized or p doped compared with
P1. Consequently, HOMO and LUMO energy levels of P2
were lower than those of P1.[53,54] For target polymers P4
and P6, there was a slight difference in the oxidation poten-
tial compared with the precursor polymers P1 and P2. Poly-
mer P4 exhibited an oxidation peak at +1.51 V and a small
peak at �0.3 V. The strong interaction of the -OC12H25


groups with the counteranion of the supporting electrolyte
(perchlorate) may be one of the reasons for the observed ir-
reversibility.[46] Only P1 showed a reduction peak at �2.1 V.


The observed band gaps for the phenylene–pyridinylene
copolymers are generally 3.0–3.5 eV.[54] The calculated band
gap for our polymers P1–P6 are 3.0, 2.9, 3.3, 2.5, 2.9, and
3.2 eV, respectively.[55] The values of the band gap for the
benzylated precursor polymers (P1–P3) are higher than
those of the corresponding debenzylated target polymers
(P4–P6), and the values for benzylated polymers, P1–P3,
are comparable to the symmetrically functionalized PPP co-
polymers.[54] However, in the case of the debenzylated poly-
mers (P4–P6), the band gaps are lower than 3.0 eV, except
for P6, which contains meta-linked pyridine linkages on the
polymer backbone. Thus, the functionalization and intramo-
lecular hydrogen bonds facilitated a reduction in the size of
the band gap to 2.5 and 2.8 eV for P4 and P5 polymers, re-
spectively.


Optical properties


Absorption and emission spectroscopy : The absorption and
emission properties of the polymers (P1–P5 in chloroform
and P6 in methanol) are summarized in Table 3. The optical
properties of the polymers in chloroform are dependent on
the linkage (2,5-, 2,6-, or 3,5-) of the pyridyl rings and plana-
rization of the polymer backbone that results from hydrogen
bonding. From the structure of the oligomer (Figure 1), it is
clear that intramolecular hydrogen bonding facilitates plana-
rization of the molecule. The absorption spectra of the poly-
mers showed two maxima located in the range lmax=270–
300 nm and one above 300 nm. For polymers (P1 and P4)
with 2,5-substituted pyridine rings, the absorption maxima
were observed at 384 and 425 nm, respectively, (Figure 4).
For P2 and P5 with 2,6-substitution, the lmax were blueshift-


Figure 3. Cyclic voltammogram of a thin film of polymers P1 and P4 re-
corded with a glassy carbon electrode under a nitrogen atmosphere. CV
traces of the other polymers are given in the Supporting Information.


Table 2. Electrochemical potentials and energy levels of polymers P1–
P6 at room temperature.[a]


Polymer Band
gap[b]


Eox (onset)
[V][c]


Ered (onset)
[V][c]


HOMO
[eV][d]


Calcd LUMO
[eV][e]


P1 3.0 1.24 �1.85 5.68 �2.68
P2 3.1 0.96 – 5.40 �2.27
P3 3.3 – – – –
P4 2.5 0.9 – 5.34 �2.84
P5 2.9 – – – –
P6 3.2 1.00 – 5.44 �2.22


[a] Electrochemical data are not available for P3 and P5. [b] Estimated
from the onset wavelengths of the polymer in solution. [c] Estimated
from cyclic voltammetry. [d] Calculated from the onset oxidation poten-
tial. [e] Because no reduction potentials were observed, they had to be
derived from the band gap and the HOMO.


Table 3. Absorption and emission wavelengths for the polymers P1–P6
in chloroform.


lmax [nm]/E [eV] emax lemiss [nm]/E [eV]


P1 384/3.2 9.15 M 104 431/2.9
P2 359/3.5 13.04 M 104 402/3.1
P3 331/3.7 9.89 M 104 393/3.2
P4 425/2.9 4.83 M 104 503/2.5
P5 362/3.4 5.28 M 104 420/3.0
P6[a] 302/4.1 1.50 M 104 392/3.2


[a] Methanol or tetrahydrofuran.
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ed to 359 and 362 nm, respectively (Table 3). The latter is at-
tributed to the low p-conjugation length on the polymer
backbone because of the meta-linked pyridine rings.


The absorption maxima (lmax) for polymers P3 and P6
with 3,5-substituted pyridine rings were blueshifted to 331
and 302 nm, respectively, implying a minimum p-conjuga-
tion length. It is also interesting to note that the lmax for P3
is higher than that for P6, which is presumably caused by in-
termolecular hydrogen-bond formation in the P6 polymer
lattice. This reduces the planarity and effective conjugation
length along the polymer backbone in P6.


The target polymers (P4–P6) have higher lmax values
than the corresponding precursor polymers (P1–P3) with a
Dlmax of 4–45 nm. The shift in the absorption maximum of
precursor polymer P1 to the target polymer P4 was
�41 nm. This large shift may be attributable to planariza-
tion of the polymer backbone, which is caused by the forma-
tion of intramolecular hydrogen bonds between the adjacent
phenolic OH groups and the pyridine nitrogen atoms as
seen in the crystal lattice of the oligomer (Figure 1). More-
over, the lmax value of P6 is significantly smaller than that
observed for P4. This again confirms the role of intramolec-


ular hydrogen bonding in the planarization of the polymer
backbone. Also, the lmax value of linear P1 or P4 is higher
than that of the bent polymers P2 and P3 and the corre-
sponding debenzylated polymers P5 and P6. The FTIR
spectra of the target polymers showed a sharp absorption in
the region of 3437–3406 cm�1, which indicates hydrogen-
bond formation inside the polymer lattice. The value of lmax


for polymer P4 in a polar solvent, such as tetrahydrofuran
(THF, weak intramolecular hydrogen bond) is smaller
(383 nm) than in the nonpolar solvent, chloroform (425 nm).
This is only applicable for P4, and in all other cases there
were no changes in the values of lmax in different solvents.
This may be attributable to the formation of strong intramo-
lecular hydrogen bonds in nonpolar chloroform leading to
high planarity and conjugation length.[37]


The emission spectra of the polymers (P1–P6) were re-
corded by exciting them at the maximum absorption wave-
length observed from the corresponding UV-visible spectra
of the polymers. All our polymers (P1–P6), except P4, emit
in the blue region. However, polymer P4 emits in the green
region (Figure 5, Table 3). Absorption and emission spectra
of P1–P3 and P4–P6 are given in Figures 4 and 5, respec-


Figure 4. Absorption (left) and emission (right) spectra of polymers P1–P3 in chloroform at room temperature. Absorbance and intensity have arbitrary
units.


Figure 5. Absorption (left) and emission (right) spectra of polymers P4–P6 in chloroform at room temperature. The observed blueshift in the maxima of
P6 and P5 indicates less planarization for the polymer backbone. Absorbance and intensity have arbitrary units.
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tively. Polymer P4 emits in the green region (lmax=503 nm)
with a large Stokes shift of �72 nm. This may be attributa-
ble to the possibility of hydrogen-bond-assisted excited-state
intramolecular proton transfer (ESIPT), as observed for
other hydrogen-bonded oligomers and polymers.[57–61] Simi-
lar Stokes shifts were observed for P5 and P6 (Table 2).
However, for the 2,6-substituted (P2 and P5) and 3,5-substi-
tuted (P3 and P6) polymers, the differences in lemiss are 18
and 1 nm, respectively. The difference in lemiss between P2
and P5 can also be explained by ESIPT, as described for
2,5-substituted polymers, (P1 and P4) owing to the forma-
tion of hydrogen bonds between the phenolic OH group
and the pyridine nitrogen atom. However, the reduction in
the value may be caused by the meta-linked pyridine rings
along the polymer chain. In the case of polymers P3 and
P6, intrachain hydrogen bonds cannot be formed owing to
the 3,5-linkage of pyridine rings along the polymer chain
and this may explain the insignificant difference in lemiss


values. However, strong intermolecular hydrogen bonding is
possible in the lattice of P6, which is insoluble in chloro-
form, but soluble in more polar solvents, such as methanol.
The intermolecular hydrogen bonds also reduce the planari-
ty of the polymer chain, as seen in the values of lmax


(Table 3). Polymer P4 emits in the green region (503 nm) in
chloroform and in the blue region (432 nm) in THF at the
excitation wavelength of 365 nm. The other polymers did
not show such solvatochromism. This again indicates the for-
mation of strong intramolecular hydrogen bonds along the
polymer chain in chloroform and weak interactions in polar
solvents, such as THF.


Influence of acid and base—Protonation and deprotonation
of polymers : The precursor polymers P1–P3 and the target
polymers P4–P6 were expected to react with protic acids
and metal ions. The influence of acids and bases on the opti-
cal properties of the polymers is summarized in Table 4.


In the case of benzylated polymer P1, protonation in
chloroform leads to a redshift of lmax from 384 to 413 nm
(Dlmax=29 nm), and for the debenzylated polymer P4,
Dlmax=10 nm was observed on the addition of 20 mm


CF3COOH. This redshift may be attributable to planariza-
tion through hydrogen bonding (Figure 6) and charge trans-
fer from the electron-rich phenyl ring to the electron-defi-
cient pyridine moiety, which is enhanced by the protonation
of nitrogen atoms of the pyridine ring.[29] Moreover, the for-
mation of O···H�N+ hydrogen bonds also enhances planari-
zation, which is more evident in P1 than in P4 (Figure 6).


The difference in lmax of the target polymers (debenzy-
lated polymer) upon addition of acid is smaller compared
with the precursor polymers (benzylated polymer). It indi-
cates the presence of a strong interaction between the ether
oxygen and the protonated pyridine nitrogen in the case of
precursor polymers and large conformational changes and
planarization caused by protonation. Such a significant red-
shift was also observed for other polymers (P2–P6).
Figure 7 shows the influence of an acid on polymer P1 and
the influences of acid and base on polymer P4. Figure 8 de-
picts the changes in the emission spectra of polymer P1
with increasing concentrations of CF3COOH (0 to 400 mm).
The emission intensities diminished rapidly with CF3COOH
concentration and all other polymers (P1–P3, P5–P6)
showed similar changes in the absorption and emission
properties.


In addition, the target polymers P4–P6 are sensitive to
sodium hydroxide on account of the presence of acidic hy-
droxyl groups on the polymer backbone. As seen in
Figure 7, there is a significant blueshift (Dlmax of 45 nm) in
the absorption maximum in the presence of base (20 mm


NaOH) in a solution of P4 in chloroform (Table 4). This
was expected owing to the formation of electron-rich pheno-
late anions along the polymer backbone and the loss of pla-
narization as a result of hydrogen bonding. Similar influen-
ces on the optical properties upon addition of acids were re-
ported for pyridine-incorporated copolymers.[43] For the
polymers P4 to P6, the optical properties were different
owing to hydrogen bonding between phenolic groups and
the pyridine nitrogen atom as well as to the different substi-
tution pattern of the pyridine ring. Moreover, all polymers
are sensitive to the H+ and OH� ion concentrations. Thus
the absorption and emission properties of the polymers can
be fine-tuned over a wide range by varying the quantity of
acid or base added.


Ionochromic effects of polymers : The metal-induced iono-
chromic effects of the bipyridine- or phenanthroline-incor-


porated conducting polymers
have already been reported by
a few research groups.[15,62–64]


Owing to the good complexa-
tion ability of the pyridine ni-
trogen atom and adjacent phe-
nolic OH groups, it was expect-
ed that polymers P4–P6 would
show significant responses to
various metal ions. The iono-


Table 4. Influence of acid and base on the absorption/emission spectra of the polymers in chloroform.[a]


Polymer Precursor polymers Target polymers
P1 P2 P3 P4 P5 P6


lmax/lemiss [nm] 384/431 359/402 331/393 425/503 362/420 302/392
protonation, Dl [nm] +29/+70 +8/+95 +12/+100 +10/+13 +5/+6 +6/+5
deprotonation, Dl [nm] [b] [b] [b] �45/�70 �10/�8 �6/�4


[a] + and � indicate red- and blueshifts, respectively. [b] No changes were expected owing to the absence of
phenolic groups.


Figure 6. Possible structure of the protonated benzylated polymer (left)
and the target polymer (right).
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chromic effects of the polymers P1–P6 were studied in
THF with aliquots of solutions of the metal salts in metha-
nol (Table 5). The colors vary from originally colorless/
yellow to pink, green, purple, reddish brown, and so forth,
depending on the metal ions and polymers used for analyses.
The differences in the absorption (Dlmax) of the polymers
upon addition of metal ions are given in Table 5. The ob-


served redshifts in the lmax of the polymers were attributed
to the conjugation enhancement along the polymer back-
bone induced by the coordination of metal ions with the
pyridine nitrogen and the phenolic group.[15]


For different metal ions, the changes in lmax may be attrib-
uted to the binding ability of the metal ions with the poly-
mer backbone. Based on the spectral response, the precur-
sor polymers (P1–P3) were only able to complex selected
transition-metal ions, particularly Cu2+ and Fe3+ ions. In the
case of polymer P1, the redshifts in the absorption were
�35 nm and 146 nm upon the addition of Cu2+ and Fe3+


ion solutions, respectively. Similar influences of these metal
ions were observed for the other two precursor polymers P2
and P3. Thus, addition of metal salts completely quenched
the fluorescence of polymers. This indicates strong coordina-
tion between the metal ions and the polymer.


The target polymers P4–P6 showed significant changes in
lmax in the presence of Cu2+ , Fe3+ , Co2+ , and Ag+ metal
ions (see Table 5). Polymer P4 showed more sensitivity to-
wards metal ions, which may be caused by the adjacent posi-
tion of the pyridine nitrogen atom and the phenolic group
on the polymer backbone. Possible geometries of the metal
complexes for P1 and P4 are given in Figure 9 (left). “Ln”
represents other ligands or complexation sites from the adja-
cent polymer chains, as shown in Figure 9 (right).


Addition of a Cu2+ or Fe3+ salt solution to a solution of
P4 in THF resulted in a redshift (Dlmax) of 44 and 144 nm,
respectively. This is caused by the formation of metal com-


plexes. In a few cases, the metal
complexes showed a blueshift
in their lmax indicating that dif-
ferent metal ions demand dif-
ferent geometries in order to be
able to form interchain com-
plexes from adjacent polymer
chains. This imposes considera-
ble strain on the conformation
of the polymer backbone
(Figure 9). It is more pro-


Figure 7. Absorption spectra in neutral pH for polymer P1 (a) and P4 (c), in the presence of H+ for P1 (b) and P4 (d), in the presence of OH� for poly-
mer P4 (e) in chloroform at room temperature. Concentrations of P1 and P4 were 3.06 M 10�5


m and 3.52 M 10�5
m, respectively. Note the redshift in lmax


caused by protonation and the blueshift caused by deprotonation. Absorbance has arbitrary units.


Figure 8. Changes in the emission spectra of P1 in chloroform at differ-
ent concentrations (in mm) of CF3COOH: 1) 0, 2) 4, 3) 8, 4) 12, 5) 16,
6) 20, 7) 24, 8) 28, 9) 40, 10) 60, 11) 80, 12) 120, 13) 240, 14) 320, and
15) 400 mm in methanol. The concentration of P1 was 3.06 M 10�5


m. Data
of other polymers are given in the Supporting Information. Intensity has
arbitrary units.


Table 5. Absorption responses of P1–P6 upon addition of metal ions in THF.


Polymer lmax [nm] Dlmax [nm] in the presence of metal ions[a]


of free ion Cu2+ Fe3+ Co2+ Ni2+ Pd2+ Mn2+ Zn2+ Ag+ Mg2+ Pr3+


P1 384 +35 +146 [b] [b] [b] [b] [b] �4 [b] [b]


P2 362 +38 +72 [b] [b] [b] [b] [b] [b] [b] [b]


P3 331 +64 +70 [b] [b] [b] [b] [b] [b] [b] [b]


P4 383 +44 +144 +15 �6 �18 �5 �4 �13 �3 +8
P5 360 +49 +114 +4 [b] [b] [b] [b] �9 [b] [b]


P6 302 +56 +20 +2 [b] [b] [b] [b] �3 [b] [b]


[a] The + and � are red- and blueshifts, respectively. [b] No significant influence.
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nounced in the case of P4, in which two complexation sites
from the adjacent rings participate in the complexation.
Figure 10 depicts the emission spectra of polymer P4 in
THF in the presence of Cu2+ and the corresponding changes
in fluorescence intensity with other transition-metal ions are
shown in Figure 11.


A maximum quenching was observed in the presence of a
solution of ~6 mm Cu2+ and ~1.6 mm Fe3+ ions. Polymer
P4 also showed significant changes in its optical properties


in the presence of other transition-metal ions, such as Co2+


(Dlmax=15 nm), Ni2+ (Dlmax=6 nm), Pd2+ (Dlmax=18 nm),
Ag+ (Dlmax=11 nm), Mn2+ (Dlmax=5 nm), and Zn2+


(Dlmax=4 nm) (Table 4). There were no significant changes
in lmax in the presence of alkali, alkaline earth metals, or
rare-earth metal ions. However, there was a slight change in
the absorption maximum in the presence of Mg2+ (Dlmax=


3 nm) and Pr3+ (Dlmax=8 nm) ions.


X-ray diffraction (XRD) studies : The XRD patterns of the
powdered samples of polymers P1–P6 were recorded to un-
derstand their self-assembly in the solid state. The typical X-
ray patterns for polymers P1 and P4 are given in Figure 12.
Precursor polymers P1–P3 exhibited two peaks: a small
peak in the low-angle region (2q=5.50–4.13 (d=15.0–
21.0 P)) which correspond to a distance between the poly-


mer chains separated by the long alkoxy groups, and a
broad peak in the wide-angle region of 2q values at 21.02–
21.80 (d=4.0–4.2 P), which may be attributable to the side-
to-side distance between loosely packed alkyl chains.[20, 46]


Thus, in the solid lattice, polymers are considered to be or-
ganized because the long alkoxy groups are able to crystal-
lize. For the target polymers P4–P6, a broad peak at the
wide-angle region of 2q values at 20.80–23.128 was observed
at d=3.8–4.2 P.


Figure 9. Representation of a possible structure of metal complexes of benzylated polymer P1 and target polymer P4 (left), and a sketch representing a
possible structure of the polymer–metal complex inside the polymer lattice (right).


Figure 10. Changes in the emission spectra of P4 in THF at different con-
centrations (in mm) of Cu2+ (methanolic solution): 1) 0, 2) 0.8, 3) 1.6,
4) 2.4, 5) 3.2, 6) 4.0, 7) 4.8, 8) 5.6, 9) 6.4, 10) 7.2, 11) 8.0 mm. The concen-
tration of P4 was 3.52 M 10�5


m. The spectral data of the other polymers
are given in the Supporting Information. Intensity has arbitrary units.


Figure 11. Titration traces of metal ions (Cu &, Fe *, Ag ~, Ni !, Pd ^)
added to polymer P4 in THF (concentration of P4 is 3.52 M 10�5


m). In-
tensity has arbitrary units.


Figure 12. XRD patterns of polymers P1 and P4. Data for the other
polymers are given in the Supporting Information.
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Conclusion


A series of luminescent conjugated polymers with alternat-
ing amphiphilic phenylene and pyridine units was synthe-
sized by the Suzuki polycondensation method. All polymers
exhibited good thermal properties, strong blue emissions in
solution, and optimum solubility in common organic sol-
vents, such as chloroform, THF, toluene, and trifluoroacetic
acid. Significant changes in the optical properties were ob-
served, depending upon the substitution of the pyridine ring
(2,5-, 2,6-, or 3,5-) and the formation of intramolecular hy-
drogen bonds. The observed blueshift in the absorption and
emission maxima observed for polymers P4–P6 implies a
reduction in planarization along the polymer backbone. The
large Stokes shift in the values of lmax and lemiss also con-
firmed the possibility of excited-state intramolecular proton
transfer (ESIPT) for P4 and P5 that was facilitated by intra-
molecular hydrogen bonding. The optical properties of the
polymers can be fine-tuned to a large extent by protonation,
deprotonation, and the addition of metal ions. Addition of
acid to the polymer solution gave a bathochromic shift and
the presence of base showed a hypsochromic effect. In all
the polymers, lmax and lemiss exhibited metal-ion dependence.
Therefore, the derived target polymers can be used for
metal-ion sensors.


Experimental Section


Chemicals and instrumentation : All reactions were carried out under an
inert atmosphere (N2 or argon), unless specified otherwise. All reagents
were purchased from Aldrich, Fluka, or Merck and were used without
further purification, unless otherwise stated. All reactions were carried
out with freshly distilled anhydrous solvents under an inert atmosphere.
THF was purified by distillation over sodium under a nitrogen atmos-
phere. The 1H and 13C NMR spectra were collected on a Bruker ACF 300
spectrometer operating at 300.135 and 75.469 MHz, respectively, in
[D]chloroform or [D4]methanol. Tetramethylsilane was used as an inter-
nal standard. FTIR spectra were recorded on a Bio-Rad FTS 165 spectro-
photometer in a KBr matrix. UV-visible spectra were recorded on a Shi-
madzu 3101 PC spectrophotometer and fluorescence measurements were
carried out on a Shimadzu RF-5301 PC spectrofluorophotometer. Spectra
were recorded in chloroform for polymers P1–P5 and in methanol for
P6. For metal complexation studies, the metal salt solution (in methanol
or water) was mixed with polymer solution in THF. Thermogravimetric
analyses were performed on TA Instruments SDT 2960 with a heating
rate of 10 8C min�1 under a nitrogen atmosphere. Gel permeation chro-
matography (GPC) was used to obtain the molecular weight of the poly-
mers with reference to polystyrene standards with THF as the eluant. X-
ray powder diffraction patterns were obtained on a SiemensD5005 X-ray
diffractometer with CuKa (1.54 P) radiation (40 kV, 40 mA). Samples
were mounted on a sample holder and scanned between 2q=2–408 with
a step size of 2q=0.018. Cyclic voltammetry (CV) was performed on an
EG&G Princeton model 273 A potentiostat/galvanostat system with a
three-electrode cell in a solution of Bu4NClO4 (0.10m) in acetonitrile as
the electrolyte, with an Ag/AgCl reference electrode, a platinum wire as
the counterelectrode, and a glassy carbon electrode as the working elec-
trode at a scan rate of 50 mV s�1.


Synthesis : The synthetic strategy for polymers P1–P6 is shown in
Scheme 1. 2,5-Dibromo hydroquinone (2), 2,5-dibromo-4-dodecyloxyphe-
nol (3), 2,5-dibromo-1-benzyloxy-4-dodecyloxybenzene (4), and 1-benzyl-


oxy-4-dodecyloxyphenyl-2,5-bis(boronic acid) (5) were synthesized by
means of the standard procedure reported in the literature.[47, 51]


General procedure for the polymerization of precursor polymers P1–P3 :
Compound 5 (4.11 g, 9 mmol) and dibromopyridine (2.14 g, 9 mmol)
were dissolved in degassed toluene (90 mL) under a nitrogen atmosphere.
After the addition of an aqueous solution of K2CO3 (2m, 60 mL), the cat-
alyst tetrakis(triphenylphosphino)palladium(0) (3 mol %, 0.52 g) was
added, and the mixture was stirred vigorously for 72 h at 85–90 8C,
cooled to room temperature, and poured into methanol (1 L). The yellow
solid was filtered, washed with 1) water, 2) methanol (2 M 25 mL), and
3) acetone (3 M 25 mL). The crude product was purified by repeated pre-
cipitation from methanol. The observed low molecular weight may have
been caused by fractionation of soluble components during GPC.


Polymer P1: Bright yellow powder; yield 83%; 1H NMR (CDCl3): d=


8.99 (d, 1H; py-H), 8.18 (m, 1H; py-H), 8.03 (m, 1H; py-H), 7.90 (b, 2 H;
Ar-H), 7.48 (b, 5H; Ar-H), 5.24 (b, 2H; PhOCH2Ph), 4.10 (b, 2 H;
PhOCH2CH2-), 1.80 (b, 2 H; -OCH2CH2-), 1.30 (b, 18H; -CH2-
(CH2)9CH3), 0.90 ppm (b, 3 H; -CH3); 13C NMR (CDCl3): d=149.5, 138.1,
136.4, 128.4, 127.8, 127.4, 127.2, 71.8, 69.4, 31.8, 29.6, 26.0, 22.6, 14.0 ppm;
FTIR (KBr): ñ=3062, 2922, 2852, 1590, 1504, 1459, 1420, 1359, 1230,
1197, 1024, 843, 732, 694 cm�1.


Polymer P2 : Yellow solid; yield 86%; 1H NMR (CDCl3): d=8.04 (b,
1H; py-H), 7.90 (m, 2 H; py-H), 7.71–7.30 (b, 7 H; Ar-H), 5.21 (b, 2 H;
PhOCH2Ph), 4.14 (b, 2 H; PhOCH2CH2-), 1.81 (b, 2 H; -OCH2CH2-), 1.30
(b, 18H; -CH2(CH2)9CH3), 0.86 ppm (b, 3H; -CH3); 13C NMR (CDCl3):
d=159.7, 154.4, 151.5, 128.3, 127.5, 123.6, 71.6, 31.8, 29.5, 26.3, 22.6,
14.0 ppm; FTIR (KBr): ñ=3061, 2923, 2852, 1567, 1503, 1451, 1379, 1196,
1022, 814, 734, 694 cm�1.


Polymer P3 : Light brown solid; yield 73 %; 1H NMR (CDCl3): d=8.85
(b, 2 H; py-H), 8.17 (b, 1 H; py-H), 7.70–7.10 (m, 6 H; Ar-H), 5.10 (b, 2 H;
PhOCH2Ph), 3.94 (b, 2 H; PhOCH2CH2-), 1.77 (b, 2 H; -OCH2CH2-), 1.22
(b, 18H; -CH2(CH2)9CH3), 0.87 ppm (b, 3H; -CH3); 13C NMR (CDCl3):
d=150.9, 149.9, 148.7, 137.5, 136.7, 133.1, 128.5, 127.8, 127.1, 116.8, 115.5,
71.8, 69.5, 31.8, 29.6, 26.0, 22.6, 14.0 ppm; FTIR (KBr): ñ=3032, 2923,
2852, 1946, 1744, 1589, 1507, 1436, 1378, 1267, 1201, 1022, 863, 729 cm�1.


General syntheses of polymers P4–P6 : Precursor polymer P1 (2.80 g)
was dissolved in a mixture of CHCl3/THF/EtOH (100:50:30 mL) at room
temperature. 10% Pd/C (5.0 g) and three drops of concentrated HCl
were added, and the mixture was flushed with nitrogen gas. The flask was
fitted with a hydrogen gas balloon and the mixture was stirred at room
temperature for about 2–3 days and then filtered through silica gel/celite.
The filtrate was concentrated under reduced pressure. The concentrated
solute was precipitated from methanol, filtered, and washed with
1) methanol, 2) acetone.


Polymer P4 : Dark brown solid; yield 82%; 1H NMR (CDCl3/
CF3COOD): d=9.02 (b, 1H; py-H), 8.82 (b, 1H; py-H), 8.35 (b, 1 H; py-
H), 7.66 (b, 1H; Ar-H), 7.30 (b, 1 H; Ar-H), 4.17 (b, 2H; PhOCH2CH2-),
1.91 (b, 2H; -OCH2CH2-), 1.31 (b, 18 H; -CH2(CH2)9CH3), 0.92 ppm (b,
3H; -CH3); 13C NMR (CDCl3): d=190.7, 149.8, 136.8, 131.8, 128.5, 128.4,
127.8, 127.2, 71.8, 31.8, 29.6, 26.0, 22.6, 14.0, 6.6 ppm; FTIR (KBr): ñ=
3408, 3061, 2923, 2852, 2037, 1945, 1591, 1545, 1505, 1462, 1417, 1219,
1017, 844, 734, 696 cm�1.


Polymer P5 : Dark brown solid; yield 85 %; 1H NMR (CDCl3): d=9.80
(s, 1H; py-H), 8.00 (b, 1H; py-H), 7.87 (b, 1H; py-H), 7.71 (b, 1H; Ar-
H), 7.46 (s, 1 H; Ar-H), 4.14 (b, 2H; PhOCH2CH2-), 1.78 (b, 2 H; -
OCH2CH2-), 1.26 (b, 18 H; -CH2(CH2)9CH3), 0.86 ppm (b, 1H; -CH3);
13C NMR (CDCl3): d=191.0, 190.0, 159.5, 134.5, 128.4, 128.3, 127.4,
125.4, 63.2, 31.7, 29.5, 26.1, 22.5, 13.9, 6.9 ppm; FTIR (KBr): ñ=3437,
3059, 2923, 2852, 1567, 1505, 1451, 1375, 1198, 1020, 812, 733, 695 cm�1.


Polymer P6 : Dark brown solid; yield 76 %; 1H NMR ([D7]DMF/
CF3COOD): d=10.35 (b, 1 H; py-H), 10.24 (b, 1H; py-H), 9.10 (b, 1 H;
py-H), 7.36 (b, 1 H; Ar-H), 6.95 (b, 1 H; Ar-H), 4.31 (s, 2H;
PhOCH2CH2-), 1.82 (b, 2 H; -OCH2CH2-), 1.25 (b, 18H; -CH2-
(CH2)9CH3), 0.86 ppm (b, 1 H; -CH3); 13C NMR (CD3OD): d=163.8,
151.4, 151.1, 147.9, 130.4, 129.3, 128.2, 128.0, 126.1, 117.3, 70.3, 62.0, 35.4,
31.3, 23.7, 14.5 ppm; FTIR (KBr): ñ=3406, 2925, 2854, 1638, 1507, 1455,
1383, 1204, 1057, 1022, 868, 737, 698 cm�1.
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Introduction


A recently isolated family of potent anti-HIV natural prod-
ucts, the litseaverticillols, presented us with a unique oppor-
tunity to blend the aims of developing both environmentally
friendly chemistry and atom-efficient synthetic methods, by
allowing us to devise and realise a highly efficient biomimet-
ic strategy for their synthesis. The plan, which made use of a
sophisticated cascade sequence[1] and the immense versatili-
ty of singlet oxygen (1O2) chemistry, was completely devoid
of wasteful hindrances, such as protecting groups. The full
evolution of this design from inception to execution is de-
scribed herein.[2,3]


The litseaverticillols as a family all possess a 4-hydroxycy-
clopentenone core substituted at the 5-position with a varia-


ble, but always unsaturated, side chain (Scheme 1). The iso-
lation and structure elucidation of this novel class of natu-
rally occurring sesquiterpenes, alongside initial biological ac-
tivity data, were reported in a series of papers,[4] with the
full details for all family members appearing in print in
2003.[4c] The litseaverticillols originated in the leaves and
twigs of a perennial shrub or arbor, named Litsea verticillata
Hance, which was found growing in the Cuc Phuong Nation-
al Park, Vietnam. Following bioassay-guided fractionation
of the chloroform extract taken from the biomass, eight
members of this new litseane skeletal class were identified,
litseaverticillols A–H (1–8, Scheme 1), all of which exhibited
inhibitory activity against HIV-1 replication in HOG.R5
cells with IC50 values ranging from 2–15 mgmL�1.[4c] Crucial-
ly, their potent antiviral activity did not affect the growth of
the host cell, so the compounds were considered to have
low in vitro toxicity and were deemed to be important tar-
gets for further biological investigation. Due to the short
supply of several members of this class and the desire for
access to selected analogues, synthetic studies were seen as
imperative.


Development of a proposal for the biogenesis of the litsea-
verticillols : Close inspection of the litseaverticillols7 struc-
tures revealed to us several important features which were
to inform our subsequent hypothesis relating to their bioge-
netic origins (Scheme 2). Firstly, the group could be de-


Abstract: Biomimetic syntheses of the
litseaverticillols A–G, I and J are re-
ported herein. The syntheses rely heav-
ily on the application of two different
modes of reaction for photochemically
generated singlet oxygen, namely, the
[4+2] cycloaddition of singlet oxygen
(1O2) with furans and the ene reaction
of 1O2 with double bonds. The highlight


of these syntheses is a one-pot cascade
sequence, involving five synthetic oper-
ations initiated by a [4+2] reaction, to
form the fully functionalised litseaverti-


cillol core. A series of regioselective
ene reactions are then used to appo-
sitely functionalise the side chains. The
synthesis of litseaverticillol E (both its
originally proposed and its actual struc-
tures) allows a structural reassignment
of this natural product.
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lineated into first (litseaverticillols A–C (1–3)) and second
(litseaverticillols D–H (4–8)) generations, with the latter
arising directly from oxidation of the unsaturated side chain
present in the former. The classical modes by which singlet
oxygen (1O2) is known to react with trisubstituted double
bonds[5] support the idea that 1O2 could be responsible for
this conversion of the first-generation compounds into the
second. For example, litseaverticillols D (4), F (6) and G (7)
together represent the three possible products that could be
derived from a chemoselective ene reaction between 1O2


and the D10,11 double bond of the side chain of litseaverticil-
lol A (1), that is, the double bond most distal from the 4-hy-
droxycyclopentenone core. Litseaverticillol A (1) could also
be responsible for fathering litseaverticillol H (8) through
two consecutive oxidations. Likewise, litseaverticillol B (2)
could furnish the compound with the proposed structure for
litseaverticillol E (5). Furthermore, the litseaverticillol core
could conceivably arise from a cascade initiated by another
common reaction of 1O2, a [4+2] cycloaddition occurring
with the electron-rich diene moiety of a naturally occurring
furan,[6] such as sesquirosefuran (11a).[7] The endoperoxide
Ia resulting from this transformation might reasonably be
expected to be susceptible to nucleophilic opening; this fol-
lowed by base-mediated collapse of the lactol intermediate
IIa would give the acyclic (Z)-1,4-enedicarbonyl 12a. A
nonenzymatic intramolecular aldol reaction of this achiral
precursor 12a would then complete the assembly of the lit-
seaverticillol core. At this stage we also entertained the pos-
sibility that the deviation in geometry at the D6,7 double
bond exhibited amongst the various litseaverticillols could
arise by isomerisation of 12a, under mildly basic conditions,
to afford a mixture of 12a and 12b ; thus, just one naturally
occurring furan might be the biogenetic precursor to the
entire litseaverticillol family. This proposed derivation of the
litseverticillols A–H (1–8) is in full accord with the high nat-
ural abundance in plants of the three components necessary
for photochemically generating the reactive 1O2 species;
these components are a) molecular dioxygen (approximately


20% in atmospheric air), b) photosensitisers, such as, tan-
nins, chlorophylls and porphyrins, and c) visible light.


Finally, our newly developed hypothesis that the achiral
1,4-enedicarbonyls 12a and 12b might be key intermediates
in the biogenesis of all the litseaverticillols could be further
justified by the observation that all the litseaverticillols exist
as racemic mixtures. Racemates are found relatively rarely
in nature because of the heavy reliance on homochiral
enzyme-templated reactions. However, the concept of non-
enzymatic biological assembly[1] of whole classes of natural
products is not without precedent. Most notably, Black and
co-workers proposed such a biosynthesis for the endiandric
acids,[8] a hypothesis later supported by a total synthesis of
these racemates accomplished by Nicolaou and co-work-
ers.[9]


Retrosynthetic analysis and strategy : With our proposed
biogenetic blueprint in hand, we now turned our attention
to how its directives might be implemented in a laboratory
setting and to how our hypothesis might be supported by
empirical results. It was envisioned that the furans 11a and
11b, required as substrates for our investigation into the piv-
otal 1O2-initiated cascade sequence, could be accessed by al-
kylation of the known furan 14 with either neryl or geranyl
bromide (15 and 16, respectively), as detailed in the retro-
synthetic scheme (Scheme 3).


Results and Discussion


Synthesis of the first-generation litseaverticillols A–C : Now
that our full strategy for accomplishing a biomimetic synthe-
sis of the litseverticillol family (A–J, 1–10) had been clearly
delineated, we were ready to embark on the synthetic phase
of the project. Thus, 2-triisopropylsilyloxyfuran 14 was pre-
pared according to a two-step literature precedent[10,11] from
the cheap and readily available citraconic anhydride (17,
Scheme 4). Ortho-metallation at the 5-position of 14 by


Scheme 1. Structures of litseaverticillols A–J.
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using sec-butyllithium, followed by a quench of the resultant
anion with either neryl or geranyl bromide (15 and 16, re-
spectively) and subsequent in situ acidic hydrolysis of the
triisopropylsilyloxy moiety, furnished the lactones 13a and
13b in moderate yields. DIBAL-H was eventually found to
be the reducing agent of choice[12] for effecting the transfor-
mation of the lactones 13a and 13b into sesquirosefuran
(11a) and furan 11b, respectively, under carefully controlled
reaction conditions.


With the synthesis of the sesquirosefuran (11a) and furan
11b substrates efficiently concluded, the time had come to
test the key singlet oxygen (1O2) cascade sequence from
which we hoped to derive the complete litseaverticillol core.


A significant hurdle that execu-
tion of this ambitious one-pot,
five-synthetic-operations cas-
cade faced was the problem of
chemoselectivity. The sequence
was required to initiate at the
site of the furan core without
concomitant reaction at either
of the two susceptible double
bonds present in the appended
side chain. Indeed, applications
of several literature protocols
known as methods for the
direct oxidation of furans to the
corresponding (Z)-1,4-ene-
diones, including treatment
with either Br2/MeOH/dilute
H2SO4


[13] or magnesium monop-
eroxyphthalate,[14] were unsuc-
cessful as they led primarily to
extensive unwanted bromina-
tion or epoxidation of the side-
chain double bonds. This appar-
ent lack of chemoselectivity
prompted us to examine more
closely the pioneering work of
Foote, Schenck and co-work-
ers[15] relating to the photosensi-
tised oxidation of alkyl-substi-
tuted furans. In this case, the
conditions used would closely
mimic our biogenetic scenario
for the oxidation of naturally
occurring furans into the litsea-
verticillols. Gratifyingly, it was
found that upon subjecting ses-
quirosefuran (11a), in a metha-
nolic solution containing 10�4


m


methylene blue (as a photosen-
sitiser) and having O2 gently
bubbled through it, to irradia-


Scheme 2. Our proposal for the biogenesis of the litseaverticillol family.


Scheme 3. Retrosynthetic analysis of furans 11a and 11b, precursors for
the proposed biomimetic cascade sequence. TIPS= triisopropylsilyl.
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tion with visible light for 1 min, hydroperoxide 18a was ex-
clusively formed as the adduct in a quantitative yield
(Scheme 5). It was possible to isolate and fully characterise
hydroperoxide 18a ; in addition, it was the subject of NOE


studies, as indicated in Scheme 5, which confirmed that it
was the opposite regioisomer to that previously proposed
for the analogous photooxidation of 2-methylfuran and
menthofuran.[15] These studies of the structure of hydroper-
oxide 18a also proved that the nucleophilic addition of
MeOH to the endoperoxide (Ia, Scheme 5) was not only re-
gioselective but also diastereoselective. The hydroperoxide
moiety of 18a was reduced by treatment with 5.0 equiva-
lents of (CH3)2S in CH2Cl2 with progress monitored by use
of 1H NMR spectroscopy. After 2 h, the intermediate
anomeric hemiketals (19a, Scheme 5) could be observed in
the 1H NMR spectra along with small amounts of keto alde-
hyde 12a, however, the reaction was left for a further 6 h
until complete conversion into the keto aldehyde 12a had
occurred. The labile keto aldehyde 12a could be isolated in
high yield (90%); alternatively, once it was formed, in situ
treatment with 1 equivalent of HKnig7s base furnished, after
6 h stirring, a 19:1 mixture of litseaverticillols A (1) and C
(3). Triethylamine was initially employed as the base in an
attempt to promote this reaction, which mimics the nonen-
zymatic intramolecular aldol reaction proposed in our bioge-
netic hypothesis; however, this choice of base led to a major
degradation of the fragile substrate.


Optimisation of this reaction sequence enabled us to ach-
ieve the desired goal of undertaking the whole series of
transformations (11a!1, 3) in a single pot, with just one ex-
change of solvent from methanol to CH2Cl2 (or CHCl3) at
the appropriate stage (prior to the addition of (CH3)2S), in
55% overall yield. It was also found that premature addition
of the HKnig7s base halted the cascade; apparently, anome-
ric hemiketals 19a are stable under basic conditions. If
HKnig7s base was added to a solution containing the mixture
of hemiketals and keto aldehyde (19a :12a, 7:3), the elimina-
tion of MeOH was suppressed, thereby leading to a 7:3 mix-
ture of hemiketals and litseaverticillol A (19a :1), even after
three days of stirring at room temperature. This observation
had to be balanced, when seeking optimal timings with the
observed lability of keto aldehyde 12a, which was shown to
decompose completely on standing in solution for two days.


Exactly the same protocol as had been developed for the
one-pot cascade to furnish litseaverticillol A (1) from ses-
quirosefuran (11a) was repeated with furan 11b to access
litseaverticillol B (2) in 51% overall yield. The formation of
litseaverticillol B (2) was accompanied, in accordance with
our previous experience regarding the formation of both lit-
seaverticillols A (1) and C (3) from the same achiral precur-
sor (12a), by production of trace amounts of its C-1 diaster-
eoisomer (20:1). It should be noted at this stage that the
spectra (1H NMR, 13C NMR, HRMS, see the Supporting In-
formation) of the synthetic litseaverticillols A–C (1–3) were
identical in every way to those of the naturally derived com-
pounds. Perhaps the most intriguing and exciting observa-
tion of this phase of our investigations was that, if the reac-
tion of 11b was left for prolonged periods (12 h) subse-
quently to the addition of HKnig7s base, then substantial
amounts of litseaverticillol A (1, 15%) were isolated in ad-
dition to the expected products, litseaverticillol B (2) and its


Scheme 4. Preparation of sesquirosefuran 11a and its Z analogue 11b.
Reagents and conditions: a) see ref. [10, 11]; b) Et3N (1.4 equiv), TIP-
SOTf (1.2 equiv), CH2Cl2, 0!25 8C, 6 h, 81%; c) TMEDA (1.8 equiv),
sec-BuLi (1.8 equiv), THF, 0 8C, 2 h, geranyl-Br (15) or neryl-Br (16,
2.0 equiv), 0 8C, 3 h; then TFA (3.0 equiv), 25 8C, 1 h, 63–65%;
d) DIBAL-H (1.7 equiv), THF, �78!�5 8C, 3 h, 80–85%. TIPSOTf=
triisopropylsilyltrifluoromethanesulfonate, TMEDA=N,N,N’,N’-tetrame-
thylethylenediamine, TFA= trifluoroacetic acid, DIBAL-H=diisobutyla-
luminium hydride.


Scheme 5. Biomimetic total synthesis of the first-generation litseaverticil-
lols A–C from furans 11a and 11b, including the mechanistic rationale.
Reagents and conditions: a) 10�4


m MB, O2 (bubbling), MeOH, hn, 0 8C,
1 min, 97%; b) (CH3)2S (5.0 equiv), CH2Cl2, 25 8C, 8 h; c) iPr2NEt
(1.0 equiv), 25 8C, 6 h, 51–55% over two steps. MB=methylene blue.
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C-1 diastereoisomer. The furan 11b employed in the reac-
tion cascade is geometrically pure; therefore, this geometri-
cal deviation must be a feature of the cascade itself. Since
no formation of litseaverticillol A (1) was observed with
shorter reaction times, we rationalised that litseaverticillol B
(2) must be undergoing a retroaldol reaction to regenerate
the stabilised anion III (Scheme 2 and Scheme 5). This
anion, exhibiting extended conjugation, may allow stereo-
chemical scrambling of the D6,7 double bond by permitting
rotation around the C-6/C-7 bond. Thus, under these equili-
bration conditions, anion III can suffer one of two fates,
either reformation of litseaverticillol B (2) or rotation
around the C-6/C-7 bond followed by an intramolecular
aldol reaction to afford the thermodynamically more stable
litseaverticillol A (1). These results provide a stark indica-
tion that our biogenetic proposal, including the proposal
that the whole litseaverticillol family might arise from a
single naturally occurring furan, is a valid and substantiated
hypothesis. Further to our proposals presented thus far, we
now suggest that the distribution of isolated natural prod-
ucts may be correlated to their thermodynamic stability, as
it represents an equilibrium mixture.


Synthesis of the second-generation litseaverticillols D–G, I
and J : Not content to rest upon our laurels with the synthe-
sis of the first-generation litseaverticillols A–C (1–3) se-
cured, we continued to probe the scope of the 1O2 paradigm
by attempting to synthesise the second-generation litseaver-
ticillols by using 1O2-mediated oxidation of the distal double
bond (D10,11) in the side chains appended to the litseaverticil-
lol core. We rationalised that this regioselective reaction,
targeting just one out of the three double bonds present in
the first-generation litseaverticillols, was possible for both
steric and electronic reasons. The D2,3 double bond present
within the molecule7s core is too electron deficient to readily


participate in an ene reaction with 1O2 and the D6,7 double
bond suffers from greater steric encumberance than its D10,11


neighbour; therefore, reaction at the latter should be fastest.
The first-generation parent litseaverticillol A (1), dissolved
in CDCl3 together with 10�4


m methylene blue as a photosen-
zitiser, was subjected to visible light irradiation for 3 min at
0 8C whilst O2 was gently bubbled through the solution
(Scheme 6). 1H NMR analysis of the mixture that was pro-
duced identified the presence of tertiary hydroperoxide 20
and diastereomeric secondary hydroperoxides 21a and 21b
(20 :21, 1:1). In situ reduction of this mixture with PPh3 in-
stantaneously afforded the corresponding naturally occur-
ring diols, litseaverticillols D (4), F (6) and G (7) in good
overall yield (70%). Litseaverticillol D (4, 35%) could be
separated by careful column chromatography from an insep-
arable equimolar mixture (35%) of litseaverticillols F (6)
and G (7). Only trace amounts of the more polar triols aris-
ing from the indiscriminate oxidation of both side chain
double bonds were observed. The favoured published mech-
anism[16,17] for describing the ene reaction of a trisubstituted
double bond with 1O2 accounts for the product distribution
seen upon oxidation of litseaverticillol A (1, Scheme 6).
Thus, the result is consistent with the formation of an inter-
mediate perepoxide,[16] in which the negatively charged
oxygen atom is orientated towards the more substituted side
of the preceding double bond, in accordance with the so-
called cis effect.[16] The subsequent abstraction of the allylic
hydrogen atom, possible from either C-9 or C-15, furnishes
a balanced 1:1 mixture of C-11 (tertiary) and C-10 (secon-
dary) hydroperoxides (20 and 21a,b, respectively).


Gratified by the success of this oxidative strategy for the
derivation of the second-generation litseaverticillols, we
were anxious to proceed with the synthesis of the remaining
congeners from the litseaverticillol family, a task which in-
cluded the synthesis of litseaverticillols I and J (9 and 10),


Scheme 6. Transformation of litseaverticillols A and B (1 and 2) into the second-generation litseaverticillols D (4), F (6), G (7), E (5), I (9) and J (10)
through a regioselelective singlet-oxygen ene reaction and the structural reassignment of litseaverticillol E. Reagents and conditions: a) 10�4


m MB, O2


(bubbling), CHCl3, hn, 0 8C, 3 min; b) PPh3 (2.0 equiv), CHCl3, 25 8C, 5 min, 35% of 4 plus 35% of 6 and 7 over two steps; c) 10�4
m MB, O2 (bubbling),


CH2Cl2, hn, 0 8C, 4 min, 90%; d) PPh3 (2.0 equiv), CH2Cl2, 25 8C, 10 min, 35% of 5 plus 22% of 9 and 18% of 10.
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the, as yet, not isolated offspring of litseaverticillol B (2),
and the natural isolate litseaverticillol E (5). We believed
that litseaverticillols I (9) and J (10) had not yet been isolat-
ed precisely because they were the offspring of the minor
D6,7-isomer first-generation compound litseaverticillol B (2)
and these compounds, as previously discussed, possessed the
less thermodynamically stable Z arrangement at the D6,7


double bond. Our interest in litseaverticillols I and J (9 and
10), which crucially bear both the D6,7 Z arrangement and
side-chain oxidation, had been piqued by the initial struc-
ture–activity relationship data, which suggested that each of
these two structural attributes was responsible for rises in
the anti-HIV activity when like-with-like comparisons were
made of the biological data for the known naturally occur-
ring litseaverticillols A–H (1–8).[4c] To enable us to examine
further the biological activity of litseaverticillols I and J (9
and 10) it was necessary to synthesise them; to this end, lit-
seaverticillol B (2) was subjected to the optimal oxidation
conditions as described above. After 4 min irradiation and
subsequent PPh3-mediated reduction, litseaverticillols I and
J (9 and 10, 40%, 1.2:1) and compound 5 (35%) were iso-
lated in 75% combined yield (Scheme 6). In contrast to lit-
seaverticillols F (6) and G (7), litseaverticillols I (9) and J
(10) were separable by column chromatography with pure
samples of each being attained and subsequently submitted
for biological investigations, the results of which will be re-
ported at a later date.


Structural reassignment of litseaverticillol E : The comple-
tion of one synthesis of the so-called second-generation lit-
seaverticillols did not provide the expected end to the tale.
Whilst the spectra of synthetic litseaverticillols D, F and G
(4, 6, and 7) matched exactly with those of the naturally oc-
curring samples, the spectral data taken for the synthetically
obtained compound 5 showed significant discrepancies with
those of the natural sample of litseaverticillol E. Since, there
could be no doubt that we had synthesised the compound
with the proposed structure for litseaverticillol E (that is,
compound 5), we began to search for an alternative explana-
tion for this apparent mismatch. Close inspection of the
papers[4] reporting the isolation of the litseaverticillols re-
vealed that the structure of litseaverticillol E (proposed
structure 5) had caused some concern to the group responsi-
ble.[4c] Fong and co-workers discuss the incongruous nature
of some of the 13C NMR peaks of the compound they sup-
posed had the structure 5 in comparison to its closest litsea-
verticillol relatives. Specifically, they noted that the C-8 and
C-14 signals in 13C NMR spectrum were closer to those in
the D6,7 E isomers than the D6,7 Z isomers; furthermore, the
C-11 peak was shifted downfield from the comparable peak
in litseaverticillol D (4). Our biogenetic proposal for the lit-
seaverticillol family led us to consider that the spectral and
physical properties of litseaverticillol E might be more in ac-
cordance with one of the hydroperoxide intermediates.
However, the 1H NMR spectrum of natural litseaverticil-
lol E was distinctly different from each of the components
of the mixture of hydroperoxides (22a, 22b, and 23) ob-


tained upon oxidation of litseaverticillol B (2, Scheme 6).
This prompted us to scrutinise the hydroperoxide intermedi-
ates obtained from the analogous oxidation of litseaverticil-
lol A (1). Careful inspection of the 1H NMR spectrum of
the initially inseparable hydroperoxide intermediate mixture
(20, 21a, and 21b, Scheme 6) convinced us that the true
structure for litseaverticillol E was that of tertiary hydroper-
oxide 20. In order to obtain full characterisation of hydro-
peroxide 20 to support this assertion, we needed to decon-
volute the inseparable mixture obtained from the 1O2-medi-
ated oxidation of litseaverticillol A (1). We accomplished
this task by selectively reducing the secondary hydroperox-
ides (21a and 21b) with (CH3)2S (5.0 equivalents, 25 8C,
12 h) to afford the more polar litseaverticillols F and G (6
and 7) accompanied by unreacted tertiary hydroperoxide 20.
The tertiary hydroperoxide 20, which could now be isolated
and purified with ease, had spectral data that matched those
of naturally occurring litseaverticillol E in every respect (in-
cluding a signal at 7.51 ppm in the 1H NMR spectrum that
was assignable to the hydroperoxide proton and HRMS
data confirming that an error in the molecular formula was
made upon isolation by the omission of one oxygen atom).
The structure of naturally occurring litseaverticillol E was
therefore reassigned as hydroperoxide 20.


In conclusion, we have achieved the first syntheses of lit-
seaverticillols A–G, I and J by using the biomimetic strategy
which we had developed earlier. The syntheses include an
elegant and highly efficient one-pot cascade, involving five
synthetic operations and initiated by the [4+2] cycloaddition
of a furan to 1O2, to assemble the fully functionalised litsea-
verticillol core. The powerful chemistry of 1O2 was then fur-
ther commandeered to serve our purposes when the requi-
site regioselective side-chain oxidation was also accomplish-
ed by using ene reactions of 1O2. The syntheses of com-
pounds 20 and 5 allowed us to reassign the structure of natu-
rally occurring litseaverticillol E as being the former rather
than the latter, as was originally reported. Furthermore, the
reassignment of litseaverticillol E to hydroperoxide structure
20 lent considerable credence to our proposal that 1O2-medi-
ated oxidation of the first-generation litseaverticillols is how
nature constructs the second-generation litseaverticillols.
Overall, these syntheses provide ample evidence that nature
uses many of the modes of reaction known for 1O2 and that
this 1O2 chemistry is easily adapted to the laboratory envi-
ronment where it can provide a set of very valuable tools to
the synthetic chemist.


Experimental Section


General techniques : Diethyl ether and THF were distilled from Na/ben-
zophenone. TMEDA was refluxed for 24 h with LiAlH4 and kept over
3 L molecular sieves. Reagents were purchased at the highest available
commercial quality and used without further purification. Irradiation ex-
periments (photooxygenations) were performed with a xenon Variac
Eimac Cermax 300 W lamp. Reactions were monitored by thin-layer
chromatography (TLC) carried out on silica gel plates (60F-254) with
UV light as the visualising method and an acidic mixture of phosphomo-
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lybdic acid/cerium(iv) sulfate accompanied by heating of the plate as a
developing system. The development agent contains H2O (94 mL), con-
centrated H2SO4 (6 mL), Ce(SO4)2·(H2O)n (1.0 g) and phosphomolybdic
acid (1.5 g). Column chromatography refers to flash column chromatog-
raphy carried out on SiO2 (silica gel 60, particle size 0.040–0.063 mm)
with the specified eluent.


NMR spectra were recorded on a Bruker AMX-500 instrument and cali-
brated by using residual undeuterated solvent as an internal reference.
The following abbreviations are used to explain the multiplicities: s= sin-
glet, d=doublet, t= triplet, q=quartet, m=multiplet, br=broad. Elec-
trospray ionisation mass spectrometry (ESIMS) experiments were per-
formed on an API 100 Perkin–Elmer SCIEX single-quadrupole mass
spectrometer at 4000 V emitter voltage. High-resolution mass spectra
(HRMS) were recorded on a VG ZAB-ZSE mass spectrometer under
matrix-assisted laser desorption/ionisation (MALDI) conditions with 2,5-
dihydroxybenzoic acid (DHB) as the matrix.


Lactones 13a,b : sec-BuLi (2.0 mL of a 1.4m solution in cyclohexane,
2.8 mmol) was added dropwise to a solution of furan 14 (400 mg,
1.56 mmol) and TMEDA (417 mL, 2.8 mmol) in anhydrous THF (8 mL)
at 0 8C. After 2 h, geranyl bromide (15) or neryl bromide (16 ; 677 mg,
3.12 mmol) was added and the reaction was stirred for a further 3 h at
the same temperature. A solution of H2O and saturated aqueous
NaHCO3 (1:1, 10 mL) was added and the resulting mixture was extracted
with Et2O (15 mL). The organic phase was treated for 1 h with excess
TFA (358 mL, 4.68 mmol) at ambient temperature. Saturated aqueous
NaHCO3 (10 mL) was added and the resulting mixture was extracted
with Et2O (2P10 mL). The organic phase was dried over Na2SO4 and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (silica gel, EtOAc/hexane (1:4)) to afford 13a or 13b (230–
237 mg, 63–65% over two steps) as colourless oils.


13a : Rf=0.30 (silica gel, EtOAc/hexane (1:2)); 1H NMR (500 MHz,
CDCl3): d=5.79 (br s, 1H; H-2), 5.03 (br t, J=6.7 Hz, 2H; H-4 and H-
10), 4.87 (br t, J=5.2 Hz, 1H; H-6), 2.64 (ddd, J1=15.3, J2=6.3, J3=
5.6 Hz, 1H; H-5a), 2.35 (ddd, J1=15.3, J2=7.3, J3=6.4 Hz, 1H; H-5b),
2.03 (br s, 3H; H-13), 2.01 (m, 4H; H-8 and H-9), 1.67 (br s, 3H; CH3),
1.63 (br s, 3H; CH3), 1.58 ppm (br s, 3H; CH3);


13C NMR (125 MHz,
CDCl3): d=173.1 (C-1), 168.2 (C-3), 139.8 (C-7), 131.6 (C-11), 123.9 (C-
10), 117.3 (C-6 or C-2), 116.0 (C-2 or C-6), 84.3 (C-4), 39.7 (C-8), 30.2
(C-5), 26.4 (C-9), 25.7 (CH3), 17.7 (CH3), 16.3 (CH3), 13.9 ppm (CH3);
HRMS (MALDI): calcd for C15H22O2Na: 257.1512 [M+Na]+ ; found:
257.1514.


13b : Rf=0.31 (silica gel, EtOAc/hexane (1:2)); 1H NMR (500 MHz,
CDCl3): d=5.73 (br s, 1H; H-2), 5.03 (br t, J=5.6 Hz, 1H; H-10), 4.99
(br t, J=6.9 Hz, 1H; H-4), 4.78 (br t, J=5.2 Hz, 1H; H-6), 2.58 (m, 1H;
H-5a), 2.25 (ddd, J1=15.3, J2=7.4, J3=6.5 Hz, 1H; H-5b), 1.98 (br s, 3H;
H-13), 1.98 (brm, 4H; H-8 and H-9), 1.63 (br s, 3H; CH3), 1.61 (br s, 3H;
CH3), 1.54 ppm (br s, 3H; CH3);


13C NMR (125 MHz, CDCl3): d=173.0
(C-1), 168.3 (C-3), 139.6 (C-7), 131.8 (C-11), 123.8 (C-10), 117.2 (C-2 or
C-6), 116.8 (C-6 or C-2), 84.3 (C-4), 32.0 (C-8), 30.1 (C-5), 26.2 (C-9),
25.6 (CH3), 23.3 (CH3), 17.6 (CH3), 13.9 ppm (CH3); HRMS (MALDI):
calcd for C15H22O2Na: 257.1512 [M+Na]+ ; found: 257.1514.


Sesquirosefuran 11a and its D6,7-cis analogue 11b : DIBAL-H (1.6 mL of
a 1.0m solution in THF, 1.6 mmol) was added dropwise to a solution of
lactone 13a or 13b (220 mg, 0.94 mmol) in dry THF (9 mL) at �78 8C.
The reaction solution was warmed slowly (3 h) to �5 8C and subsequently
treated with 10% HCl (2 mL). The mixture was extracted with Et2O
(10 mL), then the organic phase was dried with Na2SO4 and concentrated
in vacuo. The residue was purified by flash column chromatography
(silica gel, EtOAc/hexane (1:20!1:1)) to afford the unpolar sesquirose-
furan 11a or its D6,7-cis analogue 11b (163–174 mg, 80–85%) as colour-
less liquids, accompanied by the polar diol or its D6,7-cis analogue (18 mg,
8%) as colourless syrups.


11a : Rf=0.74 (silica gel, EtOAc/hexane (1:2)); 1H NMR (500 MHz,
CDCl3): d=7.21 (d, J=1.4 Hz, 1H; H-1), 6.15 (d, J=1.4 Hz, 1H; H-2),
5.26 (td, J1=6.9, J2=0.8 Hz, 1H; H-6), 5.08 (br t, J=6.9 Hz, 1H; H-10),
3.29 (d, J=7.0 Hz, 2H; H-5), 2.08 (m, 2H; H-9), 2.01 (t, J=7.5 Hz, 2H;
H-8), 1.97 (s, 3H; H-13), 1.71 (br s, 3H; CH3), 1.67 (br s, 3H; CH3),
1.59 ppm (br s, 3H; CH3);


13C NMR (125 MHz, CDCl3): d=150.1 (C-4),


139.8 (C-1), 136.5 (C-7), 131.5 (C-11), 124.2 (C-10), 119.9 (C-6), 113.4 (C-
3), 112.8 (C-2), 39.6 (C-8), 26.6 (C-9), 25.7 (C-5 or CH3), 25.2 (C-5 or
CH3), 17.6 (CH3), 16.1 (CH3), 9.8 ppm (CH3); HRMS (MALDI): calcd
for C15H23O: 219.1743 [M+H]+ ; found: 219.1752.


11b : Rf=0.75 (silica gel, EtOAc/hexane (1:2)); 1H NMR (500 MHz,
CDCl3): d=7.21 (d, J=1.4 Hz, 1H; H-1), 6.16 (d, J=1.4 Hz, 1H; H-2),
5.28 (br t, J=7.0 Hz, H-6), 5.16 (br t, J=6.3 Hz, 1H; H-10), 3.29 (d, J=
7.1 Hz, 2H; H-5), 2.14 (m, 4H; H-8 and H-9), 1.97 (s, 3H; H-13), 1.73
(br s, 3H; CH3), 1.70 (br s, 3H; CH3), 1.63 ppm (br s, 3H; CH3);


13C NMR
(125 MHz, CDCl3): d=150.0 (C-4), 139.8 (C-1), 136.7 (C-7), 131.7 (C-11),
124.2 (C-10), 120.7 (C-6), 113.4 (C-3), 112.8 (C-2), 32.0 (C-8), 26.5 (C-9),
25.7 (C-5 or CH3), 24.9 (C-5 or CH3), 23.3 (CH3), 17.6 (CH3), 9.8 ppm
(CH3); HRMS (MALDI): calcd for C15H23O: 219.1743 [M+H]+ ; found:
219.1752.


Tandem transformation of furans 11a,b into first-generation litseaverticil-
lols A–C (1–3): A solution of 11a or 11b (150 mg, 0.69 mmol) in MeOH
(20 mL) and containing 10�4


m methylene blue was placed in a test tube
with O2 gently bubbling through it. Irradiation with a xenon Variac
Eimac Cermax 300 W lamp for 1 min at 0 8C led to complete tranforma-
tion of the starting material (based on TLC). The solvent was thoroughly
removed in vacuo to yield the hydroperoxide 18a or 18b (188 mg, 97%
crude) as a gum.


18a : Rf=0.40 (silica gel, EtOAc/hexane (1:2)); 1H NMR (500 MHz,
CDCl3): d=5.87 (br s, 1H; H-1), 5.59 (br s, 1H; H-2), 5.03 (br t, J=
6.4 Hz, 1H; H-10), 4.91 (br t, J=6.7 Hz, 1H; H-6), 3.19 (s, 3H; H-16),
2.59 (dd, J1=14.9, J2=6.6 Hz, 1H; H-5a), 2.44 (dd, J1=14.9, J2=7.5 Hz,
1H; H-5b), 2.01 (m, 4H; H-8 and H-9), 1.70 (br s, 3H; CH3), 1.67 (br s,
3H; CH3), 1.62 (br s, 3H; CH3) 1.59 ppm (br s, 3H; CH3);


13C NMR
(125 MHz, CDCl3): d=144.7 (C-3), 138.4 (C-7), 131.4 (C-11), 124.1 (C-
10), 121.5 (C-4), 117.0 (C-6), 115.2 (C-1), 108.4 (C-2), 50.1 (C-16), 39.7
(C-8), 35.5 (C-5), 26.4 (C-9), 25.7 (CH3), 17.6 (CH3), 16.3 (CH3),
11.7 ppm (CH3).


18b : Rf=0.41 (silica gel, EtOAc/hexane (1:2)); 1H NMR (500 MHz,
CDCl3): d=5.90 (br s, 1H; H-1), 5.60 (br s, 1H; H-2), 5.09 (br s, 1H; H-
10), 4.93 (br t, J=6.7 Hz, 1H; H-6), 3.17 (s, 3H; H-16), 2.58 (dd, J1=15.1,
J2=6.5 Hz, 1H; H-5a), 2.42 (dd, J1=15.1, J2=7.3 Hz, 1H; H-5b), 2.04
(brm, 4H; H-8 and H-9), 1.70 (br s, 3H; CH3), 1.68 (br s, 3H; CH3), 1.67
(br s, 3H; CH3), 1.59 ppm (br s, 3H; CH3);


13C NMR (125 MHz, CDCl3):
d=144.7 (C-3), 138.6 (C-7), 131.7 (C-11), 124.1 (C-10), 121.6 (C-4), 117.5
(C-6), 114.9 (C-1), 108.4 (C-2), 50.1 (C-16), 35.4 (C-5), 32.2 (C-8), 26.4
(C-9), 25.7 (CH3), 23.6 (CH3), 17.6 (CH3), 11.7 ppm (CH3).


The hydroperoxide 18a or 18b (188 mg, 0.67) was dissolved in CH2Cl2
(15 mL) at ambient temperature and (CH3)2S (244 mL, 3.35 mmol) was
added. After the mixture had been stirred for 8 h, iPr2NEt (114 mL,
0.67 mmol) was added and the resultant solution was stirred for a further
6 h at the same temperature. Removal of the solvent in vacuo and purifi-
cation of the residue by flash column chromatography (silica gel, EtOAc/
hexane (1:5!1:4)) afforded an inseparable mixture of 1 and 3 (19:1,
86 mg, 55%) or an inseparable mixture of 2 and its C-1 diastereoisomer
(19:1, 80 mg, 51%) as colourless gums.


Litseaverticillol A (1): Rf=0.24 (silica gel, EtOAc/hexane (1:2));
1H NMR (500 MHz, CDCl3): d=7.11 (d, J=1.7 Hz, 1H), 5.07 (br t, J=
6.1 Hz, 1H), 4.99 (brd, J=9.0 Hz, 1H), 4.55 (br s, 1H), 3.13 (dd, J1=9.0,
J2=2.3 Hz, 1H), 2.67 (br s, OH), 2.05 (m, 4H), 1.77 (t, J=1.5 Hz, 3H),
1.72 (br s, 3H), 1.65 (br s, 3H) 1.57 ppm (br s, 3H); 13C NMR (125 MHz,
CDCl3): d=206.5, 155.0, 142.7, 141.8, 131.6, 123.9, 118.8, 76.4, 56.2, 39.6,
26.5, 25.6, 17.7, 17.1, 10.2 ppm; HRMS (MALDI): calcd for C15H22O2Na:
257.1512 [M+Na]+ ; found: 257.1523.


Litseaverticillol B (2): Rf=0.29 (silica gel, EtOAc/hexane (1:2));
1H NMR (500 MHz, CDCl3): d=7.12 (br s, 1H), 5.16 (br s, 1H), 5.02
(brd, J=9.5 Hz, 1H), 4.54 (br s, 1H), 3.15 (dd, J1=9.5, J2=2.4 Hz, 1H),
2.22 (brd, J=4.9 Hz, OH), 2.15 (m, 4H), 1.80 (br s, 3H), 1.79 (br s, 3H),
1.69 (br s, 3H) 1.62 ppm (br s, 3H); 13C NMR (125 MHz, CDCl3): d=


206.2, 154.7, 142.8, 141.8, 132.4, 123.9, 119.7, 76.1, 56.3, 32.5, 26.6, 25.7,
23.3, 17.7, 10.2 ppm; HRMS (MALDI): calcd for C15H22O2Na: 257.1512
[M+Na]+ ; found: 257.1523.
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Photooxygenation of litseaverticillols A (1) and B (2) to furnish the
second-generation litseaverticillols D (4), E (5), F (6), G (7), I (9) and J
(10): A solution of litseaverticillols A (1) or B (2) (80 mg, 0.34 mmol) in
CH2Cl2 (15 mL) containing 10�4


m methylene blue was placed in a test
tube with O2 gently bubbling through it. The solutions were irradiated
with a xenon Variac Eimac Cermax 300 W lamp for 3 and 4 min, respec-
tively, at 0 8C to afford a mixture of tertiary and diastereomeric secon-
dary hydroperoxides (83 mg, 91% from 1; 82 mg, 90% from 2) after
evaporation of the solvent.
1H NMR absorptions of the tertiary hydroperoxide 20 in the crude mix-
ture arising from photooxygenation of litseaverticcillol A (1) are identical
to those reported[4c] for litseaverticillol E. Treatment of this chromato-
graphically inseparable mixture of hydroperoxides (83 mg, 0.31 mmol)
with (CH3)2S (114 mL, 1.55 mmol) for 12 h at 25 8C leads to the selective
reduction of the diastereomeric secondary hydroperoxides 21a,b into the
more polar (relative to the hydroperoxides), naturally occurring secon-
dary alcohols litseaverticillols F (6) and G (7). The resulting mixture was
separated by flash column chromatography (silica gel, EtOAc/hexane
(1:2!2:1)) to allow purification and full characterisation of 20.


Revised structure of litseaverticillol E (20): Colourless gum; Rf=0.22
(silica gel, EtOAc/hexane (1:1)); 1H NMR (500 MHz, CDCl3): d=7.51
(br s, OOH), 7.14 (d, J=1.1 Hz, 1H; H-2), 5.70 (dt, J1=15.8, J2=6.6 Hz,
1H; H-9), 5.61 (brd, J=15.8 Hz, 1H; H-10), 5.05 (brd, J=9.1 Hz, 1H;
H-6), 4.61 (br s, 1H; H-1), 3.17 (dd, J1=9.1, J2=2.3 Hz, 1H; H-5), 2.81
(brd, J=6.6 Hz, 2H; H-8), 2.12 (br s, OH), 1.81 (br s, 3H; CH3), 1.74
(br s, 3H; CH3) 1.34 ppm (s, 6H; 2PCH3);


13C NMR (125 MHz, CDCl3):
d=206.1 (C-4), 155.0 (C-2), 142.8 (C-3), 140.4 (C-7), 135.4 (C-10), 129.1
(C-9), 120.0 (C-6), 82.2 (C-11), 76.3 (C-1), 56.3 (C-5), 42.4 (C-8), 24.3
(CH3), 24.2 (CH3), 17.2 (CH3), 10.2 ppm (CH3); HRMS (MALDI): calcd
for C15H22O4Na: 289.1410 [M+Na]+ ; found: 289.1416.


Prolonged treatment (72 h) of the crude mixture of the hydroperoxides
20 and 21a,b (83 mg, 0.31 mmol) with (CH3)2S under the previously de-
scribed conditions resulted in complete reduction to the corresponding
naturally occurring alcohols, litseaverticillols D (4), F (6) and G (7). Re-
moval of the solvent in vacuo and purification by flash column chroma-
tography (silica gel, EtOAc/hexane (1:1!2:1)) afforded 4 (26 mg, 35%)
and an inseparable mixture of 6 and 7 (25 mg, 35%). Similar yields could
be obtained when the mixture of hydroperoxides (20, 21a, and 21b) was
treated for 5 min with PPh3 (163 mg, 0.62 mmol) in CH2Cl2. The only dis-
advantage of this second protocol is the almost identical Rf value of diol
4 and the byproduct of the reduction (O=PPh3), which makes separation
difficult.


Litseaverticillols F and G (6 and 7): Colourless gum; Rf=0.14 (silica gel,
EtOAc/hexane (1:1)); 1H NMR (500 MHz, CDCl3): d=7.11 (br s, 2H),
5.04 (brd, J=9.0 Hz, 2H), 4.91 (s, 2H), 4.81 (t, J=1.3 Hz, 2H), 4.57 (br s,
2H), 4.04 (m, 2H), 3.14 (dd, J1=9.0, J2=2.1 Hz, 2H), 2.34 (brd, J=
5.6 Hz, OH), 2.32 (brd, J=5.6 Hz, OH), 2.11 (m, 4H), 1.83 (br s, OH),
1.78 (t, J=1.5 Hz, 6H), 1.75 (brd, J=0.7 Hz, 3H), 1.74 (br s, 3H), 1.70
(br s, 6H), 1.65 ppm (m, 4H); 13C NMR (125 MHz, CDCl3): d=206.2 (2P
C), 155.1, 155.0, 147.4, 147.3, 142.7 (2PC), 141.7, 141.5, 119.4, 119.2,
111.0, 110.9, 76.3 (2PC), 75.6, 75.4, 56.3 (2PC), 35.9, 35.7, 33.0, 32.8,
17.7, 17.6, 17.0, 16.9, 10.2 ppm (2PC); HRMS (MALDI): calcd for
C15H22O3Na: 273.1461 [M+Na]+ ; found: 273.1460.


Litseaverticillol D (4): Colourless gum; Rf=0.11 (silica gel, EtOAc/
hexane (1:1)); 1H NMR (500 MHz, CDCl3): d=7.12 (br s, 1H), 5.64 (d,
J=15.6 Hz, 1H), 5.58 (dt, J1=15.6, J2=6.3 Hz, 1H), 5.02 (brd, J=
9.0 Hz, 1H), 4.58 (br s, 1H), 3.14 (dd, J1=9.0, J2=2.3 Hz, 1H), 2.75 (brd,
J=5.8 Hz, 2H), 2.26 (brd, J=6.2 Hz, OH), 1.79 (t, J=1.3 Hz, 3H), 1.71
(d, J=0.8 Hz, 3H), 1.51 (br s, OH), 1.29 ppm (s, 6H); 13C NMR
(125 MHz, CDCl3): d=206.2, 155.0, 142.7, 140.6, 139.9, 124.4, 119.8, 76.3,
70.7, 56.3, 42.2, 29.8, 29.8, 17.1, 10.2 ppm; HRMS (MALDI): calcd for
C15H22O3Na: 273.1461 [M+Na]+ ; found: 273.1464.


Complete reduction of the crude mixture of hydroperoxides 22a,b and
23 to the corresponding secondary (9, 10) and tertiary alcohols (5,
Scheme 6) was achieved under the previously described conditions. In
this particular case, not only could the separation of the tertiary alcohol 5
from the mixture of the secondary alcohols 9 and 10 be readily achieved
but the separation of 9 from its diastereomer 10 was also accomplished.


Full characterisation of 5 unambiguously confirmed our suspicions that
the initially proposed structure for litseaverticillol E is incorrect.


Proposed structure of litseaverticillol E (5): Colourless gum; Rf=0.09
(silica gel, EtOAc/hexane (1:1)); 1H NMR (500 MHz, CDCl3): d=7.13
(br s, 1H; H-2), 5.69 (m, 2H; H-9 and H-10), 5.10 (brd, J=9.6 Hz, 1H;
H-6), 4.57 (br s, 1H; H-1), 3.14 (dd, J1=9.6, J2=2.3 Hz, 1H; H-5), 2.94
(dd, J1=15.0, J2=3.6 Hz, 1H; H-8a), 2.77 (dd, J1=15.0, J2=2.7 Hz, 1H;
H-8b), 2.52 (brd, J=4.3 Hz, OH), 1.80 (t, J=1.3 Hz, 3H; CH3), 1.79
(br s, 3H; CH3), 1.67 (br s, OH), 1.33 (s, 3H; CH3), 1.32 ppm (s, 3H;
CH3);


13C NMR (125 MHz, CDCl3): d=206.3 (C-4), 155.2 (C-2), 142.7
(C-3), 139.7 (C-7), 138.6 (C-10), 124.9 (C-9), 121.0 (C-6), 75.8 (C-1), 70.7
(C-11), 56.3 (C-5), 35.2 (C-8), 29.7 (CH3), 29.5 (CH3), 14.0 (CH3),
10.2 ppm (CH3); HRMS (MALDI): calcd for C15H22O3Na: 273.1461 [M+


Na]+ ; found: 273.1464.


9 (less polar diastereoisomer): Colourless gum; Rf=0.24 (silica gel,
EtOAc/hexane (1:1)); 1H NMR (500 MHz, CDCl3): d=7.14 (br s, 1H; H-
2), 5.15 (brd, J=9.3 Hz, 1H; H-6), 4.96 (br s, 1H; H-12a), 4.85 (br s, 1H;
H-12b), 4.53 (q, J=1.7 Hz, 1H; H-1), 4.30 (br s, OH), 3.99 (brd, J=
8.2 Hz, 1H; H-10), 3.26 (dd, J1=9.3, J2=1.9 Hz, 1H; H-5), 2.58 (ddd,
J1=14.0, J2=10.3, J3=6.4 Hz, 1H; H-8a), 2.36 (br s, OH), 2.06 (dt, J1=
14.0, J2=5.4 Hz, 1H; H-8b), 1.81 (m, 1H; H-9a), 1.81 (br s, 3H; CH3),
1.77 (br s, 3H; CH3), 1.75 (br s, 3H; CH3), 1.67 ppm (m, 1H; H-9b);
13C NMR (125 MHz, CDCl3): d=207.4 (C-4), 155.7 (C-2), 147.6 (C-11),
142.8 (C-3), 140.0 (C-7), 121.9 (C-6), 110.5 (C-12), 76.1 (C-1), 73.7 (C-
10), 56.2 (C-5), 32.4 (C-8), 27.8 (C-9), 22.8 (CH3), 18.8 (CH3), 10.4 ppm
(CH3); HRMS (MALDI): calcd for C15H22O3Na: 273.1461 [M+Na]+ ;
found: 273.1462.


10 (more polar diastereoisomer): Colourless gum; Rf=0.20 (silica gel,
EtOAc/hexane (1:1)); 1H NMR (500 MHz, CDCl3): d=7.16 (br s, 1H; H-
2), 5.06 (brd, J=8.8 Hz, 1H; H-6), 4.97 (br s, 1H; H-12a), 4.82 (br s, 1H;
H-12b), 4.56 (br s, 1H; H-1), 4.07 (brd, J=8.7 Hz, 1H; H-10), 3.50 (br s,
OH), 3.24 (brd, J=8.7 Hz, 1H; H-5), 2.89 (br s, OH), 2.29 (m, 2H; H-8),
1.86 (m, 1H; H-9a), 1.80 (d, J=1.1 Hz, 3H; CH3), 1.77 (br s, 3H; CH3),
1.74 (br s, 3H; CH3), 1.51 ppm (m, 1H; H-9b); 13C NMR (125 MHz,
CDCl3): d=208.0 (C-4), 156.2 (C-2), 148.0 (C-11), 142.7 (C-3), 141.3 (C-
7), 120.9 (C-6), 110.5 (C-12), 76.4 (C-1), 74.8 (C-10), 56.1 (C-5), 33.7 (C-
8), 29.0 (C-9), 23.2 (CH3), 18.2 (CH3), 10.3 ppm (CH3); HRMS
(MALDI): calcd for C15H22O3Na: 273.1461 [M+Na]+ ; found: 273.1462.
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Mass Spectrometric and Quantum-Chemical Study on the Structure, Stability,
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Introduction


Formation and stability of supramolecular assemblies has
been investigated extensively, partly to understand the role
these assemblies play in chemical and biochemical processes.
The processes of interest, which include drug–target interac-
tions, DNA base pairing, and antigen–antibody binding, play
key roles in pharmaceutical research, biochemistry, and biol-
ogy. Supramolecular assemblies are held together by electro-
static forces, apolar interactions, and hydrogen bonds, while
chiral recognition determines how the individual elements
can fit together. Mass spectrometry, especially after the
advent of electrospray ionization (ESI),[1] has become an ex-


cellent tool for observing and investigating molecular assem-
blies. Electronic-structure theory can complement such stud-
ies, as it has become a valuable tool for detailed studies of
structural features of smaller complexes. Both techniques
relate to the gas phase, that is, to a solvent-free environ-
ment, so, with some caution, their results are directly com-
parable.
Amino acids are among the most important building


blocks of living systems. Their clustering, and especially the
role of chiral discrimination in the formation of such clus-
ters, has been studied by mass spectrometry.[2–11] One of the
most intriguing discoveries was that serine forms unusually
stable protonated octamers with a marked tendency for ho-
mochirality.[2] The preferred formation of homochiral octam-
ers has been implicated in transmission of homochirality to
other organic compounds and also to the evolution of living
organisms (chirogenesis).[10]


Protonated (and cationized) serine octamers have been
observed by ESI[2–8] and by the closely related sonic spray
ionization techniques.[9–11] Their molecular structure has
been studied by tandem mass spectrometry,[2,5, 9] ion-mobility
mass spectrometry,[3,5] gas-phase H/D exchange,[11] isotopic
labeling,[2,5] and elementary electronic structure
theory.[2,3,5,6,8] Ion mobility clearly indicates a very compact,
most likely salt-bridge, structure for the octamer. Proton/
deuteron exchange shows that the octamer has at least two
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and possibly more isomeric structures.[11] Besides the excep-
tional stability of the homochiral octamer, oligomers consist-
ing of an even number of serine units, especially protonated
dimers, characteristically show increased stability. Fragmen-
tation of the serine octamer initially occurs by loss of a
serine dimer, and subsequent fragmentation also occurs by
preferential loss of serine dimers. A common feature of
most structures suggested for the protonated octamer
(Ser)8H


+ is that they consist of dimeric building blocks.
There is practically no contradiction between experimental
observations made by various groups on serine clusters, but
up to now there is no consensus on the structure of
(Ser)8H


+ either. This may be related to the existence of var-
ious isomeric forms that are relevant under different experi-
mental conditions. While octamers are out of the reach of
both high-quality quantum-chemical calculations and certain
experimental studies, the structure of the protonated dimer
can be studied in detail. Gas-phase H/D exchange[12] on the
protonated homochiral serine dimer suggested that it has a
single, rather open structure resembling an ion–molecule
complex. While the protonated octamer shows obvious pref-
erence for homochirality, no chiral preference was observed
for the dimer in ESI spectra.[2,5] This intriguing experimental
result prompted us to study the structure and the difference
in stability between homo- and heterochiral protonated
serine dimers in a joint experimental and computational
study.
The kinetic method is well suited to detect small energy


differences experimentally. It was originally developed to
determine thermochemical values of individual molecules,
but has been extended to derive data on molecular com-
plexes.[13,14] The first such application was the determination
of gas-phase basicities of molecular pairs, and it was later
used for distinguishing amino acid enantiomers, on the basis
of the fragmentation of trimeric clusters.[15] The studied pro-
tonated amino acid pairs, Pro-Trp, Phe-Ala, Phe-Pro, and
Phe-Val, all showed preference for homochirality, and the
energy difference between homo- and heterochiral pairs was
in the range of 0.4–4 kJmol�1. This technique was adopted
here to study the protonated serine dimer by using isotopi-
cally labeled compounds: d-serine (denoted D) and deuteri-
um-labeled l-serine (with the three CH hydrogen atoms re-
placed with deuterium; denoted L).
To the best of our knowledge no detailed computational


study has been performed to explore the ground electronic
state potential energy surface (PES)[16] of (Ser)2H


+ . There-
fore, to complement the experimental results of this study
and to provide basis for their better understanding, elabo-
rate geometry optimizations were performed to identify all
low-energy conformers of homo- and heterochiral (Ser)2H


+ .
Furthermore, definitive ab initio electronic-structure calcula-
tions were performed to determine the energy order of the
conformers by employing the focal-point approach.[17,18] The
converged results of the focal-point approach make it feasi-
ble to compare the stability of neutral and zwitterionic
forms of (Ser)2H


+ . Due to the large size of the system stud-
ied the focal-point approach could not be pursued to its


usual extent,[19, 20] but it is believed that dependable structur-
al and energy data were obtained in this study for all the im-
portant conformers of (Ser)2H


+ .


Experimental Section


Mass spectrometry : Two types of mass spectrometers were used in the
present study. A reverse-geometry double-focusing VG ZAB-SEQ instru-
ment was used in positive-ion mode. d-Serine and deuterium-labeled l-
serine were mixed in 1:1 ratio in a 0.1% aqueous solution of acetic acid,
and further mixed with glycerol matrix. Protonated trimer ions were gen-
erated by liquid secondary ion mass spectrometry (LSIMS) ion source by
using Cs+ ions accelerated to 30 kV. The metastable fragmentation and
collision-induced dissociation (CID) of the mass-selected protonated het-
erochiral trimer ions were examined by mass-analyzed ion kinetic energy
spectrometry (MIKES). Parent ions were accelerated to a potential of
8 kV, the pressure of the collision gas (Ar) was adjusted to give 60%
main-ion beam transmission. To separate CID and metastable compo-
nents, a small voltage (500 V) was applied to the collision cell.


A PE Sciex API 2000 (Perkin-Elmer Sciex, Toronto, Canada) triple-
quadrupole mass spectrometer was also used, equipped with a Turbo Ion
Spray source. For CID experiments N2 was used as collision gas, and the
collision energy was varied in the 10–22 eV range.


l-serine, labeled by replacing protons in the three C�H bonds with deu-
terium, was purchased from Cambridge Isotope Laboratories (Andover,
MA, USA), and unlabeled d-serine was obtained from Sigma-Aldrich
Kft. (Budapest, Hungary).


Computational methods : A detailed description of the computational
methods is given in the Supporting Information, and only an abbreviated
version with references to key articles is given here.


The geometry optimizations of this study, that is, mapping minima on the
PES of (Ser)2H


+ , were carried out in two steps.[19] First, 82 homo- and
heterochiral starting structures, constructed by consideration of the inter-
molecular H-bonding network of (Ser)2H


+ , were optimized at the re-
stricted Hartree–Fock (RHF)[21–24] level with the 3-21G basis set.[25–27] The
H-bond networks of the 24 lowest-energy minima were considered for
further analysis. These structures were employed to generate all homo-
and heterochiral starting structures for density functional theory [DFT-
(B3LYP)][28–32] geometry optimizations[33] with the 6-311++G** basis
set[27] and for MP2_FC/6-31+G* geometry optimizations, where MP2
and FC stand for second-order Møller–Plesset perturbation theory and
the usual frozen-core approximation, respectively.[24] The most stable
structures of (Ser)2H


+ are shown in Figures 1 and 2. Table 1 lists relative
energies of the most stable conformers of (Ser)2H


+ at the three levels of
theory for which geometry optimizations were performed. Note that a
previous computational study[2] suggested that a favorable interaction can
be found between the carboxyl groups of the monomeric units. In this
more sophisticated study this structure was found to have a relative
energy of at least 40 kJmol�1 relative to I_LL.


To obtain accurate relative energies for the conformers of (Ser)2H
+ the


so-called focal-point approach (FPA)[17, 18] was followed, which has been
employed successfully for determining the conformational preferences of
the neutral amino acids glycine,[19, 34, 35] alanine,[19,36] and proline.[20] For de-
tails of the FPA approach see the Supporting Information and refs. [17–
20,34–36] Detailed results and the final FPA relative energies are listed
in Tables 2 and 3. The final FPA energies of this study, as judged on the
basis of earlier studies, should be accurate to within about �4 kJmol�1.


The correlation-consistent (cc) family of basis sets[37,38] (aug-)cc-
p(C)VXZ, with cardinal number X=2 (D), 3 (T), and 4 (Q), was used
for the single-point energy calculations at the RHF and MP2 levels. Ex-
trapolation of the large finite-basis RHF energies E(RHF) and the corre-
sponding MP2 energy increments dE(MP2) to the complete basis set
(CBS) limits were performed with the three-point[39] EX=ECBS+aexp-
(�bX) and the two-point[40] dEX=dECBS+cX�3 formulas, respectively,
where X is the cardinal number of the correlation-consistent basis set.
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The following aug-cc-pVXZ basis sets were employed during extrapola-
tion: X=2, 3, 4 for E(RHF) and X=2, 3 for dE(MP2). The accuracy of
relative energy predictions was increased in this study by augmenting the
results of large basis set, essentially CBS, RHF, and MP2 computations,
by 6-31G* and (p)VDZ[41] CCSD(T)�-MP2 relative energy increments.
In the (p)VDZ CCSD(T) single-point energy computations polarization
functions were removed from hydrogen atoms which do not participate
in any secondary bonding.


Geometry optimizations, MP2 calculations with large basis sets, and com-
putations of zero-point energy (ZPE) were all carried out with the pro-
gram suites Gaussian03[42] and PQS,[43] while the electronic-structure
package ACESII[44] was employed for the single-point CCSD(T) compu-
tations.


Results and Discussion


The structures of the homo- and heterochiral (Ser)2H
+ con-


formers can be discussed in terms of inter- and intramolecu-
lar hydrogen bonds that stabilize the cluster. Figure 1 shows
the two-dimensional network of H-bonds in (Ser)2H


+ . Spa-
tial representations of the same structures are shown in
Figure 2. The stability order of homo- and heterochiral
(Ser)2H


+ isomers is shown in graphical form in Figure 3.
Relative energies are listed in Tables 1–3. Selected geometry
parameters characterizing the hydrogen-bonded networks
are provided in Table 4.
Structurally similar protonated dimers are designated by


the same Roman numeral, irrespective of the relative ener-
gies of the corresponding homo- and heterochiral isomers.
D/L in the names of the conformers relate to the chirality of
the monomeric units within the dimers. The letters A and B
are added to the Roman numerals in those cases where the
different local minima exhibit very similar hydrogen-bond-
ing networks and the structural differences are more subtle.
Mirror-image homochiral (DD and LL) and heterochiral
(DL and LD) pairs are, of course, energetically identical.
Therefore, to conserve space, the energies of mirror images
of the isomers discussed are not reported in the tables and
figures, although in several cases geometry optimizations re-
sulted in such pairs.


Computed structures : All (Ser)2H
+ isomers are stabilized by


two or three intermolecular hydrogen bonds, of which those
between OH of the hydroxymethylene group (b-OH) and
CO of the carboxyl group are typical of the most favorable
structures. Interatomic distances between the anchor atoms
of the hydrogen bonds in the range of 2.5–3.0 V (Table 4)
indicate relatively strong interactions.
The homochiral structure I_LL is clearly the global mini-


mum on the PES of (Ser)2H
+ . It is stabilized by two hydro-


gen bonds with b-OH and C(O)OH donors and CO and b-
OH acceptors, respectively. As Figure 3 clearly reveals, the
heterochiral form of this structure, I_DL, is far less stable.
The most stable heterochiral isomers are II_DL and


VA_DL. The small energy difference between II_DL and
VA_DL is at least partly due to the considerable similarity
of their H-bond networks. Intramolecular proton transfer in
VA_DL from the neutral COOH to the NH2 group would


result in a salt-bridge structure, very similar to II_DL.
Based on the computed data alone it is impossible to deter-
mine whether II_DL or VA_DL has the lower relative
energy. It is the substantial difference in the ZPE incre-
ments that makes the final relative energy of VA_DL very
similar to that of II_DL. Given the drastically different
dMP2 increments of the two conformers, a small difference
(Table 2) may not have too much meaning. It is important
to note that II_DL (Figures 1 and 2) has a salt bridge be-
tween C(O)O� and NH3


+ and two OH···CO hydrogen
bonds. There is a clear difference between these two hydro-
gen bonds: that involving b-OH of the monomer with the
COO� residue is substantially weaker, as shown by the re-
spective bond lengths (2.80 versus 3.03 V, Table 4). Figure 3
also shows that both the most stable homo- (I_LL) and the


Figure 1. Conformational families of (Ser)2H
+ . Only LL and DL forms


are presented for the homo- and heterochiral conformers, respectively.
Note that the homochiral VA structure could not be found during the ge-
ometry optimizations, and thus its structure is only indicated here for the
sake of completeness.
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most stable heterochiral structures (II_DL and VA_DL)
have considerably higher stability than any of the other iso-
mers.
To ensure that the geometry of the salt-bridge structure is


well described and hence that relative energies computed
for reference structures optimized at the B3LYP/6-311++


G** level are accurate, further geometry optimizations were
performed at the MP2 level with 6-31G* and 6-31+G*
basis sets. These optimizations confirmed the existence of
salt-bridge structure II. Subsequent single-point energy cal-
culations (compare relevant results in Tables 2 and 3) con-
firmed that no substantial error is introduced in the energy
calculations by using a single set of well-defined reference
geometries in the focal-point approach.
It is instructive to compare the accuracy of the relative


energies obtained at different levels of theory. As Tables 1–3
show, the influence of electron correlation, especially the
MP2 energy increment, can be more than 20 kJmol�1 for
some structures, most importantly for salt-bridge structure
II. Therefore, the RHF relative energies, even at the CBS
limit, are completely misleading for the energy order of the
conformers of (Ser)2H


+ .
For much larger molecules and those containing strongly


acidic and basic functional groups, the occurrence of salt-
bridge structures in the gas phase has long been recog-
nized.[45–48] Beauchamp et al. found (Ser)6H


+ as the smallest
salt-bridge-containing serine cluster. The results presented
here were obtained at a considerably higher level of theory,
and clearly indicate that one of the two most stable hetero-
chiral (Ser)2H


+ isomers does have a salt-bridge structure.
Note that for a meaningful comparison of the energies of
salt-bridge and other structures a relatively high level of
theory is required. It is especially striking how different the
RHF and MP2 energy predictions are for the relative energy
of II_DL (Tables 2 and 3). While at the RHF/CBS level
II_DL is among the least stable conformers of (Ser)2H


+


considered, at the MP2/CBS level it is the most stable heter-
ochiral isomer, only 2.2 kJmol�1 less stable than I_LL and
more than 5 kJmol�1 more stable than the next conformer.
It is also clear that sufficiently large basis sets are required
when comparing energetics of such disparate structures; for


Figure 2. Representation of the spatial structures of the lowest energy
isomers of (Ser)2H


+ , optimized at the B3LYP/6-311++G** level of
theory. VA could not be optimized at the levels of theory employed in
this study and thus its detailed structure is not presented here.


Figure 3. Comparative energy diagram of the most stable (Ser)2H
+ iso-


mers based on data from Table 2.


Table 1. Relative energies [kJmol�1] of the most stable conformers of
(Ser)2H


+ (see Figure 1 for a pictorial depiction of the conformers, ob-
tained from complete geometry optimizations).


Conformer RHF/3-21G B3LYP/6-311++G** MP2/6-31+G*


I_LL 0.00 0.00 0.00
II_DL �6.18 6.43 -8.05
III_LL 6.28 7.04 9.67
IVA_LL 1.87 9.83 11.48
IVB_LL �0.44 10.39 13.44
VA_DL �0.71 10.84 2.10
IVB_DL �0.02 13.76
I_DL 4.32 15.59 12.24
II_LL 7.07 16.81 2.84
VB_LL �6.52 18.18 2.10
VB_DL �6.91 19.02
IVA_DL 9.13 24.67
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example, II_DL is more stable than I_LL at the MP2/aug-
cc-pVDZ level.
Single-point calculations at the 3-21G, 6-31G*, 6-31+G*,


6-311G*, and 6-311++G** B3LYP level on the optimized
6-311++G** B3LYP reference structures (not detailed in
Table 2), resulted in mean absolute deviations of 11.6 (12.6),
3.6 (3.8), 3.2 (3.9), 3.8 (4.6), and 1.7 (1.8) kJmol�1 as com-
pared to the final energy results of Table 2 excluding (in-
cluding) ZPE. Based on these systematic studies, the lowest
recommended level of theory which gives a reasonable esti-
mate for the presence and relative energy of salt-bridge
structures is DFT(B3LYP)/6-311++G**.


To discuss the presence of various structures in the gas
phase, and to make direct comparison with experiment, en-
tropy contributions to all structures were also obtained, by
using the rigid rotor/harmonic oscillator model. The re-
quired second-derivative calculations were carried out at the
DFT(B3LYP)/6-311++G** level. This simplified treatment
suggests that the entropy difference at 298.15 K between iso-
mers I_LL and II_LL is only 0.005 kJmol�1 K�1 in favor of
the salt-bridge structure. For the heterochiral isomers the
analogous difference between VA and II is also negligible.
The entropy difference between the two most stable con-
formers of (Ser)2H


+ , I_LL and II_DL, is again very small,
only �0.002 kJmol�1 K�1 in favor of the global minimum
I_LL. These relative values suggest that the final relative en-
thalpy and Gibbs free energies are very close to each other.
In other words, the entropy contribution does not change
the stability order of the studied conformers.
In summary, the computational results discussed above


suggest that the energy difference between the most stable
homochiral and heterochiral protonated serine dimers is
small, comparable to the intrinsic accuracy of the calcula-
tions. Nevertheless, the calculations seem to indicate a ho-
mochiral preference for (Ser)2H


+ .


Experimental relative energies : The kinetic method is based
on studying the kinetics of competing reactions[14,15,49] and is
used widely in mass spectrometry to determine thermo-
chemical properties. The kinetic method is simple to use and


Table 2. Relative RHF energies, incremental MP2, CCSD, CCSD(T), and core energy contributions, and zero-point energy corrections of the most
stable conformers of (Ser)2H


+ , all in kJmol�1.[a]


Level Basis I_LL II_DL VA_DL III_LL IVA_LL IVB_LL VB_LL I_DL II_LL


relative RHF energies RHF 6-31G* 0.00 14.11 2.44 13.01 7.31 5.29 13.31 16.89 26.57
(p)VDZ 0.00 20.95 1.42 12.75 9.23 5.07 1.42 17.19 35.41
6-311++G** 0.00 19.70 2.30 6.48 2.80 13.97 16.86 32.16
cc-pVDZ 0.00 20.23 2.28 13.37 7.95 4.89 13.15 18.00 33.73
aug-cc-pVDZ 0.00 20.35 4.95 12.80 7.20 3.92 18.13 18.95 33.35
cc-pVTZ 0.00 22.36 5.94 14.33 6.66 3.92 19.27 18.95 35.83
aug-cc-pVTZ 0.00 22.34 6.19 13.75 6.43 3.09 19.24 18.96 35.49
cc-pVQZ 0.00 22.92 6.36 14.02 6.53 3.31 19.71 36.13
aug-cc-pVQZ 0.00 22.83 6.39 13.93 6.47 3.07 19.67 19.09 36.03
CBS 0.00 23.00 6.40 13.95 6.61 3.17 19.89 19.21 36.21


MP2 increments MP2 6-31G* 0.00 -21.54 1.58 �7.95 3.51 8.37 �4.52 �3.05 �22.98
(p)VDZ 0.00 �18.17 2.02 �8.92 1.72 6.28 2.02 �3.08 �19.15
6-311++G** 0.00 �13.02 �1.20 4.69 10.24 �7.12 �3.91 �14.13
cc-pVDZ 0.00 �14.65 2.74 �8.41 4.28 9.43 �3.04 �7.96 �15.50
aug-cc-pVDZ 0.00 �21.08 �0.97 �7.20 4.22 9.54 �8.60 �4.57 �22.48
cc-pVTZ 0.00 �17.83 2.39 �7.00 4.45 9.80 �4.71 �3.12 �18.80
aug-cc-pVTZ 0.00 �20.90 1.03 �6.75 3.98 9.42 �6.76 �3.84 �22.44
CBS 0.00 �20.83 1.87 �6.57 3.87 9.37 �5.98 �3.54 �22.43


CCSD increments CCSD 6-31G* 0.00 6.69 �2.16 2.05 �0.15 �1.76 0.68 0.35 6.65
CCSD (p)VDZ 0.00 5.74 �1.92 1.85 0.11 �1.25 0.33 5.66


CCSD(T) increments CCSD(T) 6-31G* 0.00 �3.65 0.46 �1.46 0.61 1.32 �0.41 �0.34 �3.86
CCSD(T) (p)VDZ 0.00 �3.28 0.72 �1.53 0.48 1.24 �0.30 �3.49


zero-point corrections B3LYP 6-311++G** 0.00 1.68 �0.72 0.14 �1.06 �1.03 �0.64 0.67 2.27
core-correlation energy MP2 cc-pCVDZ 0.00 �0.03 0.00 �0.02 �0.01 0.03 0.00 0.01 0.02
ZPE-corrected Final CBS 0.00 6.27 6.34 7.83 10.02 11.53 16.38 18.23


[a] The final relative energies were obtained by an exponential extrapolation (see text) of aug-cc-pVXZ RHF energies [X=2 (D), 3 (T), and 4 (Q)], aug-
mented by CBS MP2 energy increments, obtained by an inverse polynomial extrapolation (see text) of aug-cc-pVXZ energies [X=2 (D) and 3 (T)], fur-
ther augmented by 6-31G* and (p)VDZ CCSD and CCSD(T) (only the (p)VDZ results were employed when the final energies of this table are comput-
ed) and core correlation energy increments. Zero-point energy (ZPE) corrections, calculated at 298.15 K, were finally added.


Table 3. Relative RHF energies, incremental MP2 and CCSD(T) energy
contributions, and zero-point energy (ZPE) corrections for the three
most stable conformers of (Ser)2H


+ , all given in kJmol�1.[a]


Level Basis I_LL II_DL VA_DL


relative energies RHF CBS 0.00 17.87 6.87
dMP2 CBS 0.00 �15.69 0.55
dCCSD(T) (p)VDZ 0.00 1.62 �1.47


ZPE corrections[a] B3LYP 6-
311++G**


0.00 1.68 �0.72


core-correlation
energy


MP2 cc-pCVDZ 0.00 �0.03 0.00


ZPE-corrected final CBS 0.00 5.45 5.22


[a] The reference geometries employed in the computation of the relative
energies reported in this table were optimized at the MP2_FC/6-31+G*
level. ZPE corrections are the same as in Table 2, calculated at the
B3LYP/6-311++G** level.
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sensitive to very small energy differences. Nevertheless, the
method has been criticized as being not always reliable, es-
pecially when the two competing reaction channels differ in
entropy. The various sources of error of the kinetic method
have been discussed in detail,[50–52] and a consensus is start-
ing to emerge. In general, enthalpy errors on the order of
5 kJmol�1 can be expected when there are no complications
due to entropy differences between the two product chan-
nels. When isomers or conformers are compared, most of
the errors of the kinetic method cancel, and a considerably
lower error results.
Serine clusters were prepared by LSIMS ionization. Be-


sides protonated monomers, dimers, and matrix peaks the
LSIMS spectra showed protonated peaks for homochiral
(DDD and LLL) and heterochiral (DDL and DLL) serine
trimers. Owing to isotopic labeling these ions are separated
by 3 Da and are easily distinguished. The heterochiral DDL
cluster was selected by the magnet, and its metastable frag-
mentation was studied by MIKES. The metastable MIKE
spectrum shows only the loss of a serine molecule to form a
protonated serine dimer either in the homochiral (DD) or
heterochiral (DL) configuration (Figure 4a). Without chiral
discrimination between DD and DL and in the absence of
an isotope effect, the abundance ratio of the two fragments
should be 1:2. Statistically a DDL cluster loses D twice as
likely as L. The measured ratio of peak areas is very close
to statistical (1:1.91 with standard deviation of 0.06), and
this suggests that formation of the homochiral protonated
dimer is very slightly favored. An analogous result was also
obtained in the case of the DLL trimer (Figure 4b), for
which the ratio of LL to DL is 1:1.89�0.06.
The results, which are very close to statistical, can be in-


terpreted by the kinetic method. The kinetic method[14,15,49]


is used to evaluate competing reactions on the basis of the
Gibbs energy difference between the two competing reac-
tion channels (DDG), ln(I1/I2)= ln(k1/k2)=DDG/RTeff, where
I1 and I2 are the ion abundances (peak areas), k1 and k2 are
the respective rate constants, R is the universal gas constant,
and Teff is the effective temperature, an empirical parame-
ter.[14, 15,49]


A particular concern related
to the use of the kinetic method
is that the two products, DD
and DL, have significantly dif-
ferent structural characteristics,
as one is an ion–neutral com-
plex, while the other has a salt
bridge. Consequently, one may
question whether the two re-
spective transition states are
similar or not, and this has con-
sequences for the accuracy of
the results obtained from the ki-
netic method.
Although the structures of


DD and DL are different, the


Table 4. Heavy-atom distances [V] in the hydrogen-bond networks of the conformers of (Ser)2H
+ .


Conformer COH···OH OH···CO COO�···HNH2
+ OH···COH NH3


+ ···CO


I_LL 2.687 2.750
I_DL 2.679 2.740
II_LL 2.770/3.020 2.646
II_DL 2.800/3.030 2.605
III_LL 2.573 2.840
III_DL 2.571 2.810
IVA_LL 2.573 2.840
IVA_DL 2.571 2.810
IVB_LL 2.554 2.850
IVB_DL 2.550 2.862
VA_LD 2.746 3.020 2.760
VB_LL 2.832/2.600 2.737
VB_DL 2.840/2.610 2.705


[a] The headings refer to bond types; CO and COH stand for the corresponding parts of the carboxyl group,
and OH for the hydroxymethylene OH group.


Figure 4. Metastable fragmentation of heterochiral DDL (a) and DLL
(b) trimers. The main fragment ions are protonated DD, DL, and LL
serine dimers.
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transition states leading to the products are in both cases
loose ion–neutral complexes between a dimer and a mono-
mer, (DD)···H+ ···L and DL···H+ ···D. Such loose complexes,
in most cases, are considered to be similar. In a more quan-
titative manner, “similarity” between two reaction channels
is typically measured by entropy differences. When the en-
tropy difference is negligible, the “simple” kinetic method
can be applied in a straightforward manner. When the en-
tropy difference is large, it must be explicitly considered,
and results obtained by the kinetic method may be compro-
mised. Partly for this reason, we calculated the entropy dif-
ference between the two products DD and DL, as discussed
above. These calculations indicate that, in spite of the differ-
ence in structural properties, the entropy of the two product
states are very close. This indicates that the kinetic method
results in dependable estimates of energies in the present
case.[51] We also compared the entropy difference between
the two transition states experimentally. This was possible
only in a semiquantitative manner, by comparing product
ratios at different degrees of excitation (high- and low-
energy CID and metastable ion spectra; see below). These
experimental results show the absence of a considerable en-
tropy difference between the two respective transition
states. We believe that these results clearly suggest that the
kinetic method can be used to compare energy differences
between the protonated DD and DL isomers.
In the present case the energy difference between the two


competing reaction channels may derive from two different
effects. One is the stability difference between the homo-
and heterochiral dimers (DGchiral), which is of principal inter-
est in this study. The other is the kinetic isotope effect, de-
rived from the energy difference between losing labeled
versus unlabelled serine (DGisotope). Note that the isotopic
labels are not directly involved in dissociation (secondary
isotope effect), so the isotope effect is unlikely to be signifi-
cant. In the present case fragmentation from both DDL and
DLL was studied. Fixing the arbitrary zero energy level for
the reaction involving the loss of an unlabeled serine and
forming a homochiral protonated dimer, reactions and eval-
uation of the energetics can be expressed by Equations (1)–
(4).


DLL! LLþD 0


! DLþ L DGchiral þ DGisotope


ð1Þ


lnð2LL=DLÞ ¼ lnPDLL¼ðDGchiral þ DGisotopeÞ=RTeff ð2Þ


DDL! DDþ L DGisotope


! DLþD DGchiral


ð3Þ


lnð2DD=DLÞ ¼ lnPDDL¼ðDGchiral�DGisotopeÞ=RTeff ð4Þ


In Equations (1)–(4) DLL and DDL represent the proton-
ated trimers, DD, DL, and LL the protonated dimers (and
their peak areas), D and L the monomers, the value “2” is
used to correct for the symmetry factor, and PDLL and PDDL


are the symmetry-corrected fragment-ion abundance ratios


measured for the two parent ions. From these equations the
following energy differences can be calculated:


DGchiral= (lnPDLL+ lnPDDL)RTeff/2


and


DGisotope= (lnPDLL�lnPDDL)RTeff/2.


The experimental results indicate that DGisotope is negligi-
ble, about 10 times smaller than the chiral energy difference
DGchiral. The empirical parameter Teff usually lies in the 400–
600 K range.[14,15] Taking 500 K, DGchiral is calculated to be
0.2 kJmol�1, that is, a very slight preference for homochirali-
ty. Even assuming 50% uncertainty in Teff, the uncertainty in
relative stability is small (<0.1 kJmol�1). Uncertainty in de-
termination of peak ratios causes about�0.1 kJmol�1 uncer-
tainty in relative stability. The overall uncertainty in the ex-
perimental determination of DGchiral is thus estimated to be
less than �0.2 kJmol�1.
Analogous results were obtained by CID. To separate


CID and metastable components, a small voltage (500 V)
was applied to the collision cell.[13,15] Ion ratios observed in
CID were close to statistical (2.03�0.10). CID experiments
were also performed on a triple-quadrupole instrument
(API-2000, N2 collision gas). Note that in ESI the abun-
dance of the serine trimer depends significantly on experi-
mental conditions, and although it is usually a minor peak, it
was sufficient to generate product ion spectra with suffi-
ciently good signal-to-noise ratio to apply the kinetic
method. Within experimental error, the intensity ratios were
the same as those obtained for metastable ions, and were in-
dependent of the collision energy.
The results discussed above show that chiral discrimina-


tion in protonated serine dimers is very minor indeed. Rela-
tive abundances of homo- and heterochiral fragments differ
only by a few percent, corresponding to an energy differ-
ence of 0.2�0.2 kJmol�1 in favor of the homochiral form.


Comparison of experimental and computed relative ener-
gies : The difference between experimental results and calcu-
lations, which only concerns the relative stability of the most
stable homo- and heterochiral forms of (Ser)2H


+ , I_LL and
II_DL, is somewhat larger at about 5 kJmol�1 (Table 3) than
expected. For this reason potential error sources both in ex-
periment and theory are considered in detail.
In the experiments, the most typical source of error of the


kinetic method, that due to entropy effects, can be discount-
ed here on two counts. First, experiments performed under
different excitation conditions, for example, metastable and
CID, result in ion ratios close to statistical. Second, the theo-
retical calculations clearly show no difference in entropy
contributions among the isomeric structures. The magnitude
of errors due to reproducibility and isotope effects were
considered (see above). A further potential error source
arises if the homochiral dimer is formed not in the most
stable, but in a higher lying isomeric form (like III_LL).
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This is certainly a possibility, but it seems fairly unlikely, es-
pecially as hydrogen-bonded systems usually isomerize fairly
easily and such complications have rarely been reported.
Probably the best argument supporting that the results re-
ported here are very close to the “true” energy difference
between the homo- and heterochiral dimers comes from ion
abundances observed in single-stage mass spectra. It has
been reported in electrospray spectra that the relative abun-
dance of homo- and heterochiral dimers is close to statisti-
cal,[5] that is, there is no large stability difference between
them. These results were reproduced in the present work as
well, both with ES and LSIMS ionization. Although it is dif-
ficult to translate ion-abundance ratios in ES spectra into
energy differences, these observations suggest energy differ-
ence between homo- and heterochiral dimers of less than 1–
2 kJmol�1. This corroborates the evidence obtained with the
kinetic method that the energy difference between homo-
and heterochiral protonated serine dimers is very small.
The ab initio relative energies of the present study, ob-


tained with the focal-point approach and presented in the
last row of Table 2, clearly establish that only three isomers
need be considered to understand the conformational pref-
erences of chiral (Ser)2H


+ relevant to the MS experiment.
Among the homochiral conformers, I is by far the most
stable, and the relative energy of the second most stable ho-
mochiral conformer III_LL is +8 kJmol�1; thus, III_LL and
all homochiral isomers of higher energy can be omitted
from further discussion. Among the heterochiral conform-
ers, II and VA have very similar energies of about 5–
7 kJmol�1. The next heterochiral conformer I_DL has a rel-
ative energy of more than 16 kJmol�1. Therefore, it is un-
necessary to further consider I_DL and all heterochiral con-
formers of higher energy. These are the arguments for the
choice of conformers for the more detailed computations,
results of which are presented in Table 3. These relative en-
ergies are the final results of this study. The relative energy
predictions should be viewed with an overall conservative
error estimate of 4 kJmol�1, that is, 2s for the present calcu-
lations. In summary, these ab initio results seem to suggest a
small preference for homochirality for (Ser)2H


+ .
By far the greatest difficulty in predicting relative energy


is for the heterochiral isomer II_DL. For conformer II not
only the dMP2 increment is sizable (�21–22 kJmol�1), while
the next largest increment is +9 kJmol�1 for IVB_LL, but
also the CCSD(T)�MP2 energy increment is relatively large
at 3 kJmol�1 (Table 2), while for most other conformers the
CCSD(T)-MP2 energy increment is less than 1 kJmol�1. The
main reason for the unusually large energy increments is the
dissimilar, salt-bridge structure of conformer II compared to
all the other conformers of (Ser)2H


+ , most importantly to I.
It seems unlikely that when more extensive and expensive
calculations, for example, at the CCSD(T) level, become
feasible, the relative energy of the conformers other than
II_DL will change noticeably. Nevertheless, the relative
energy of II_DL, the most favorable heterochiral structure,
might change somewhat, bridging the gap between experi-
ment and theory.


Note that while the focal-point approach, with its limited
CCSD(T) calculations, underestimates the stability of the
salt-bridge structures, DFT(B3LYP) may overestimate it. To
wit, when the 3–21G, 6-31+G*, and 6–311G* basis sets are
employed, the single-point DFT(B3LYP) energy calcula-
tions suggest that II_DL is the global minimum on the PES
of (Ser)2H


+ .


Conclusion


A combined theoretical and experimental study was pre-
sented on the structure, energetics, and chiral properties of
the protonated serine dimer. The energy difference between
the most stable homo- and heterochiral forms of (Ser)2H


+


was accurately measured by tandem mass spectrometry and
the kinetic method of Cooks to be 0.2�0.2 kJmol�1 in favor
of the homochiral form. This result implies that the pro-
nounced homochiral preference observed in the protonated
octamer (Ser)8H


+ does not seem to be derived from the
structure of the presumed dimeric unit(s), as the homochiral
dimer is certainly not more stable than the heterochiral
form. The accompanying theoretical study gave detailed
structural information on the various isomeric forms of
(Ser)2H


+ . The most stable homochiral isomer I_LL is stabi-
lized by two H-bonds (see Figures 1 and 2) and is 8�
4 kJmol�1 more stable than any other homochiral isomer.
The most stable heterochiral isomer II_DL has completely
different structural features, and is characterized by a salt-
bridge structure (see Figures 1 and 2). The schematic energy
diagram presented in Figure 3 also illustrates that the vari-
ous hydrogen-bonded structures have significantly different
energies in their homo- and heterochiral forms.
Existence of salt-bridge structures in the gas phase has


long been considered.[45–48] In most cases they are thought to
occur when both a very basic (usually arginine) and a
strongly acidic functional group is present in a molecule. As
the present study illustrates, salt-bridge structures may be
formed even in the absence of exceptionally basic or acidic
groups, and in quite small species, such as a protonated
amino acid dimer. We believe the present systematic theo-
retical study to be the most accurate published up to now
on a salt-bridge structure of a small biomolecule, and has
important methodological consequences for studies on
larger species.
Obtaining qualitative structural results, that is, informa-


tion of the preferred bonding arrangements in (Ser)2H
+ ,


does not require high levels of electronic-structure theory.
Most importantly, the geometry optimizations performed in
this study at both the DFT(B3LYP) and MP2 levels indicate
that even the dimer of protonated serine can have either a
homo- or a heterochiral salt-bridge conformer. The focal-
point (FPA) results of this study indicate, however, that
fairly elaborate computations are needed to determine the
energy order of the conformers of (Ser)2H


+ . Most of the rel-
ative energies obtained at the RHF level are inadequate,
not only when small basis sets such as 3-21G and 6-31G*
are employed in the calculations, but also at the complete
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basis-set limit. RHF theory fails especially badly for the rel-
ative energy of the salt-bridge structure II. Elaborate cou-
pled-cluster calculations result in comparatively small
changes in relative energies of the conformers, and the larg-
est effect, as expected, is for the salt-bridge form, the rela-
tive energy of which is increased. Inclusion of core correla-
tion has a negligible effect on the final energies. Zero-point
energy corrections change the energy order by 1–2 kJmol�1,
and thus this effect cannot be neglected when accurate rela-
tive energies are to be obtained from electronic structure
calculations. DFT(B3LYP) calculations, with moderate
triple-zeta-quality basis sets including diffuse and polariza-
tion functions, yield quite accurate relative energies. This in-
dicates that the B3LYP/6-311++G** level of theory can be
used efficiently for investigation of larger protonated serine
clusters, especially (Ser)8H


+ .
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Synthesis and Optical Resolution of a Series of Inherently Chiral
Calix[4]crowns with Cone and Partial Cone Conformations


Jun Luo, Qi-Yu Zheng, Chuan-Feng Chen,* and Zhi-Tang Huang*[a]


Introduction


Inherently chiral calixarenes, whose chirality originates from
the unsymmetrical array of achiral functionalities on the
cavity-shaped calixarene skeletons (upper rim and/or lower
rim, as well as other positions), have enriched the variety of
chiral molecules and attracted increasing attention in recent
years owing to their potential use in chiral discrimination
and asymmetric catalysis.[1] Compared with chiral calix[4]ar-
enes with chiral functionalities attached directly to the calix-
arene skeleton, the synthesis of calix[4]arenes with inherent
chirality tends to be more challenging as there are always
regio- and stereoselective problems involved in their synthe-
sis. Moreover, optical resolution of the racemates usually re-
quires the use of HPLC methods (chiral columns for race-
mates[2] and nonchiral columns for diastereomers of inher-
ently chiral calix[4]arenes[2e,3]), which is inappropriate for
scale-up. In only two cases has optical resolution been real-
ized by conventional column chromatography on silica gel.[4]


Clearly, the difficult access to optically pure, inherently
chiral calix[4]arenes has impeded the research into their
chiral discrimination and asymmetric catalytic abilities. For


this reason, until now, only one report each on the chiral dis-
crimination and asymmetric catalysis of inherently chiral
calix[4]arenes has been published.[2h,4a]


In a preliminary paper[5] we reported a convenient ap-
proach to enantiopure antipodes of AABH-type inherently
chiral calix[4]crown-4 molecules through the reaction of rac-
emic calix[4]crown derivatives 1
with (S)-BINOL, followed by the
separation of the diastereomers
formed by preparative TLC and
subsequent cleavage of the (S)-
BINOL auxiliary. Their successful
synthesis and resolution encouraged
us to investigate the generality of
these methods. In addition we may
have gained some insight into the
relationship between the structure
of these calix[4]crown-4 molecules
and their optical resolution. There are two ways to modify
the structure of compound 1: 1) by changing the size of the
crown ether moiety and 2) by alkylating or esterifying the
phenolic hydroxy group with or without changing the con-
formation. The carboxy group is retained for further con-
densation with the chiral auxiliary. Herein we report the
synthesis of a series of inherently chiral calix[4]crowns with
cone or partial cone conformations and their optical resolu-
tion by separation of the diastereomers derived from (S)-
BINOL by preparative TLC or column chromatography on
silica gel and the subsequent hydrolysis of the chiral auxili-
ary.


Abstract: A series of inherently chiral
calix[4]arenes with cone and partial
cone conformations and with crown
ether moieties of variable size have
been readily synthesized. By taking ad-
vantage of the carboxy appendage on
the lower rim, these were condensed
with the chiral auxiliary (S)-BINOL to
form diastereomers which, in most


cases, could be separated by prepara-
tive TLC, or more desirably, by column
chromatography on silica gel (diaster-
eomeric excess >99% based on HPLC


analysis). Seven enantiopure antipodes
of inherently chiral calix[4]crowns were
obtained after hydrolysis. It has been
found that both the size of the crown
moiety and alkylation of the last phe-
nolic hydroxy group (accompanied
with or without a change in the confor-
mation) affect the separation of the di-
astereomers.
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Results and Discussion


Changing the crown-4 moiety to crown-5, crown-6 or open
chain analogues : 1,2-Calix[4]crown-5 (2a) and 1,2-calix[4]-
crown-6 (2b) were synthesized according to literature proce-
dures.[6] As indicated in Scheme 1, reaction of 2a or 2b with
1.1 equivalents of ethyl bromoacetate in the presence of one
equivalent of Cs2CO3 in dry DMF at 60–70 8C furnished the
tri-O-alkylated compound 3a or 3b as racemates in good
yields. Their complicated NMR spectra suggested the ab-
sence of symmetry. Signals arising from the ArCH2Ar
carbon atoms appeared at around d=31 ppm, indicating
that they all adopted the cone conformation.[7] Similar to
the behavior observed by Pappalardo and co-workers,[2f] the
outcome of this reaction is determined by the ability of the
cone conformation of the phenolate intermediate to be sta-
bilized by strong hydrogen bonding rather than by metal
template effects. Thus, the tri-O-alkylated cone conformer
can be obtained regardless of the size of the 1,2-crown ether
moiety. Compounds 3a and 3b were efficiently resolved by
HPLC using Chiralpak AD column (n-hexane/2-propanol
9:1, 0.5 mLmin�1, 25 8C). The retention times for the enan-
tiomers of the crown-5 derivative 3a are 7.8 and 31.9 min
(enantiomeric ratio 49:51), yet for the crown-6 derivative 3b
the retention times are 9.7 and 12.9 min (enantiomeric ratio
50:50).


Although the enantiomers of 3a and 3b can be resolved
by HPLC, it is more attractive to convert them to diaster-
eomers and to separate these. Thus, compounds 3a and 3b
were directly hydrolyzed to furnish the carboxylic acid de-
rivatives 4a and 4b whose structures were confirmed by
their spectroscopic data. Compounds 4a and 4b, which pos-
sess a carboxylic group, were then treated with (S)-BINOL


in the presence of N,N’-dicyclohexylcarbodiimide (DCC)
and 4-dimethylaminopyridine (DMAP) in CH2Cl2 at room
temperature to furnish 5a and 5b as pairs of diastereomers.
We successfully separated the diastereomeric mixture of
crown-5 5a (ca. 1:1 ratio) to yield 5a-1 and 5a-2 (diastereo-
meric excess, de>99% by HPLC analysis) by preparative
TLC. In fact, among other chiral auxiliaries such as l-men-
thol, l-cinchonidine, and several l-amino acid esters, (S)-
BINOL proved to be the most efficient. So it seems that the
close proximity of the rigid structure of the axial chiral
BINOL moiety to the inherently chiral calixarene backbone
can favor the separation of the diastereomers. The separa-
tion of the diastereomeric mixture of crown-6 5b, on the
other hand, failed. The diastereomers of compound 5b ap-
peared as two overlapping spots on TLC sheets even after
several rounds of development.


The 1H NMR spectra of 5a-1 and 5a-2 are shown in
Figure 1 (tBu groups are not included). In general, the sig-
nals arising from the calix[4]arene skeleton and the (S)-


Scheme 1.


Figure 1. Partial 1H NMR spectra of diastereomers 5a-1 and 5a-2.
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BINOL moiety of 5a-1 resemble the corresponding signals
of 5a-2. This indicates that the introduction of the outer
chiral moiety distorts the skeletons of the calixarene enan-
tiomers similarly. Combined with the results reported previ-
ously, the fact that the diastereomers of calix[4]crown-4 and
-crown-5 could be separated by TLC while those of calix[4]-
crown-6 could not implies that increasing the size or the
flexibility of the crown ether moiety has a detrimental effect
on the separation of the diastereomers. To confirm this, an
open-chain calix[4]arene analog 4g was also synthesized
(Scheme 2). The diastereomers derived from this compound
produced only one spot on TLC analysis.


The isolated diastereomers 5a-1 and 5a-2 were hydro-
lyzed under alkaline conditions to give optically pure 4a-1
and 4a-2, respectively. Their CD spectra (Figure 2) are
mirror images. The [a]25


D values of the enantiomers 4a-1 and
4a-2 are �16 and +16 (c=0.5 in chloroform), respectively,
which shows their enantiomeric nature and high ee values.


Alkylation of the remaining phenolic OH; retention of the
cone conformation : Besides changing the size of the crown
ether moiety, we also alkylated the last phenolic hydroxy
group of compounds 3a and 3b. The reactions of 3a and 3b
with alkylating agents nPrI and BnBr (2.0 equiv) in the pres-
ence of NaH (5.0 equiv) in dry
DMF and subsequent hydroly-
sis with water provided the
tetra-O-alkylated derivatives
4c–4 f in 66–88% yields
(Scheme 3).


In general, the clear splitting
pattern of four pairs of dou-
blets due to the methylene
protons of the ArCH2Ar moi-
eties in the 1H NMR spectra of
compounds 4c–4 f and the cor-
responding carbon resonances
at around d=31 ppm in their
13C NMR spectra corroborate
their molecular asymmetry and
cone conformations. They
were then treated with (S)-
BINOL. We found that the re-


action of 4c–4 f with (S)-BINOL is slower than those of 4a
and 4b. This may be a result of steric hindrance at the lower
rim caused by the introduction of the alkyl group. Accord-
ing to previous reports,[2f, g,8] the alkylation of the last hy-
droxy group of racemates of inherently chiral calix[4]crown
ethers is detrimental to their resolution by HPLC. However,
we found that the diastereomeric crown-5 derivatives 5c
and 5d, and even the crown-6 derivatives 5e and 5 f could,
with sufficient care, be separated by column chromatogra-
phy on silica gel (de>99% by HPLC analysis).


By comparing the 1H NMR spectra of 5c-1 and 5c-2
(Figure 3), we can see that there are more discernible differ-
ences than between 5a-1 and 5a-2. The proton signals aris-
ing from the binaphthyl moiety appear in the region of d=


8.00–7.00 ppm and have slightly different chemical shifts and
splitting patterns. The signals below d=7.00 ppm are attrib-
uted to the calixarene moiety. The signals arising from the
aromatic rings of 5c-1 exhibit a single peak at d=6.91 ppm,
a pair of doublets at approximately d=6.90 ppm (partly
buried in the former), and a singlet at d=6.59 ppm. Yet for
5c-2, there is a single peak at d=6.81 ppm and three pairs


Scheme 2.


Figure 2. CD spectra (CH2Cl2, 25 8C) of the enantiomers 4a-1 (solid line)
and 4a-2 (dotted line).


Scheme 3.
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of doublets at approximately d=6.76, 6.69, and 65 ppm
(partly overlapping). The hydroxy signal of 5c-1 appears at
d=6.36 ppm, whilst that of 5c-2 is at d=5.95 ppm. For the
signals of the OCH2CO2 methylene protons, 5c-1 exhibits a
pair of doublets at d=4.85 and 4.63 ppm, whereas 5c-2 ex-
hibits a pseudosinglet at d=4.58 ppm, which indicates that
the OCH2CO2 group of the latter can rotate more freely
than the former. The protons of the ArCH2Ar moieties ex-
hibit four pairs of doublets for both diastereomers, with
those of 5c-1 at d=4.55, 4.42, 4.40, 4.34, 3.11, 3.09, 3.06, and
3.05 ppm and those of 5c-2 at d=4.40, 4.36, 4.33, 4.11, 3.09,
3.07, 2.95, and 2.93 ppm. It is interesting that the chemical
shifts of the bridging methylene protons of 5c-2 are at lower
fields than the corresponding shifts of 5c-1. The 1H NMR


spectra of the diastereomers of 5d–5 f also show significant
differences (refer to the corresponding spectroscopic data)
in most regions. As a result of the significant differences in
the 1H NMR spectra of each pair of tetra-O-alkylated dia-
stereomers and improvements in their separation compared
with the tri-O-alkylated diastereomers, we speculate that al-
kylation of the last hydroxy group increases the steric hin-
drance at the lower rim, so that under the influence of the
bulky outer chiral moiety (S)-BINOL, the calix skeletons of
the tetra-O-alkylated diastereomers may suffer distortion to
quite different degrees. It is reasonable to suggest that the
differences in the structures of these diastereomers facilitate
their separation.


After hydrolysis of 5c–5 f, four pairs of enantiomers were
obtained. Their CD spectra all show symmetrical images
(Figure 4) and their specific rotations have the same magni-
tudes with opposite signs.


Alkylation of the free phenolic OH; changing to partial
cone conformations : The successful separation of the tetra-
O-alkylated diastereomeric cone conformers 5c–5 f prompt-
ed us to investigate the possibility of synthesizing and opti-
cally resolving partial cone conformers. So far tetra-O-alky-
lated inherently chiral calix[4]arenes with partial cone con-
formations have been synthesized by reacting 1,2-di-O-sub-
stituted calix[4]arenes with suitable alkylating agents using
Cs2CO3 as the base.[2d, f, 4b,9] It has been proven that the first
alkylation reaction occurs on the same side as the di-O-sub-


Figure 3. Partial 1H NMR spectra of diastereomers 5c-1 and 5c-2.


Figure 4. CD spectra (CH2Cl2, 25 8C) of the enantiomers of 4c–4 f (the solid lines and the dotted lines denote 4–1 and 4–2, respectively).


www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5917 – 59285920


C.-F. Chen, Z.-T. Huang et al.



www.chemeurj.org





stituted moieties to yield a tri-
O-alkylated cone conformer
intermediate. However, under
the template effect of the Cs+


cation, the second alkylation
reaction has to occur on the
opposite side to avoid steric
hindrance, giving tetra-O-alky-
lated products with partial
cone conformations. We treat-
ed compounds 3a and 3b with
nPrI (10 equiv) in DMF in the
presence of Cs2CO3 (10 equiv)
at 70 8C for two days. As ex-
pected, compounds 3d and 3e
with partial cone conforma-
tions were obtained in moder-
ate yields (Scheme 4). The
NMR spectra of 3d and 3e re-
semble each other. The reso-
nances arising from the bridg-
ing methylene carbon atoms
are observed at d=37.92,
37.62, 31.63, and 31.05 ppm for
3d and at d=38.11, 37.81,
31.32, and 30.74 ppm for 3e,
respectively. Because only the unsubstituted aromatic ring
of 3a and 3b can rotate as the other three are immobilized
by the substituents, we can deduce that 3d and 3e adopt
partial cone conformations. Indeed, because of the diamag-
netic shielding effect, the methyl and methylene protons of
the inverted O-propyl groups in 3d and 3e appear at a
higher field than those of 4c and 4e cone conformers bear-
ing a propyl group. Hydrolysis of 3d and 3e afforded the
carboxylic acid derivatives 4h and 4 i, respectively. Com-
pared with those of 3d and 3e, all the signals arising from
the methyl and methylene protons in the inverted O-propyl
group of 4h and 4 i are positioned at remarkably high fields.
This phenomenon indicates that the inverted propyl group is
deeply buried in the hydrophobic cavity generated by the
three remaining phenol units in a sort of “self-inclusion”
complex. It is still not clear why this simple hydrolysis reac-
tion can cause such significant conformational adjustment.


Compounds 4h and 4 i were then treated with (S)-BINOL
to furnish 5h and 5 i, respectively, each as a pair of diaster-
eomers. Similarly, both the tetra-O-alkylated diastereomeric
crown-5 and crown-6 partial cone conformers 5h and 5I, re-
spectively, can readily be separated by preparative TLC
(CHCl3:AcOEt=4:1, de>99%). After hydrolysis, two pairs
of enantiomers were obtained. Their CD spectra show sym-
metrical images (Figure 5) and their specific rotations have
the same magnitudes with opposite signs.


With a method for the synthesis of calix[4]arenes with
partial cone conformations in hand, we synthesized a confor-
mational isomer of 4h that also adopts a partial cone confor-
mation, the only difference being that it has a different in-
verted aromatic ring (Scheme 5). 1,2-Calix[4]crown-5 2a was


Scheme 4.


Figure 5. CD spectra (CH2Cl2, 25 8C) of the enantiomers of 4h and 4 i
(the solid lines and the dotted lines denote 4–1 and 4–2, respectively).
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treated with nPrI under the same reaction conditions as
used for the alkylation of compounds 3a and 3b to yield in-
herently chiral racemate 6 with a cone conformation. Com-
pound 6 was then subjected to the same reaction conditions
as used to esterify 2a to yield 7 with a partial cone confor-
mation, which was confirmed by its spectroscopic data.
Compound 7, with the inverted aromatic ring bearing the
ethoxycarbonylmethyl group, was then hydrolyzed to give
carboxylic acid derivative 8. Compound 8 was then treated
with (S)-BINOL to yield a diastereomeric mixture. Howev-
er, TLC analysis of compound 8 showed only one spot with
various developing solvents and attempts to separate it
failed. So it seems that in our system, it is essential that the
carboxylic group is syn to the crown moiety if the diastereo-
meric mixture is to be separated by conventional chroma-
tography methods.


Conclusions


In conclusion, we have demonstrated a facile way to synthe-
size a series of tri- and tetra-O-alkylated inherently chiral
calix[4]crowns with cone and partial cone conformations. By
taking advantage of the carboxylic group appended on the
lower rim of 4, diastereomers 5a–5 i were formed by con-
densation with chiral auxiliary (S)-BINOL. Chemical resolu-
tion was effected by preparative TLC for compounds 5a,
5h, and 5 i, and by conventional column chromatography on
silica gel for 5c–5 f. After hydrolysis, the (S)-BINOL unit
was removed and seven pairs of optically pure enantiomers
of 4 were obtained. Structural modification has a profound
effect upon the separation of the diastereomers. It seems
that 1) increasing the size or the flexibility of the crown
ether moiety has a detrimental effect upon the separation of
diastereomers; 2) in contrast, alkylation of the last phenolic


hydroxy group with or without changing the conformation
has a beneficial effect upon the separation of the diaster-
eomers; 3) for our resolution method, it is necessary for the
carboxylic group to be on the same side of the calixarene as
the crown moiety at the lower rim. Enantiomers 4 possess
crown moieties and carboxylic groups that may serve as rec-
ognition sites. We believe the reactions described in this
work provide a convenient access to optically pure inherent-
ly chiral calix[4]crowns on a large scale and will facilitate
the research into their chiral discrimination and asymmetric
catalytic abilities which is now under investigation in our
laboratory.


Experimental Section


General remarks : Melting points were determined on an electrothermal
melting point apparatus and are uncorrected. 1H and 13C NMR spectra
were obtained at 300.13 and 75 MHz on a Bruker DMX300 NMR spec-
trometer (CDCl3 and TMS as internal standard), respectively. MALDI-
TOF MS were recorded with a Bruker BIFLEXIII spectrometer with
CCA (2-cyano-4’-hydroxycinnamic acid) as the matrix. CD spectra were
recorded with a JASCO J-810 spectrometer. NaH (80% in oil, Merck)
was washed twice with petroleum ether (30–60 8C) and stored in a desic-
cator. All other chemicals were reagent grade and were used without fur-
ther purification. Self-made preparative TLC plates were prepared using
silica gel HF254 (10–40 mm) and carboxymethylcellulose (CMC) as adhe-
sive. Column chromatography was performed on silica gel (200–
300 mesh). Petroleum ether used for column chromatography refers to of
the 60–90 8C fraction.


5,11,17,23-Tetra-tert-butyl-25,26-bis[(ethoxyethyl)oxy]-27,28-dihydroxyca-
lix[4]arene (2c): NaH (0.924 g, 5.0 equiv) was added to a suspension of
p-tert-butylcalix[4]arene (5 g, 7.7 mmol) in DMF (500 mL) and the reac-
tion mixture was stirred at room temperature for 1 h. Then bromoethyl
ethyl ether (2.83 g, 2.2 equiv) was added and the mixture was stirred at
60 8C for 24 h. Methanol (40 mL) was added dropwise to remove excess
NaH. After removal of the solvent under reduced pressure, the residue
was partitioned between 10% HCl (300 mL) and CH2Cl2 (2O300 mL).
The organic layer was dried over Na2SO4 and evaporated. The residue
was purified by column chromatography (SiO2, petroleum ether/AcOEt
9:1) to give 2c as a white solid. Yield 56%; m.p. 205–207 8C (CH2Cl2/
CH3OH); 1H NMR: d=8.53 (s, 2H; OH), 6.97–6.87 (m, 8H), 4.57 (d, J=
12.6 Hz, 1H; ArCH2Ar), 4.39 (d, J=13.2 Hz, 2H; ArCH2Ar), 4.28 (d, J=
14.3 Hz, 1H; ArCH2Ar), 4.11–3.61 (m, 12H; CH2CH2OCH2CH3), 3.28
(d, J=12.7 Hz, 4H; ArCH2Ar), 1.29 (t, J=6.9 Hz, 6H; OCH2CH3), 1.18
(s, 18H), 1.06 ppm (s, 18H); 13C NMR: d=151.81, 148.91, 146.01, 141.91,
133.79, 133.65, 128.48, 127.69, 125.78, 125.73, 125.08, 125.05, 74.36, 69.68,
66.70, 33.96, 33.82, 32.44, 31.73, 31.13, 31.55, 31.29, 15.23 ppm; IR (KBr):
ñ=3366, 1484, 1200, 1122 cm�1; MALDI-TOF MS: m/z : 792.2 [M]+ ,
815.2 [M+Na]+ , 831.2 [M+K]+ ; elemental analysis calcd (%) for
C52H72O6: C, 78.75; H, 9.15; found: C, 78.67; H, 9.20.


Reaction of 2a–2c with ethyl bromoacetate: General procedure for the
preparation of cone conformers 3a–3c : A stirred mixture of 2a–2c
(3.7 mmol), ethyl bromoacetate (0.68 g, 1.1 equiv), and Cs2CO3 (1.21 g,
1.0 equiv) in DMF (250 mL) was heated at 60 8C for 6 h. Then 10% HCl
(4 mL) was added to quench the reaction. After removal of the solvent
under reduced pressure, the residue was partitioned between water and
CH2Cl2. The organic layer was dried with Na2SO4 and the solvent evapo-
rated. The residue was purified by column chromatography to give 3a–3c
as white solids.


3-{[(Ethoxycarbonyl)methyl]oxy}-p-tert-butylcalix[4]arene-(1,2)-crown-5,
cone conformer (3a): Column chromatography (SiO2, petroleum ether/
AcOEt 4:1). Yield 77%; m.p. 154–155 8C (CH2Cl2/CH3OH); 1H NMR:
d=7.11 (s, 2H), 7.06 and 7.02 (2d, J=2.1 Hz, 1H each), 6.66 (s, 2H),
6.45 (s, 1H), 6.44 (s, 1H), 4.56 (d, J=15.7 Hz, 1H; CH2CO2), 4.52–3.66


Scheme 5.
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(m, 21H), 3.26 (d, J=14.1 Hz, 1H; ArCH2Ar), 3.23 (d, J=11.3 Hz, 1H;
ArCH2Ar), 3.21(d, J=13.5 Hz, 1H; ArCH2Ar), 3.19 (d, J=11.8 Hz, 1H;
ArCH2Ar), 1.33 (t, J=7.2 Hz, 3H; CH2CH3), 1.32 (s, 18H), 0.93 (s, 9H),
0.77 ppm (s, 9H); 13C NMR: d=169.8, 153.6, 152.5, 150.7, 146.1, 145.8,
145.2, 141.0, 135.9, 135.4, 132.9, 132.0, 132.01, 131.7, 129.3, 128.1, 125.8,
125.6, 125.4, 125.2, 125.1, 125.0, 124.8, 124.74, 76.22, 72.42, 72.28, 72.06,
70.99, 70.37, 69.88, 69.61, 68.41, 60.88, 34.15, 33.84, 33.61, 31.79, 31.68,
31.07, 31.34, 30.98, 30.80, 14.3 ppm; IR (KBr): ñ=3480, 1755, 1482, 1202,
1123 cm�1; MALDI-TOF MS: m/z : 915.8 [M+Na]+ , 931.8 [M+K]+ ; ele-
mental analysis calcd (%) for C56H76O9: C, 75.30; H, 8.58; found: C,
75.32; H, 8.58.


3-{[(Ethoxycarbonyl)methyl]oxy}-p-tert-butylcalix[4]arene-(1,2)-crown-6,
cone conformer (3b): Column chromatography (SiO2, petroleum ether/
acetone 8:1). Yield 82%; m.p. 152–154 8C (CH2Cl2/CH3OH); 1H NMR:
d=7.11 (s, 2H), 7.05 and 7.02 (2d, J=2.1 Hz, 1H each), 6.62 (s, 2H),
6.48 (s, 2H), 5.82 (s, 1H; OH), 4.53 (s, 2H; CH2CO2), 4.48 (d, J=
11.7 Hz, 1H; ArCH2Ar), 4.42 (d, J=13.2 Hz, 1H; ArCH2Ar), 4.29–3.61
(m, 24H), 3.28 (d, J=12.5 Hz, 1H; ArCH2Ar), 3.24 (d, J=11.6 Hz, 1H;
ArCH2Ar), 3.20 (d, J=12.1 Hz, 1H; ArCH2Ar), 3.17 (d, J=12.7 Hz, 1H;
ArCH2Ar), 1.32 (t, J=7.3 Hz, 3H; CH2CH3), 1.31 (s, 18H), 0.88 (s, 9H),
0.78 ppm (s, 9H); 13C NMR: d=169.64, 153.61, 152.18, 150.81, 150.53,
145.86, 145.74, 145.38, 141.32, 135.86, 135.56, 132.88, 131.88, 131.81,
131.76, 129.33, 128.34, 125.67, 125.61, 125.23, 125.17, 125.08, 124.94,
124.84, 124.79, 74.92, 72.31, 71.85, 71.14, 70.76, 70.62, 69.69, 69.58, 60.92,
34.12, 33.82, 33.75, 33.62, 31.74, 31.65, 31.04, 31.00, 31.52, 31.33, 30.87,
14.24 ppm; IR (KBr): ñ=3467, 1737, 1482, 1202, 1124 cm�1; MALDI-
TOF MS: m/z : 958.8 [M+Na]+ , 975.8 [M+K]+ ; elemental analysis calcd
(%) for C58H80O10: C, 74.33; H, 8.60; found: C, 74.31; H, 8.63.


5,11,17,23-Tetra-tert-butyl-25,26-bis[(ethoxyethyl)oxy]-27-{[(ethoxycarbo-
nyl)methyl]oxy}-28-hydroxycalix[4]arene, cone conformer (3c): Column
chromatography (SiO2, petroleum ether/AcOEt 9:1). Yield 62%; m.p.
117–120 8C; 1H NMR: d=7.07 (s, 2H), 7.02 (d, J=2.3 Hz, 1H), 7.00 (d,
J=2.3 Hz, 1H), 6.64 (s, 1H), 6.63 (s, 1H), 6.52 (s, 2H), 5.98 (s, 1H; OH),
4.63 and 4.53 (2d, J=15.8 Hz, 1H each, CH2CO2), 4.56 (d, J=12.8 Hz,
1H; ArCH2Ar), 4.44 (d, J=12.9 Hz, 2H; ArCH2Ar), 4.34 (d, J=13.3 Hz,
1H; ArCH2Ar), 4.30–3.79 (m, 10H), 3.62 (q, J=7.2 Hz, 2H; CH2CH3),
3.59 (q, J=7.2 Hz, 2H; CH2CH3), 3.24 (d, J=13.5 Hz, 1H; ArCH2Ar),
3.23 (d, J=11.4 Hz, 1H; ArCH2Ar), 3.20 (d, J=12.8 Hz, 1H; ArCH2Ar),
3.17 (d, J=12.6 Hz, 1H; ArCH2Ar), 1.33 (t, J=7.1 Hz, 3H;
CO2CH2CH3), 1.24 (t, J=7.2 Hz, 3H; OCH2CH3), 1.23 (t, J=7.2 Hz, 3H;
OCH2CH3), 1.29, 1.28, 0.90 and 0.82 ppm (4s, 9H each); 13C NMR: d=
169.89, 153.51, 152.38, 151.02, 150.49, 145.73, 145.60, 145.38, 141.16,
135.63, 135.38, 132.87, 132.12, 132.06, 132.01, 129.10, 128.43, 125.64,
125.58, 125.18, 125.12, 125.03, 124.95, 124.93, 124.81, 74.72, 72.31, 71.95,
69.34, 69.26, 66.60, 66.33, 60.94, 34.10, 33.82, 33.78, 33.67, 31.74, 31.65,
31.10, 31.07, 31.39, 30.99, 15.50, 15.30, 14.24 ppm; IR (KBr): ñ=3538,
1759, 1481, 1203 cm�1; MALDI-TOF MS: m/z : 901.1 [M+Na]+ ; elemen-
tal analysis calcd (%) for C56H78O8: C, 76.50; H, 8.94; found: C, 76.28; H,
8.94.


Hydrolysis of compounds 3a–3c: General procedure for the preparation
of 4a, 4b, and 4g : Compounds 3a–3c (1.8 mmol) in THF (100 mL) were
refluxed with aqueous 10% tetramethylammonium hydroxide solution
(8.18 mL, 5 equiv) for 12 h. After removal of the solvent, 10% HCl
(40 mL) was added. The aqueous solution was extracted with CH2Cl2 (2O
40 mL). The organic layer was dried with Na2SO4 and the solvent evapo-
rated. The residue was crystallized from CH2Cl2/CH3OH to give the
products 4a, 4b, and 4g as white solids.


3-[(Carboxymethyl)oxy]-p-tert-butylcalix[4]arene-(1,2)-crown-5, cone
conformer (4a): Yield 80%; m.p. 128–130 8C (CH2Cl2/CH3OH); 1H
NMR: d=7.03 and 6.97 (2d, J=2.4 Hz, 1H each, ArH), 6.95 (s, 3H;
ArH), 6.85 (d, J=2.3 Hz, 1H; ArH), 6.82 and 6.77 (2d, J=2.4 Hz, 1H
each, ArH), 4.84 and 4.37 (2d, J=16.0 Hz, 1H each, CH2CO2), 4.44 (d,
J=12.5 Hz, 1H; ArCH2Ar), 4.30 (d, J=12.4 Hz, 1H; ArCH2Ar), 4.26 (d,
J=13.5 Hz, 1H; ArCH2Ar), 4.21 (d, J=12.9 Hz, 1H; ArCH2Ar), 4.33–
3.66 (m, 16H), 3.36 (d, J=13.6 Hz, 1H; ArCH2Ar), 3.28 (d, J=12.6 Hz,
1H; ArCH2Ar), 3.27 (d, J=13.3 Hz, 1H; ArCH2Ar), 3.26 (d, J=12.5 Hz,
1H; ArCH2Ar), 1.23, 1.13, 1.08, and 1.01 ppm (4s, 9H each, C(CH3)3);
13C NMR: d=171.13, 152.38, 151.35, 150.33, 149.26, 147.07, 146.53,


146.03, 142.51, 134.24, 134.01, 133.95, 133.40, 132.21, 132.14, 129.04,
128.20, 126.08, 125.80, 125.78, 125.68, 125.65, 125.45, 125.41, 125.07, 75.82,
74.37, 72.15, 71.28, 70.91, 70.69, 70.22, 70.15, 69.74, 34.02, 34.01, 33.89,
33.86, 31.54, 31.35, 31.20, 31.16, 32.24, 32.08, 31.27, 30.48 ppm; IR (KBr):
ñ=3446, 1760, 1482, 1248, 1201, 1123 cm�1; MALDI-TOF MS: m/z : 887.2
[M+Na]+ , 903.2 [M+K]+ ; elemental analysis calcd (%) for C54H72O9: C
74.97, H 8.39; found: C 74.99, H 8.32.


3-[(Carboxymethyl)oxy]-p-tert-butylcalix[4]arene-(1,2)-crown-6, cone
conformer (4b): Yield 83%; m.p. 125–127 8C (CH2Cl2/CH3OH); 1H
NMR: d=7.75 (s, 1H; OH), 7.02–6.85 (m, 8H), 4.91 and 4.45 (2d, J=
16.0 Hz, 1H each; CH2CO2), 4.50 (d, J=14.1 Hz, 1H; ArCH2Ar), 4.34
(d, J=12.6 Hz, 1H; ArCH2Ar), 4.26 (d, J=13.5 Hz, 1H; ArCH2Ar), 4.24
(d, J=12.9 Hz, 1H; ArCH2Ar), 4.53–3.67 (m, 20H), 3.34 (d, J=13.9 Hz,
1H; ArCH2Ar), 3.29 (d, J=12.6 Hz, 1H; ArCH2Ar), 3.27 (d, J=12.9 Hz,
2H; ArCH2Ar), 1.17, 1.15, 1.10, and 1.05 ppm (4s, 9H each); 13C NMR:
d=171.32, 152.05, 151.71, 151.09, 148.75, 146.81, 146.63, 145.84, 142.41,
134.16, 133.82, 133.54, 132.99, 132.70, 128.74, 128.00, 126.26, 125.85,
125.66, 125.64, 125.60, 125.55, 125.41, 125.32, 125.00, 75.40, 74.26, 72.06,
71.22, 70.70, 70.57, 70.40, 70.32, 70.26, 69.77, 34.04, 33.97, 33.90, 33.78,
32.30, 32.25, 30.97, 31.43, 31.29, 31.24 ppm; IR (KBr): ñ=3422, 1748,
1482, 1201, 1124 cm�1; MALDI-TOF MS: m/z : 931.2 [M+Na]+ , 947.5
[M+K]+ ; elemental analysis calcd (%) for C56H76O10: C 73.98, H 8.43;
found: C 73.53, H 8.30.


5,11,17,23-Tetra-tert-butyl-25,26-bis[(ethoxyethyl)oxy]-27-[(carboxyme-
thyl)oxy]-28-hydroxycalix[4]arene, cone conformer (4g): Yield 62%;
m.p. 162–164 8C (CH2Cl2/CH3OH); 1H NMR: d=11.9 (s, 1H; COOH),
7.75 (s, 1H; OH), 7.09 and 7.02 (2d, J=2.0 Hz, 1H each), 7.03 and 7.00
(2d, J=2.2 Hz, 1H each), 6.86 and 6.80 (2d, J=2.0 Hz, 1H each), 6.75
and 6.74 (2s, 1H each), 4.76 and 4.61 (2d, J=15.7 Hz, 1H each,
CH2CO2), 4.49 (d, J=12.7 Hz, 1H; ArCH2Ar), 4.41 (d, J=12.5 Hz, 1H;
ArCH2Ar), 4.38 (d, J=13.4 Hz, 1H; ArCH2Ar), 4.31 (d, J=12.9 Hz, 1H;
ArCH2Ar), 4.68–3.54 (m, 12H; CH2CH2OCH2CH3), 3.29 (d, J=13.5 Hz,
1H; ArCH2Ar), 3.27 (d, J=12.3 Hz, 2H; ArCH2Ar), 3.23 (d, J=12.6 Hz,
1H; ArCH2Ar), 1.29 (t, J=6.9 Hz, 6H; CH2CH3), 1.23, 1.21, 1.11, and
0.96 ppm (4s, 9H each); 13C NMR: d=170.88, 151.76, 151.49, 151.09,
148.60, 146.96, 146.82, 145.93, 141.95, 134.48, 134.32, 134.24, 133.83,
133.28, 133.11, 128.39, 127.81, 126.31, 126.06, 125.64, 125.62, 125.41,
125.39, 125.16, 124.84, 75.16, 74.79, 71.47, 69.26, 68.88, 66.73, 66.58, 34.10,
33.86, 33.70, 32.14, 31.92, 31.28, 30.67, 31.44, 31.40, 31.37, 31.13, 15.19,
15.07 ppm; IR (KBr): ñ=3309, 1766, 1482, 1246, 1200, 1123 cm�1;
MALDI-TOF MS: m/z : 873.5 [M+Na]+ , 889.5 [M+K]+ ; elemental anal-
ysis calcd (%) for C54H74O8: C 76.20, H 8.76; found: C 76.10, H 8.75.


Alkylation of the last phenolic OH group: general procedure for the
preparation of cone conformers 4c–4 f : Compound 3a or 3b (1.5 mmol)
and NaH (0.18 g, 5.0 equiv) in DMF (100 mL) were stirred at room tem-
perature for 1 h. Then alkylating agent was added and the temperature
was kept at 70 8C overnight. Water (15 mL) was added and the mixture
was stirred for another 3 h. After removal of the solvent under reduced
pressure, 10% HCl (50 mL) was added. The aqueous solution was ex-
tracted with CH2Cl2 (2O50 mL). The organic layer was dried with
Na2SO4 and the solvent evaporated. The residue was purified by column
chromatography (SiO2, petroleum ether/AcOEt 1:1) to give 4c–4 f as
white solids.


3-[(Carboxymethyl)oxy]-4-propoxy-p-tert-butylcalix[4]arene-(1,2)-crown-
5, cone conformer (4c): Yield 88%; m.p. 186–188 8C (CH2Cl2/CH3OH);
1H NMR: d=11.28 (s, 1H; COOH), 7.18 (s, 2H), 7.15 (s, 2H), 6.62 (s,
2H), 6.53 (s, 2H), 4.89 and 4.55 (2d, J=15.7 Hz, 1H each, CH2CO2), 4.61
(d, J=12.5 Hz, 1H; ArCH2Ar), 4.39 (d, J=12.6 Hz, 1H; ArCH2Ar), 4.26
(d, J=13.0 Hz, 1H; ArCH2Ar), 4.20 (d, J=13.8 Hz, 1H; ArCH2Ar),
4.47–3.73 (m, 18H), 3.27 (d, J=12.9 Hz, 1H; ArCH2Ar), 3.26 (d, J=
13.5 Hz, 1H; ArCH2Ar), 3.21 (d, J=12.5 Hz, 1H; ArCH2Ar), 3.17 (d, J=
12.0 Hz, 1H; ArCH2Ar), 1.63–1.59 (m, 2H; CH2CH2CH3), 1.37 and 0.85
(2s, 18H each), 1.00 ppm (t, J=7.4 Hz, 3H; CH2CH2CH3);


13C NMR: d=
170.83, 154.07, 152.01, 150.84, 150.82, 147.11, 145.33, 145.15, 145.00,
135.69, 135.00, 134.91, 134.87, 132.98, 132.55, 131.59, 131.35, 126.06,
125.87, 125.48, 125.34, 125.23, 125.19, 124.76, 124.57, 78.44, 75.41, 73.55,
71.49, 71.04, 70.67, 70.53, 70.45, 69.11, 34.21, 34.08, 33.66, 31.73, 31.60,
31.03, 31.19, 31.12, 30.89, 30.47, 23.02, 10.25 ppm; IR (KBr): ñ=3235,
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1762, 1481, 1200 cm�1; MALDI-TOF MS: m/z : 929.9 [M+Na]+ ; elemen-
tal analysis calcd (%) for C57H78O9: C 75.46, H 8.67; found: C 75.56, H
8.65.


3-[(Carboxymethyl)oxy]-4-benzyloxy-p-tert-butylcalix[4]arene-(1,2)-
crown-5, cone conformer (4d): Yield 66%; m.p. 128–130 8C (CH2Cl2/
CH3OH); 1H NMR: d=7.38–7.34 (m, 5H; OCH2Ph), 7.13–7.08 (m, 4H),
6.62 and 6.57 (2d, J=1.7 Hz, 1H each), 6.48 (s, 2H), 4.97 and 4.83 (2d,
J=11.1 Hz, 1H each, OCH2Ph), 4.85 and 4.42 (2d, J=15.8 Hz, 1H each,
CH2CO2), 4.58 (d, J=12.5 Hz, 1H; ArCH2Ar), 4.26 (d, J=12.4 Hz, 1H;
ArCH2Ar), 4.17 (d, J=12.3 Hz, 1H; ArCH2Ar), 4.31–3.69 (m, 17H), 3.23
(d, J=12.8 Hz, 1H; ArCH2Ar), 3.14 (d, J=12.6 Hz, 1H; ArCH2Ar), 3.05
(d, J=12.6 Hz, 1H; ArCH2Ar), 2.88 (d, J=13.0 Hz, 1H; ArCH2Ar),
1.34, 1.33, 0.86, and 0.82 ppm (4s, 9H each); 13C NMR: d=170.77,
154.13, 152.10, 150.87, 149.96, 147.00, 145.36, 145.27, 145.10, 136.41,
135.65, 134.87, 134.81, 134.77, 132.94, 132.74, 132.11, 131.30, 130.06,
128.42, 128.40, 126.02, 125.73, 125.40, 125.33, 125.24, 125.21, 124.75,
124.45, 78.50, 75.38, 73.50, 71.28, 71.07, 70.56, 70.49, 70.45, 69.06, 34.17,
34.06, 33.70, 33.64, 31.72, 31.57, 31.02, 31.16, 31.08, 30.53 ppm; IR (KBr):
ñ=3246, 1761, 1480, 1199 cm�1; MALDI-TOF MS: m/z : 977.1 [M+Na]+ ;
elemental analysis calcd (%) for C61H78O9: C 76.70, H 8.23; found: C
76.43, H 8.26.


3-[(Carboxymethyl)oxy]-4-propoxy-p-tert-butylcalix[4]arene-(1,2)-crown-
6, cone conformer (4e): Yield 67%; m.p. 152–154 8C (CH2Cl2/CH3OH);
1H NMR: d=7.15 (s, 2H), 7.14 and 7.12 (2d, J=1.7 Hz, 1H each), 6.58
(s, 2H), 6.51 and 6.49 (2d, J=2.5 Hz, 1H each), 4.78 and 4.53 (2d, J=
15.7 Hz, 1H each, CH2CO2), 4.58 (d, J=13.0 Hz, 1H; ArCH2Ar), 4.39 (d,
J=12.4 Hz, 1H; ArCH2Ar), 4.22 (d, J=12.7 Hz, 1H; ArCH2Ar), 4.19 (d,
J=12.7 Hz, 1H; ArCH2Ar), 4.05–3.60 (m, 22H), 3.23 (d, J=12.8 Hz, 2H;
ArCH2Ar), 3.16 (d, J=12.5 Hz, 1H; ArCH2Ar), 3.14 (d, J=12.5 Hz, 1H;
ArCH2Ar), 2.00–1.83 (m, 2H; CH2CH2CH3), 1.34 (s, 18H each, C-
(CH3)3), 0.98 (t, J=7.5 Hz, 3H; CH2CH2CH3), 0.83 and 0.82 ppm (2s, 9H
each); 13C NMR: d=170.61, 154.27, 151.88, 150.83, 150.79, 147.14, 145.27,
145.16, 145.00, 135.50, 135.03, 135.01, 134.88, 132.96, 132.55, 131.59,
131.44, 126.07, 125.85, 125.50, 125.25, 125.18, 125.16, 124.76, 124.57, 78.38,
75.20, 73.17, 71.25, 70.92, 70.85, 70.73, 70.57, 70.27, 69.04, 34.21, 34.08,
33.66, 31.73, 31.60, 31.03, 31.19, 30.82, 30.73, 23.00, 10.29 ppm; IR (KBr):
ñ=3230, 1762, 1481, 1200, 1123 cm�1; MALDI-TOF MS: m/z : 973.8
[M+Na]+ , 989.8 [M+K]+ ; elemental analysis calcd (%) for C59H82O10: C
74.49, H 8.69; found: C 74.48, H 8.64.


3-[(Carboxymethyl)oxy]-4-benzyloxy-p-tert-butylcalix[4]arene-(1,2)-
crown-6, cone conformer (4 f): Yield 66%; m.p. 103–105 8C (CH2Cl2/
CH3OH); 1H NMR: d=7.36–7.32 (m, 5H; OCH2Ph), 7.12 and 7.08 (2d,
J=2.1 Hz, 1H each), 7.11 and 7.07 (2d, J=2.1 Hz, 1H each), 6.60 and
6.48 (2d, J=1.4 Hz, 1H each), 6.55 and 6.46 (2d, J=1.4 Hz, 1H each),
4.94 and 4.80 (2d, J=11.1 Hz, 1H each, OCH2Ph), 4.73 and 4.45 (2d, J=
15.8 Hz, 1H each, CH2CO2), 4.55 (d, J=12.5 Hz, 1H; ArCH2Ar), 4.27 (d,
J=12.4 Hz, 1H; ArCH2Ar), 4.18 (d, J=12.6 Hz, 1H; ArCH2Ar), 4.39–
3.57 (m, 21H), 3.22 (d, J=12.8 Hz, 1H; ArCH2Ar), 3.13 (d, J=12.6 Hz,
1H; ArCH2Ar), 3.02 (d, J=12.5 Hz, 1H; ArCH2Ar), 2.87 (d, J=12.9 Hz,
1H; ArCH2Ar), 1.32, 1.31, 0.84, and 0.81 ppm (4s, 9H each); 13C NMR:
d=170.53, 154.35, 152.00, 150.83, 150.02, 147.01, 145.34, 145.24, 145.14,
136.48, 135.44, 134.98, 134.87, 134.75, 132.90, 132.73, 132.07, 131.40,
130.00, 128.46, 128.44, 128.40, 126.00, 125.76, 125.54, 125.24, 125.07,
124.78, 124.46, 78.45, 75.19, 73.13, 71.23, 70.99, 70.83, 70.72, 70.57, 70.53,
70.23, 68.95, 34.17, 34.06, 33.70, 33.64, 31.72, 31.57, 31.02, 31.23, 30.95,
30.83 ppm; IR (KBr): ñ=3230, 1761, 1480, 1199, 1123 cm�1; MALDI-
TOF MS: m/z : 1021.0 [M+Na]+ , 1037.0 [M+K]+ ; elemental analysis
calcd (%) for C63H82O10: C 75.72, H 8.27; found: C 75.73, H 8.34.


Alkylation of the last phenolic OH group: general procedure for the
preparation of partial cone conformers 3d and 3e : Compound 3a or 3b
(1.8 mmol), nPrI (3.06 g, 10 equiv), and Cs2CO3 (5.84 g, 10 equiv) in
DMF (100 mL) were stirred at 70 8C for 2 d. Then 10% HCl (15 mL) was
added to quench the reaction. After removal of the solvent under re-
duced pressure, the residue was partitioned between water (50 mL) and
CH2Cl2 (2O50 mL). The organic layer was dried with Na2SO4 and the sol-
vent evaporated. The residue was purified by column chromatography
and then recrystallized from CH2Cl2/CH3OH to give 3d or 3e as a white
solid.


3-{[(Ethoxycarbonyl)methyl]oxy}-4-propoxy-p-tert-butylcalix[4]arene-
(1,2)-crown-5, partial cone conformer (3d): Column chromatography
(SiO2, petroleum ether/AcOEt 6:1). Yield 42%; m.p. 251–253 8C
(CH2Cl2/CH3OH); 1H NMR: d=7.36 and 7.23 (2d, J=2.4 Hz, 1H each),
7.05 (s, 2H), 6.87 and 6.86 (2d, J=2.7 Hz, 1H each), 6.64 and 6.62 (2d,
J=2.4 Hz, 1H each), 4.50 and 4.36 (2d, J=15.2 Hz, 1H each, CH2CO2),
4.33 (d, J=12.3 Hz, 1H; ArCH2Ar), 4.29 (d, J=12.3 Hz, 1H; ArCH2Ar),
4.25–3.51 (m, 22H), 3.19 (t, J=7.8 Hz, 2H; CH2CH2CH3), 3.11 (d, J=
13.0 Hz, 1H; ArCH2Ar), 3.05 (d, J=12.8 Hz, 1H; ArCH2Ar), 1.63–1.50
(m, 2H), 1.43 and 1.31 (2 s, 9H each), 1.29 (t, J=7.2 Hz, 3H;
CO2CH2CH3), 1.05 (s, 18H), 0.70 ppm (t, J=7.2 Hz, 3H; CH2CH2CH3);
13C NMR: d=169.74, 155.06, 153.81, 153.58, 153.49, 144.88, 144.33,
143.91, 143.21, 135.74, 134.91, 132.94, 132.69, 132.64, 132.04, 132.02,
132.00, 127.91, 127.63, 126.14, 126.04, 125.75, 125.56, 125.51, 125.44, 74.02,
73.00, 71.59, 71.36, 71.27, 70.83, 70.78, 70.58, 70.24, 69.34, 60.78, 37.92,
37.62, 31.63, 31.05, 34.04, 34.03, 33.75, 31.78, 31.68, 31.43, 31.37, 23.82,
14.20, 10.31 ppm; IR (KBr): ñ=1760, 1479, 1201, 1122 cm�1; MALDI-
TOF MS: m/z : 957.6 [M+Na]+ , 973.5 [M+K]+ ; elemental analysis calcd
(%) for C59H82O9: C 75.77, H 8.84; found: C 75.96, H 8.84.


3-{[(Ethoxycarbonyl)methyl]oxy}-4-propoxy-p-tert-butylcalix[4]arene-
(1,2)-crown-6, partial cone conformer (3e): Column chromatography
(SiO2, petroleum ether/AcOEt 5:1). Yield 55%; m.p. 193–195 8C
(CH2Cl2/CH3OH); 1H NMR: d=7.35 and 7.22 (2d, J=2.4 Hz, 1H each),
7.07 (s, 2H), 6.89 and 6.87 (2d, J=2.4 Hz, 1H each), 6.68 and 6.67 (2d,
J=2.5 Hz, 1H each), 4.50 and 4.37 (2d, J=15.3 Hz, 1H each, CH2CO2),
4.35 (d, J=11.9 Hz, 1H; ArCH2Ar), 4.31 (d, J=12.2 Hz, 1H; ArCH2Ar),
4.28–4.18 (m, 2H; CO2CH2CH3), 4.17–3.46 (m, 24H), 3.10 (d, J=13.5 Hz,
1H; ArCH2Ar), 3.05 (d, J=13.7 Hz, 1H; ArCH2Ar), 2.93 and 2.90 (2d,
J=7.2 Hz, 1H each, CH2CH2CH3), 1.55–1.39 (m, 2H; CH2CH2CH3),
1.42, 1.32, 1.07, and 1.05 (4s, 9H each), 1.30 (t, J=6.9 Hz, 3H;
CO2CH2CH3), 0.53 ppm (t, J=7.2 Hz, 3H; CH2CH2CH3);


13C NMR: d=
169.75, 155.03, 155.80, 153.50, 152.98, 145.14, 144.29, 144.01, 143.33,
135.49, 135.42, 133.11, 132.92, 132.90, 132.36, 132.07, 132.05, 127.74,
127.45, 126.21, 126.19, 125.80, 125.56, 125.29, 125.25, 73.80, 72.11, 71.07,
70.83, 70.72, 70.45, 70.42, 70.30, 70.25, 69.82, 69.19, 60.77, 38.11, 37.81,
31.32, 30.74, 34.06, 34.00, 33.75, 33.74, 31.75, 31.66, 31.36, 31.30,
23.59 ppm; IR (KBr): ñ=1762, 1479, 1201 cm�1; MALDI-TOF MS: m/z :
1001.5 [M+Na]+ , 1017.5 [M+K]+ ; elemental analysis calcd (%) for
C61H86O10·0.5H2O: C 74.13, H 8.87; found: C 74.08, H 8.71.


3-[(Carboxymethyl)oxy]-4-propoxy-p-tert-butylcalix[4]arene-(1,2)-crown-
5, partial cone conformer (4h): This compound was synthesized by hy-
drolysis of 3d following the same procedure as used for the hydrolysis of
4a, 4b, and 4g. Yield 99%; m.p. 209–211 8C (CH2Cl2/CH3OH); 1H NMR:
d=9.49 (s, 1H; CO2H), 7.22 (s, 2H), 7.20 (d, J=2.2 Hz, 1H), 7.07 (d, J=
2.3 Hz, 1H), 7.01 (d, J=2.3 Hz, 1H), 6.96 (d, J=2.1 Hz, 2H), 6.90 (d, J=
2.3 Hz, 1H), 4.64 (d, J=12.1 Hz, 1H; ArCH2Ar), 4.24 and 4.17 (2d, J=
15.5 Hz, 1H each, OCH2CO2), 4.06 (d, J=12.0 Hz, 1H; ArCH2Ar), 3.98
(d, J=17.7 Hz, 1H; ArCH2Ar), 4.13–3.52 (m, 19H), 3.28 (d, J=12.2 Hz,
1H; ArCH2Ar), 3.26 (d, J=12.1 Hz, 1H; ArCH2Ar), 2.24–2.19 (m, 1H),
1.93–1.86 (m, 1H), 1.37, 1.27, 1.26, and 1.11 (4s, 9H each), 0.27–0.07 (m,
2H), �0.31 ppm (t, J=7.5 Hz, 3H; CH2CH2CH3);


13C NMR: d=169.41,
154.12, 153.55, 150.96, 150.31, 147.38, 145.68, 145.46, 145.28, 136.01,
135.60, 134.48, 133.49, 132.80, 132.69, 132.09, 132.07, 127.86, 126.38,
126.01, 125.30, 125.27, 125.19, 125.15, 124.82, 75.58, 72.16, 71.25, 70.71,
70.62, 70.01, 69.23, 68.91, 39.62, 38.29, 30.94, 30.14, 34.19, 34.00, 31.56,
31.44, 31.35, 31.30, 22.29, 9.77 ppm; IR (KBr): ñ=3396, 1761, 1480, 1201,
1124 cm�1; MALDI-TOF MS: m/z : 929.4 [M+Na]+ , 945.4 [M+K]+ ; ele-
mental analysis calcd (%) for C57H78O9: C 75.46, H 8.67; found: C 75.31,
H 8.71.


3-[(Carboxymethyl)oxy]-4-propoxy-p-tert-butylcalix[4]arene-(1,2)-crown-
6, partial cone conformer (4 i): This compound was synthesized by hydrol-
ysis of 3e following the same procedure as used for the hydrolysis of 4a,
4b, and 4g. Yield 87%; m.p. 142–144 8C (CH2Cl2/CH3OH); 1H NMR: d=
9.55 (s, 1H; CO2H), 7.21 (d, J=2.3 Hz, 2H), 7.19 (d, J=2.3 Hz, 1H),
7.08 (d, J=2.3 Hz, 1H), 7.01 (d, J=2.3 Hz, 1H), 6.95 (s, 2H), 6.91 (d, J=
2.4 Hz, 1H), 4.64 (d, J=12.1 Hz, 1H; ArCH2Ar), 4.22 and 4.16 (2d, J=
15.5 Hz, 1H each, CH2CO2), 4.13 (d, J=12.3 Hz, 1H; ArCH2Ar), 4.13–
3.54 (m, 24H), 3.25 (d, J=12.2 Hz, 2H; ArCH2Ar), 2.29–2.22 (m, 1H),
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1.96–1.89 (m, 1H), 1.37, 1.26, 1.25, and 1.12 (4s, 9H each), 0.22–0.16 (m,
2H), �0.34 ppm (t, J=7.2 Hz, 3H; CH2CH2CH3);


13C NMR: d=169.27,
154.07, 153.74, 150.79, 150.31, 147.27, 145.70, 145.38, 145.27, 135.65,
135.55, 134.42, 133.57, 132.89, 132.62, 132.40, 132.11, 127.80, 126.21,
125.93, 125.39, 125.26, 125.20, 125.06, 124.81, 74.91, 72.07, 71.09, 70.93,
70.68, 70.62, 70.57, 70.55, 69.31, 69.25, 69.00, 39.67, 38.25, 30.84, 30.39,
34.17, 33.98, 31.54, 31.42, 31.35, 31.29, 22.21, 9.67 ppm; IR (KBr): ñ=


3394, 1760, 1480, 1202, 1121 cm�1; MALDI-TOF MS: m/z : 973.5
[M+Na]+ , 989.5 [M+K]+ ; elemental analysis calcd (%) for C59H82O10: C
74.49, H 8.69; found: C 74.23, H 8.71.


Condensation of 4 with (S)-BINOL: general procedure for the prepara-
tion of diastereomers 5a–5 i : Compound 4 (0.55 mmol), (S)-BINOL
(0.173 g, 1.1 equiv), DCC (1.1 equiv for 4a and 4b, 3.0 equiv for 4c–4 i),
and DMAP (0.014 g, 0.2 equiv) in CH2Cl2 (50 mL) were stirred at room
temperature for a period of time (1 d for 4a and 4b, 5 d for 4c–4 i). After
filtering off the insoluble DCC, CH2Cl2 was evaporated and a small
amount of AcOEt was added. The insoluble DCC was again removed by
filtration and the solvent was evaporated. The residue was purified by
column chromatography and then subjected to preparative TLC (only for
4a, 4b, 4h, and 4 i).


3-({[(S)-2’-Hydroxybinaphthyloxycarbonyl]methyl}oxy)-p-tert-butylca-
lix[4]arene-(1,2)-crown-5, cone conformer (5a): First the crude product
was purified by column chromatography (SiO2, petroleum ether/AcOEt
4:1) and then the isolated diastereomeric mixture was subjected to prepa-
rative TLC (CHCl3/AcOEt 5:1) to give 5a-1 and 5a-2 as white solids.


Compound 5a-1: Yield 25%; m.p. 139–141 8C; 1H NMR: d=8.09 (d, J=
8.9 Hz, 1H), 8.01 (d, J=8.2 Hz, 1H), 7.86 (d, J=7.7 Hz, 1H), 7.83 (d, J=
8.7 Hz, 1H), 7.54 (t, J=8.0 Hz, 1H), 7.53 (d, J=8.9 Hz, 1H), 7.37–7.06
(m, 10H), 6.66 (s, 2H), 6.35 and 6.34 (2s, 1H each), 6.02 (s, 1H; OH),
4.43 (d, J=13.8 Hz, 1H; ArCH2Ar), 4.29 and 4.13 (2d, J=16.3 Hz, 1H
each, CH2CO2), 4.39–3.59 (m, 19H), 3.31 (d, J=13.6 Hz, 1H; ArCH2Ar),
3.19 (d, J=12.6 Hz, 1H; ArCH2Ar), 3.01 (d, J=13.7 Hz, 1H; ArCH2Ar),
2.94 (d, J=13.2 Hz, 1H; ArCH2Ar), 1.39, 1.37, 0.93, and 0.74 ppm (4s,
9H each); 13C NMR: d=168.45, 153.56, 152.23, 151.94, 150.51, 150.38,
147.35, 146.15, 145.75, 145.14, 141.30, 136.10, 135.34, 133.58, 133.53,
132.74, 132.20, 131.64, 131.57, 131.52, 130.42, 130.18, 129.60, 128.82,
128.24, 128.10, 128.02, 127.18, 126.62, 126.10, 126.06, 125.91, 125.49,
125.47, 125.18, 125.06, 125.00, 124.73, 124.65, 124.63, 123.97, 123.35,
121.81, 118.41, 113.94, 76.34, 71.94, 71.69, 71.52, 70.69, 70.28, 70.17, 69.38,
68.29, 34.13, 33.86, 33.78, 33.53, 31.80, 31.67, 31.02, 30.97, 31.48, 30.68,
30.59 ppm; IR (KBr): ñ=3421, 1784, 1481, 1205, 1122 cm�1; MALDI-
TOF MS: m/z : 1155.6 [M+Na]+ , 1171.6 [M+K]+ ; elemental analysis
calcd (%) for C74H84O10: C 78.41, H 7.47; found: C 78.59, H 7.53.


Compound 5a-2 : Yield 23%; m.p. 140–142 8C; 1H NMR: d=8.08 (d, J=
8.9 Hz, 1H), 7.98 (d, J=8.2 Hz, 1H), 7.85 (d, J=9.0 Hz, 1H), 7.84 (d, J=
7.8 Hz, 1H), 7.52 (t, J=7.9 Hz, 1H), 7.51 (d, J=8.7 Hz, 1H), 7.39–7.06
(m, 6H), 7.13 and 7.10 (2d, J=2.0 Hz, 1H each), 7.03 and 7.02 (2s, 1H
each), 6.61 and 6.60 (2s, 1H each), 6.33 and 6.31 (2s, 1H each), 6.06 (s,
1H; OH), 4.36 (d, J=13.8 Hz, 1H; ArCH2Ar), 4.35 (d, J=12.5 Hz, 1H;
ArCH2Ar), 4.24 (d, J=12.8 Hz, 1H; ArCH2Ar), 4.26 and 4.02 (2d, J=
16.5 Hz, 1H each, CH2CO2), 4.00 (d, J=12.3 Hz, 1H; ArCH2Ar), 4.18–
3.55 (m, 16H), 3.24 (d, J=13.5 Hz, 1H; ArCH2Ar), 3.17 (d, J=12.6 Hz,
1H; ArCH2Ar), 3.00 (d, J=13.1 Hz, 1H; ArCH2Ar), 2.90 (d, J=13.1 Hz,
1H; ArCH2Ar), 1.36, 1.33, 0.90, and 0.71 ppm (4s, 9H each); 13C NMR:
d=168.25, 153.56, 151.96, 151.67, 150.74, 150.52, 147.45, 146.01, 145.74,
145.21, 140.95, 135.86, 135.53, 133.51, 133.49, 132.69, 132.19, 131.75,
131.72, 131.47, 130.32, 130.30, 129.22, 128.89, 128.25, 127.96, 127.92,
127.26, 126.70, 126.18, 125.98, 125.86, 125.48, 125.41, 125.08, 125.02,
124.95, 124.72, 124.60, 124.58, 123.67, 123.52, 121.80, 118.47, 114.23, 76.21,
72.11, 71.64, 71.34, 70.74, 70.33, 70.10, 69.63, 68.46, 34.15, 33.81, 33.77,
33.54, 31.78, 31.70, 31.03, 30.98, 31.39, 30.83, 30.60 ppm; IR (KBr): ñ=
3502, 1784, 1481, 1205, 1122 cm�1; MALDI-TOF MS: m/z : 1155.7
[M+Na]+ , 1171.7 [M+K]+ ; elemental analysis calcd (%) for C74H84O10:
C 78.41, H 7.47; found: C 78.44, H 7.51.


3-({[(S)-2’-Hydroxybinaphthyloxycarbonyl]methyl}oxy)-4-propoxy-p-tert-
butylcalix[4]arene-(1,2)-crown-5, cone conformer (5c): Column chroma-
tography (SiO2, petroleum ether/AcOEt 5:1 then petroleum ether/ace-
tone 9:1).


Compound 5c-1: Yield 24%; m.p. 129–131 8C; 1H NMR: d=8.00 (d, J=
8.9 Hz, 1H), 7.94 (d, J=8.2 Hz, 1H), 7.84 (d, J=8.7 Hz, 1H), 7.82 (d, J=
6.0 Hz, 1H), 7.36 (d, J=8.9 Hz, 1H), 7.49–7.15 (m, 6H), 6.99 (d, J=
8.3 Hz, 1H), 6.91–6.89 (m, 4H), 6.59 (s, 4H), 6.36 (s, 1H; OH), 4.85 and
4.63 (2d, J=16.8 Hz, 1H each, CH2CO2), 4.55 (d, J=12.9 Hz, 1H;
ArCH2Ar), 4.42 (d, J=12.5 Hz, 1H; ArCH2Ar), 4.40 (d, J=12.8 Hz, 1H;
ArCH2Ar), 4.34 (d, J=12.5 Hz, 1H; ArCH2Ar), 4.22–3.57 (m, 18H), 3.11
(d, J=14.1 Hz, 1H; ArCH2Ar), 3.09 (d, J=12.0 Hz, 1H; ArCH2Ar), 3.06
(d, J=13.4 Hz, 1H; ArCH2Ar), 3.05 (d, J=12.5 Hz, 1H; ArCH2Ar),
1.87–1.64 (m, 2H), 1.23 (s, 9H), 1.19 (s, 9H), 0.94 (s, 18H), 0.87 ppm (t,
J=7.4 Hz, 3H; CH2CH2CH3);


13C NMR: d=169.80, 153.52, 153.16,
153.05, 152.99, 152.31, 147.52, 145.03, 144.88, 144.45, 144.17, 134.97,
134.67, 134.32, 134.30, 133.74, 133.58, 132.95, 132.80, 132.78, 132.69,
131.98, 130.01, 129.78, 128.75, 128.14, 127.92, 126.90, 126.44, 126.12,
125.82, 125.52, 125.45, 125.30, 125.18, 124.96, 124.77, 124.68, 124.60,
124.58, 123.82, 123.14, 121.95, 118.40, 114.14, 77.30, 73.74, 72.47, 71.28,
70.44, 70.30, 70.25, 70.12, 70.04, 33.94, 33.69, 33.67, 31.58, 31.56, 31.29,
31.28, 31.17, 30.76, 23.26, 10.50 ppm; IR (KBr): ñ=3291, 1784, 1480,
1203, 1122 cm�1; MALDI-TOF MS: m/z : 1197.6 [M+Na]+ , 1213.6
[M+K]+ ; elemental analysis calcd (%) for C77H90O10: C 78.67, H 7.72;
found: C 78.45, H 7.80.


Compound 5c-2 : Yield 22%; m.p. 130–132 8C; 1H NMR: d=7.99 (d, J=
8.9 Hz, 1H), 7.94 (d, J=8.2 Hz, 1H), 7.84 (d, J=8.8 Hz, 2H), 7.50–7.13
(m, 7H), 7.04 (d, J=8.4 Hz, 1H), 6.81 (s, 2H), 6.77–6.65 (m, 6H), 5.95 (s,
1H; OH), 4.58 (s, 2H; CH2CO2), 4.40 (d, J=13.6 Hz, 1H; ArCH2Ar),
4.36 (d, J=13.4 Hz, 1H; ArCH2Ar), 4.33 (d, J=12.5 Hz, 1H; ArCH2Ar),
4.11 (d, J=13.0 Hz, 1H; ArCH2Ar), 4.10–3.43 (m, 18H), 3.09 (d, J=
12.5 Hz, 1H; ArCH2Ar), 3.07 (d, J=12.5 Hz, 1H; ArCH2Ar), 2.95 (d, J=
12.9 Hz, 1H; ArCH2Ar), 2.93 (d, J=13.0 Hz, 1H; ArCH2Ar), 1.95 (m,
2H), 1.14, 1.11, 1.04, and 1.00 (4s, 9H each), 0.95 ppm (t, J=7.4 Hz, 3H;
CH2CH2CH3);


13C NMR: d=169.31, 153.42, 153.40, 153.15, 152.01,
151.94, 147.69, 145.07, 144.69, 144.56, 144.21, 134.23, 134.12, 133.95,
133.83, 133.63, 133.48, 133.34, 133.27, 133.04, 132.12, 130.26, 130.13,
128.86, 128.16, 127.85, 127.16, 126.59, 126.05, 125.88, 125.33, 125.17,
125.09, 125.07, 124.96, 124.95, 124.86, 124.80, 124.71, 124.69, 123.71,
123.45, 121.87, 118.58, 114.31, 77.15, 73.33, 73.19, 71.11, 70.57, 70.51,
70.40, 70.15, 33.86, 33.78, 33.73, 31.48, 31.37, 31.60, 31.09, 30.62, 23.15,
10.59 ppm; IR (KBr): ñ=3445, 1785, 1480, 1203, 1121 cm�1; MALDI-
TOF MS: m/z : 1197.5 [M+Na]+ , 1213.4 [M+K]+ ; elemental analysis
calcd (%) for C77H90O10: C 78.67, H 7.72; found: C 78.49, H 7.78.


3-({[(S)-2’-Hydroxybinaphthyloxycarbonyl]methyl}oxy)-4-benzyloxy-p-
tert-butylcalix[4]arene-(1,2)-crown-5, cone conformer (5d): Column chro-
matography (SiO2, petroleum ether/AcOEt 5:1 then petroleum ether/ace-
tone 10:1).


Compound 5d-1: Yield 31%; m.p. 133–135 8C; 1H NMR: d=8.01 (d, J=
8.9 Hz, 1H), 7.95 (d, J=8.2 Hz, 1H), 7.82 (d, J=8.9 Hz, 1H), 7.81 (d, J=
7.7 Hz, 1H), 7.50–7.02 (m, 13H), 6.91–6.89 (m, 4H), 6.58–6.55 (m, 4H),
6.14 (s, 1H; OH), 4.78 and 4.72 (2d, J=11.0 Hz, 1H each), 4.73 and 4.57
(2d, J=16.9 Hz, 1H each, CH2CO2), 4.42 (d, J=12.9 Hz, 1H; ArCH2Ar),
4.39 (d, J=12.4 Hz, 1H; ArCH2Ar), 4.29 (d, J=13.8 Hz, 1H; ArCH2Ar),
4.25 (d, J=13.0 Hz, 1H; ArCH2Ar), 4.06–3.41 (m, 16H), 3.07 (d, J=
12.7 Hz, 1H; ArCH2Ar), 3.01 (d, J=12.9 Hz, 2H; ArCH2Ar), 2.93 (d, J=
12.9 Hz, 1H; ArCH2Ar), 1.24, 1.19, 0.94, and 0.92 ppm (4s, 9H each); 13C
NMR: d=170.09, 153.63, 152.96, 152.75, 152.36, 152.20, 147.62, 144.99,
144.85, 144.44, 144.42, 137.97, 134.93, 134.66, 134.60, 134.13, 133.73,
133.54, 132.99, 132.87, 132.80, 132.61, 132.00, 130.09, 129.96, 129.70,
129.68, 128.81, 128.13, 128.11, 127.95, 127.63, 127.00, 126.53, 126.00,
125.90, 125.48, 125.36, 125.20, 125.18, 124.90, 124.75, 124.67, 124.60,
123.74, 123.27, 121.87, 118.49, 114.19, 73.76, 72.49, 71.10, 70.35, 70.27,
70.21, 70.15, 70.03, 69.89, 33.94, 33.67, 33.65, 31.67, 31.47, 30.71, 31.60,
31.56, 31.23 ppm; IR (KBr): ñ=3524, 1783, 1479, 1204, 1121 cm�1;
MALDI-TOF MS: m/z : 1245.2 [M+Na]+ ; elemental analysis calcd (%)
for C81H90O10: C 79.51, H 7.41; found: C 79.69, H 7.52.


Compound 5d-2 : Yield 33%; m.p. 123–125 8C; 1H NMR: d=7.95 (d, J=
8.9 Hz, 1H), 7.94 (d, J=8.0 Hz, 1H), 7.85 (d, J=8.8 Hz, 1H), 7.83 (d, J=
8.2 Hz, 1H), 7.51–6.92 (m, 13H), 6.89 (s, 2H; ArH), 6.90 and 6.88 (2d,
J=2.4 Hz, 1H each), 6.61 and 6.56 (2d, J=2.3 Hz, 1H each), 6.59 (s,
2H), 4.90 and 4.69 (2d, J=10.8 Hz, 1H each), 4.72 and 4.60 (2d, J=
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15.7 Hz, 1H each, CH2CO2), 4.40 (d, J=13.7 Hz, 1H; ArCH2Ar), 4.36 (d,
J=13.0 Hz, 1H; ArCH2Ar), 4.23 (d, J=12.4 Hz, 1H; ArCH2Ar), 4.20 (d,
J=13.0 Hz, 1H; ArCH2Ar), 3.98–3.19 (m, 16H), 3.05 (d, J=12.7 Hz, 1H;
ArCH2Ar), 3.00 (d, J=13.5 Hz, 1H; ArCH2Ar), 2.98 (d, J=12.8 Hz, 1H;
ArCH2Ar), 2.95 (d, J=13.7 Hz, 1H; ArCH2Ar), 1.25, 1.17, 0.95, and
0.94 ppm (4s, 9H each); 13C NMR: d=169.80, 153.71, 152.73, 152.36,
152.03, 151.99, 147.74, 145.32, 144.78, 144.48, 138.16, 134.77, 134.65,
134.59, 134.56, 133.64, 133.43, 133.12, 133.05, 132.89, 132.58, 132.11,
130.38, 130.15, 129.96, 129.94, 128.86, 128.23, 128.21, 128.14, 127.85,
127.69, 127.19, 126.68, 126.08, 125.79, 125.37, 125.35, 125.13, 125.11,
124.89, 124.80, 124.70, 124.68, 123.53, 123.51, 121.78, 118.57, 114.33, 73.85,
72.75, 70.72, 70.52, 70.38, 69.91, 69.86, 69.72, 33.99, 33.91, 33.69, 33.68,
31.67, 31.38, 31.05, 30.62, 31.60, 31.54, 31.26 ppm; IR (KBr): ñ=3420,
1784, 1479, 1203 cm�1; MALDI-TOF MS: m/z : 1245.1 [M+Na]+ ; elemen-
tal analysis calcd (%) for C81H90O10·0.5H2O: C 78.93, H 7.44; found: C
78.98, H 7.57.


3-({[(S)-2’-Hydroxybinaphthyloxycarbonyl]methyl}oxy)-4-propoxy-p-tert-
butylcalix[4]arene-(1,2)-crown-6, cone conformer (5e): Column chroma-
tography (SiO2, petroleum ether/AcOEt 5:1 then petroleum ether/ace-
tone 10:1).


Compound 5e-1: Yield 26%; m.p. 113–115 8C; 1H NMR: d=8.01 (d, J=
8.9 Hz, 1H), 7.95 (d, J=8.3 Hz, 1H), 7.86 (d, J=8.4 Hz, 1H), 7.84 (d, J=
5.8 Hz, 1H), 7.47 (t, J=7.2 Hz, 1H), 7.45 (d, J=9.0 Hz, 1H), 7.33–7.29
(m, 4H), 7.18 (t, J=8.0 Hz, 1H), 7.01 (d, J=8.4 Hz, 1H), 6.89–6.61 (m,
8H), 4.58 (ABq, J=16.2 Hz, 2H; CH2CO2), 4.60 (d, J=12.9 Hz, 1H;
ArCH2Ar), 4.43 (d, J=12.5 Hz, 1H; ArCH2Ar), 4.34 (d, J=12.5 Hz, 1H;
ArCH2Ar), 4.26 (d, J=12.8 Hz, 1H; ArCH2Ar), 4.17–3.49 (m, 22H), 3.11
(d, J=12.4 Hz, 1H; ArCH2Ar), 3.09 (d, J=13.7 Hz, 1H; ArCH2Ar), 3.04
(d, J=14.2 Hz, 1H; ArCH2Ar), 3.01 (d, J=12.7 Hz, 1H; ArCH2Ar),
1.84–1.61 (m, 2H), 1.18, 1.16, 0.98, and 0.96 (4s, 9H each), 0.88 ppm (t,
J=7.5 Hz, 3H; CH2CH2CH3);


13C NMR: d=169.27, 153.29, 153.26,
153.05, 152.94, 152.25, 147.46, 145.13, 144.89, 144.47, 144.31, 134.78,
134.54, 134.31, 133.91, 133.77, 133.55, 133.16, 133.14, 132.99, 132.70,
131.99, 130.04, 129.68, 128.73, 128.19, 127.94, 126.92, 126.58, 126.10,
125.87, 125.55, 125.44, 125.19, 125.17, 124.92, 124.84, 124.82, 124.75,
124.62, 123.63, 123.24, 122.18, 118.23, 114.09, 77.32, 77.25, 73.03, 71.79,
70.91, 70.70, 70.60, 70.42, 70.31, 69.97, 69.83, 33.94, 33.74, 33.71, 31.55,
31.33, 31.19, 31.07, 23.39, 10.44 ppm; IR (KBr): ñ=3292, 1784, 1480,
1203, 1122 cm�1; MALDI-TOF MS: m/z : 1241.3 [M+Na]+ , 1257.2
[M+K]+ ; elemental analysis calcd (%) for C79H94O11: C 77.80, H 7.77;
found: C 77.87, H 7.91.


Compound 5e-2 : Yield 22%; m.p. 113–115 8C; 1H NMR: d=8.05 (d, J=
8.9 Hz, 1H), 7.98 (d, J=8.2 Hz, 1H), 7.87 (d, J=9.1 Hz, 1H), 7.86 (d, J=
6.5 Hz, 1H), 7.54–7.25 (m, 6H), 7.18 (t, J=7.2 Hz, 1H), 7.05 (d, J=
8.4 Hz, 1H), 6.82 and 6.81 (2s, 1H each), 6.76–6.69 (m, 6H), 4.44 (ABq,
J=16.5 Hz, 2H; OCH2CO2), 4.49 (d, J=12.4 Hz, 1H; ArCH2Ar), 4.36
(d, J=12.4 Hz, 1H; ArCH2Ar), 4.33 (d, J=12.7 Hz, 1H; ArCH2Ar), 4.16
(d, J=12.7 Hz, 1H; ArCH2Ar), 4.12–3.59 (m, 22H), 3.11 (d, J=12.6 Hz,
2H; ArCH2Ar), 2.98 (d, J=13.3 Hz, 1H; ArCH2Ar), 2.94 (d, J=13.2 Hz,
1H; ArCH2Ar), 1.90 (m, 2H; CH2CH2CH3), 1.12, 1.11, 1.08, and 1.04 (4s,
9H each), 0.93 ppm (t, J=7.4 Hz, 3H; CH2CH2CH3);


13C NMR: d=


168.9, 153.5, 153.3, 153.2, 152.1, 152.0, 147.5, 145.0, 144.7, 144.6, 144.2,
134.0, 133.9, 133.7, 133.6, 133.5, 133.4, 133.3, 133.2, 132.0, 130.1, 130.0,
128.8, 128.2, 128.1, 127.9, 127.8, 127.1, 126.5, 126.0, 125.9, 125.8, 125.2,
125.1, 125.0, 124.9, 124.8, 124.7, 124.6, 123.9, 123.5, 123.3, 121.8, 118.5,
114.1, 72.73, 72.62, 70.80, 70.74, 70.62, 70.57, 70.49, 70.38, 70.15, 69.87,
33.75, 33.67, 33.50, 31.50, 31.36, 31.31, 31.11, 30.95, 30.86, 23.11,
10.35 ppm; IR (KBr): ñ=3291, 1785, 1480, 1203, 1121 cm�1; MALDI-
TOF MS: m/z : 1241.2 [M+Na]+ , 1257.2 [M+K]+ ; elemental analysis
calcd (%) for C79H94O11: C 77.80, H 7.77; found: C 77.85, H 7.83.


3-({[(S)-2’-Hydroxybinaphthyloxycarbonyl]methyl}oxy)-4-benzyloxy-p-
tert-butylcalix[4]arene-(1,2)-crown-6, cone conformer (5 f): Column chro-
matography (SiO2, petroleum ether/AcOEt 5:1 then petroleum ether/ace-
tone 10:1).


Compound 5 f-1: Yield 20%; m.p. 112–114 8C; 1H NMR: d=8.03 (d, J=
8.9 Hz, 1H), 7.96 (d, J=8.2 Hz, 1H), 7.85 (d, J=8.7 Hz, 1H), 7.82 (d, J=
5.8 Hz, 1H), 7.51–7.03 (m, 13H), 6.89 and 6.88 (2s, 1H each), 6.85 (s,
2H), 6.62 and 6.57 (2d, J=2.3 Hz, 1H each), 6.59 (s, 2H), 6.16 (s, 1H;


OH), 4.75 (ABq, J=11.0 Hz, 2H; OCH2Ph), 4.46 (ABq, J=17.2 Hz, 2H;
OCH2CO2), 4.48 (d, J=14.5 Hz, 1H; ArCH2Ar), 4.40 (d, J=11.1 Hz,
1H; ArCH2Ar), 4.27 (d, J=12.5 Hz, 1H; ArCH2Ar), 4.10 (d, J=12.8 Hz,
1H; ArCH2Ar), 4.15–3.39 (m, 20H), 3.07 (d, J=13.6 Hz, 1H; ArCH2Ar),
3.03 (d, J=13.6 Hz, 1H; ArCH2Ar), 2.96 (d, J=13.1 Hz, 1H; ArCH2Ar),
2.90 (d, J=12.9 Hz, 1H; ArCH2Ar), 1.20, 1.17, 0.96, and 0.95 ppm (4s,
9H each); 13C NMR: d=169.54, 153.51, 152.80, 152.77, 152.38, 152.11,
147.49, 145.00, 144.82, 144.55, 144.45, 137.84, 134.70, 134.50, 134.10,
134.05, 133.68, 133.47, 133.04, 132.98, 132.01, 130.17, 129.92, 129.73,
129.72, 128.75, 128.18, 128.15, 128.13, 127.93, 127.75, 127.03, 126.62,
125.96, 125.94, 125.43, 125.41, 125.17, 125.03, 124.88, 124.84, 124.75,
124.67, 124.56, 123.55, 123.33, 122.03, 118.28, 114.07, 72.96, 72.11, 70.85,
70.63, 70.49, 70.45, 70.27, 70.17, 69.99, 69.80, 33.90, 33.69, 33.68, 31.53,
31.52, 31.26, 31.11, 31.04 ppm; IR (KBr): ñ=3365, 1784, 1479, 1203 cm�1;
MALDI-TOF MS: m/z : 1289.0 [M+Na]+ ; elemental analysis calcd (%)
for C83H94O11: C 78.64, H 7.47; found: C 78.81, H 7.62.


Compound 5 f-2 : Yield 16%; m.p. 104–106 8C; 1H NMR: d=8.03 (d, J=
8.9 Hz, 1H), 7.97 (d, J=8.3 Hz, 1H), 7.85 (d, J=8.6 Hz, 2H), 7.53–7.15
(m, 12H), 7.04 (d, J=8.4 Hz, 1H), 6.87 (s, 3H), 6.82 (d, J=1.7 Hz, 1H),
6.64 and 6.62 (2s, 2H each), 4.83 (ABq, J=11.0 Hz, 2H; OCH2Ph), 4.44
(ABq, J=16.6 Hz, 2H; OCH2CO2), 4.46 (d, J=12.6 Hz, 1H; ArCH2Ar),
4.38 (d, J=12.8 Hz, 1H; ArCH2Ar), 4.22 (d, J=12.9 Hz, 1H; ArCH2Ar),
4.20 (d, J=12.3 Hz, 1H; ArCH2Ar), 4.06–3.36 (m, 20H), 3.08 (d, J=
12.6 Hz, 1H; ArCH2Ar), 3.00 (d, J=12.8 Hz, 1H; ArCH2Ar), 2.99 (d, J=
11.8 Hz, 1H; ArCH2Ar), 2.95 (d, J=12.8 Hz, 1H; ArCH2Ar), 1.20, 1.16,
0.99, and 0.98 ppm (4s, 9H each); 13C NMR: d=169.21, 153.48, 152.81,
152.52, 152.49, 152.16, 147.53, 145.11, 144.76, 144.56, 144.52, 138.07,
134.56, 134.45, 134.08, 133.87, 133.58, 133.44, 133.41, 133.23, 132.96,
132.90, 132.01, 130.25, 129.99, 129.87, 129.85, 128.78, 128.20, 128.14,
128.12, 127.94, 127.69, 127.04, 126.52, 126.02, 125.94, 125.44, 125.38,
125.11, 125.00, 124.88, 124.85, 124.72, 124.67, 123.53, 123.30, 121.95,
118.57, 114.14, 73.02, 72.14, 70.91, 70.73, 70.49, 70.37, 70.26, 69.53, 33.91,
33.89, 33.73, 33.71, 31.53, 31.50, 31.29, 31.02, 30.91, 29.70 ppm; IR (KBr):
ñ=3284, 1784, 1479, 1203 cm�1; MALDI-TOF MS: m/z : 1289.2 [M+Na]+


; elemental analysis calcd (%) for C83H94O11: C 78.64, H 7.47; found: C
78.25, H 7.57.


3-({[(S)-2’-Hydroxybinaphthyloxycarbonyl]methyl}oxy)-4-propoxy-p-tert-
butylcalix[4]arene-(1,2)-crown-5, partial cone conformer (5h): First the
crude product was purified by column chromatography (SiO2, petroleum
ether/AcOEt 4:1) and then the diastereomeric mixture was subjected to
preparative TLC (CHCl3/AcOEt 5:1) to give 5h-1 and 5h-2 as white
solids.


Compound 5h-1: Yield 24%; m.p. 118–120 8C; 1H NMR: d=7.99 (d, J=
8.9 Hz, 1H), 7.93 (d, J=8.2 Hz, 1H), 7.88 (d, J=8.8 Hz, 1H), 7.86 (d, J=
7.9 Hz, 1H), 7.43 (d, J=8.9 Hz, 1H), 7.47–6.98 (m, 7H), 7.06 (s, 2H),
7.01 (s, 2H), 6.87 (s, 2H), 6.69 and 6.67 (2d, J=2.4 Hz, 1H each), 4.70 (d,
J=13.3 Hz, 1H; ArCH2Ar), 4.34 (2d, J=16.6 Hz, 2H; OCH2CO2), 4.25
(d, J=12.1 Hz, 1H; ArCH2Ar), 4.09–3.59 (m, 20H), 3.06 (d, J=12.5 Hz,
1H; ArCH2Ar), 2.98 (d, J=13.4 Hz, 1H; ArCH2Ar), 2.72 (t, J=7.5 Hz,
2H; CH2CH2CH3), 1.41, 1.30, 1.09, and 1.04 (4s, 9H each), 0.88–0.76 (m,
2H; CH2CH2CH3), 0.41 ppm (t, J=7.5 Hz, 3H; CH2CH2CH3);


13C NMR:
d=169.12, 154.89, 153.81, 153.52, 153.14, 152.46, 146.94, 145.18, 144.53,
144.05, 143.23, 135.38, 135.39, 133.86, 133.60, 133.24, 133.06, 133.03,
132.40, 132.23, 132.08, 131.69, 130.31, 129.54, 128.60, 128.19, 128.17,
127.96, 126.74, 126.72, 126.68, 126.51, 126.35, 126.05, 125.91, 125.88,
125.73, 125.55, 125.17, 125.03, 124.20, 123.12, 122.12, 118.05, 113.79, 73.78,
73.07, 71.61, 70.87, 70.60, 70.50, 70.22, 70.11, 69.38, 69.18, 38.18, 38.16,
31.89, 30.66, 34.04, 33.76, 33.75, 32.10, 31.64, 31.32, 23.46, 9.93 ppm; IR
(KBr): ñ=3249, 1785, 1479, 1203, 1120 cm�1; MALDI-TOF MS: m/z :
1197.2 [M+Na]+, 1213.2 [M+K]+ . HRMS [M+NH4]


+ : calcd. (%) for
C77H94O10N: 1192.6872; found: 1192.6850.


Compound 5h-2 : Yield 24%; m.p. 132–135 8C; 1H NMR: d=8.05 (d, J=
8.9 Hz, 1H), 7.96 (d, J=8.2 Hz, 1H), 7.83 (d, J=7.8 Hz, 1H), 7.76 (d, J=
8.8 Hz, 1H), 7.52 (d, J=8.9 Hz, 1H), 7.50–7.03 (m, 7H), 7.29 and 7.21
(2d, J=2.4 Hz, 1H each), 7.06 and 7.03 (2d, J=2.5 Hz, 1H each), 6.83 (d,
J=2.5 Hz, 1H), 6.79 (d, J=2.5 Hz, 1H), 6.54 (d, J=2.4 Hz, 1H), 6.44 (d,
J=2.4 Hz, 1H), 4.33 and 3.70 (2d, J=15.8 Hz, 1H each, OCH2CO2), 4.24
(d, J=12.6 Hz, 1H; ArCH2Ar), 4.08–3.40 (m, 23H), 3.01 (d, J=12.8 Hz,
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1H; ArCH2Ar), 2.63 (d, J=13.3 Hz, 1H; ArCH2Ar), 1.77–1.64 (m, 2H;
CH2CH2CH3), 1.40, 1.38, 1.02, and 1.00 (4s, 9H each), 0.83 ppm (t, J=
7.5 Hz, 3H; CH2CH2CH3);


13C NMR: d=167.37, 154.91, 153.49, 153.16,
152.75, 152.33, 147.33, 144.80, 144.41, 143.76, 143.25, 135.97, 134.79,
133.65, 133.54, 132.76, 132.43, 132.36, 132.02, 131.81, 131.69, 131.67,
130.02, 129.68, 128.71, 128.16, 127.95, 127.92, 127.90, 126.92, 126.51,
126.11, 126.02, 126.00, 125.89, 125.86, 125.61, 125.31, 125.30, 124.58,
124.30, 123.24, 121.89, 118.77, 114.48, 74.24, 72.97, 71.71, 70.57, 70.55,
70.51, 70.47, 70.37, 69.64, 69.56, 37.79, 37.25, 31.26, 31.17, 34.08, 34.05,
33.69, 31.84, 31.75, 31.40, 31.34, 23.97, 10.38 ppm; IR (KBr): ñ=3238,
1786, 1479, 1202, 1120 cm�1; MALDI-TOF MS: m/z : 1197.4 [M+Na]+ ,
1213.4 [M+K]+ . HRMS [M+NH4]


+ : calcd. (%) for C77H94O10N:
1192.6872; found: 1192.6916.


3-({[(S)-2’-Hydroxybinaphthyloxycarbonyl]methyl}oxy)-4-propoxy-p-tert-
butylcalix[4]arene-(1,2)-crown-6, partial cone conformer (5 i): First the
crude product was purified by column chromatography (SiO2, petroleum
ether/AcOEt 4:1) and then the diastereomeric mixture was subjected to
preparative TLC (CHCl3/AcOEt 5:1) to give 5 i-1 and 5 i-2 as white
solids.


Compound 5 i-1: Yield 31%; m.p. 127–129 8C; 1H NMR: d=8.01 (d, J=
8.9 Hz, 1H), 7.94 (d, J=8.2 Hz, 1H), 7.87 (d, J=8.9 Hz, 1H), 7.85 (d, J=
7.9 Hz, 1H), 7.49–6.97 (m, 8H), 7.23 and 7.09 (2d, J=2.4 Hz, 1H each),
7.06 and 7.02 (2d, J=2.4 Hz, 1H each), 6.88 and 6.70 (2d, J=2.4 Hz, 1H
each), 6.86 and 6.68 (2d, J=2.4 Hz, 1H each), 4.49 (d, J=12.9 Hz, 1H;
ArCH2Ar), 4.34 (d, J=12.4 Hz, 1H; ArCH2Ar), 4.25 (ABq, J=16.5 Hz,
2H; CH2CO2), 4.19–3.43 (m, 24H), 3.04 (d, J=12.6 Hz, 1H; ArCH2Ar),
2.92 (d, J=13.1 Hz, 1H; ArCH2Ar), 2.58–2.51 (m, 2H; CH2CH2CH3),
1.39, 1.31, 1.07, and 1.06 (4s, 9H each), 0.86–0.79 (m, 2H), 0.31 ppm (t,
J=7.2 Hz, 3H; CH2CH2CH3);


13C NMR: d=168.97, 154.93, 153.69,
153.24, 152.75, 152.19, 147.14, 145.37, 144.58, 144.17, 143.44, 135.65,
135.32, 133.72, 133.58, 133.36, 133.27, 132.77, 132.72, 132.48, 132.14,
131.94, 130.32, 129.89, 128.71, 128.20, 127.99, 127.77, 127.04, 126.96,
126.59, 126.57, 126.28, 126.26, 125.94, 125.88, 125.57, 125.38, 125.31,
124.89, 123.85, 123.25, 121.98, 118.11, 113.73, 73.71, 71.90, 70.68, 70.52,
70.42, 70.34, 70.18, 70.09, 69.81, 69.68, 69.23, 38.32, 38.11, 30.59, 34.07,
34.03, 33.78, 31.99, 31.65, 31.30, 23.36, 9.79 ppm; IR (KBr): ñ=3274,
1784, 1479, 1203, 1120 cm�1; MALDI-TOF MS: m/z : 1241.5 [M+Na]+ ,
1257.5 [M+K]+ ; elemental analysis calcd (%) for C79H94O11: C 77.80, H
7.77; found: C 77.69, H 7.90.


Compound 5 i-2 : Yield 31%; m.p. 128–130 8C; 1H NMR: d=8.05 (d, J=
8.9 Hz, 1H), 7.97 (d, J=8.2 Hz, 1H), 7.83 (d, J=5.7 Hz, 1H), 7.80 (d, J=
8.7 Hz, 1H), 7.50 (d, J=8.9 Hz, 1H), 7.53–7.01 (m, 9H), 7.08 and 7.05
(2d, J=2.4 Hz, 1H each), 6.85 and 6.61 (2d, J=2.4 Hz, 1H each), 6.80
and 6.51 (2d, J=2.4 Hz, 1H each), 4.32 (d, 1H; J=14.2 Hz, ArCH2Ar),
4.27 and 3.85 (2d, J=16.2 Hz, 1H each, CH2CO2), 4.15–3.20 (m, 27H),
3.01 (d, J=12.8 Hz, 1H; ArCH2Ar), 2.78 (d, J=12.9 Hz, 1H; ArCH2Ar),
1.69–1.56 (m, 2H), 1.38, 1.36, 1.04, and 1.01 (4s, 9H each), 0.71 ppm (t,
J=7.2 Hz, 3H; CH2CH2CH3);


13C NMR: d=167.98, 155.04, 153.53,
152.93, 152.80, 152.16, 147.42, 145.09, 144.32, 143.91, 143.38, 135.59,
135.42, 133.56, 133.47, 133.01, 132.77, 132.57, 132.13, 132.09, 131.79,
131.75, 130.13, 129.95, 128.77, 128.22, 127.97, 127.95, 127.46, 127.08,
126.57, 126.24, 126.10, 126.08, 126.02, 125.84, 125.50, 125.26, 125.24,
124.58, 123.73, 123.31, 121.95, 118.51, 114.17, 73.98, 71.98, 70.82, 70.62,
70.41, 70.37, 70.32, 70.25, 69.90, 69.55, 38.04, 37.41, 31.08, 30.82, 34.10,
34.02, 33.72, 33.71, 31.84, 31.72, 31.37, 31.32, 23.80, 10.18 ppm; IR (KBr):
ñ=3275, 1784, 1479, 1203, 1120 cm�1; MALDI-TOF MS: m/z : 1241.4
[M+Na]+ , 1257.3 [M+K]+ ; elemental analysis calcd (%) for C79H94O11: C
77.80, H 7.77; found: C 77.86, H 7.79.


Hydrolysis of compounds 5: general procedure for the preparation of op-
tically pure enantiomers 4 : Compound 5–1 or 5–2 (0.08 mmol) in THF
(10 mL) was refluxed with aqueous 10% tetramethylammonium hydrox-
ide solution (5.0 equiv, 0.44 mL) for 12 h. After removal of the solvent,
10% HCl (10 mL) was added. The aqueous solution was extracted with
CH2Cl2 (2O10 mL), And then the organic layer was dried with Na2SO4


and the solvent evaporated. The residue was purified by column chroma-
tography (SiO2, petroleum ether/AcOEt 3:1 to 1:1) to give enantiomeri-
cally pure compound 4–1 or 4–2 as a white solid without recrystallization.


The relative spectroscopic data were identical to those of the racemates
4.


Compound 4a-1: Yield 0.055 g, 80%; m.p. 127–129 8C; [a]25
D =�16 (c=0.5


in CHCl3). Compound 4a-2 : Yield 0.057 g, 82%; m.p. 127–129 8C; [a]25
D =


+16 (c=0.5 in CHCl3).


Compound 4c-1: Yield 0.057 g, 78%; m.p. 116–118 8C; [a]25
D =++8 (c=0.5


in CHCl3). Compound 4c-2 : Yield 0.052 g, 72%; m.p. 116–118 8C; [a]25
D =


�8 (c=0.5 in CHCl3).


Compound 4d-1: Yield 0.059 g, 77%; m.p. 109–111 8C; [a]25
D =�8 (c=0.5


in CHCl3). Compound 4d-2 : Yield 0.063 g, 82%; m.p. 109–111 8C; [a]25
D =


+8 (c=0.5 in CHCl3).


Compound 4e-1: Yield 0.063 g, 83%; m.p. 93–95 8C; [a]25
D =�4 (c=0.5 in


CHCl3). Compound 4e-2 : Yield 0.057 g, 75%; m.p. 93–95 8C; [a]25
D =++4


(c=0.5 in CHCl3).


Compound 4 f-1: Yield 0.06 g, 75%; m.p. 91–93 8C; [a]25
D =�20 (c=0.5 in


CHCl3). Compound 4 f-2 : Yield 0.06 g, 75%; m.p. 91–93 8C; [a]25
D =++20


(c=0.5 in CHCl3).


Compound 4h-1: Yield 0.062 g, 85%; m.p. 122–124 8C; [a]25
D =�32 (c=0.5


in CHCl3). Compound 4h-2 : Yield 0.059 g, 81%; m.p. 122–124 8C; [a]25
D =


+32 (c=0.5 in CHCl3).


Compound 4 i-1: Yield 0.061 g, 80%; m.p. 112–114 8C; [a]25
D =�40 (c=0.5


in CHCl3). Compound 4 i-2 : Yield 0.062 g, 82%; m.p. 112–114 8C; [a]25
D =


+40 (c=0.5 in CHCl3).


3-Propoxy-p-tert-butylcalix[4]arene-(1,2)-crown-5, cone conformer (6): A
stirred mixture of 2a (1.7 g, 2.1 mmol), n-propyl iodide (246 mL,
1.2 equiv), and Cs2CO3 (0.822 g, 1.2 equiv) in DMF (80 mL) was heated
at 60 8C for 6 h. Then 10% HCl (2.5 mL) was added to quench the reac-
tion. After removal of the solvent under reduced pressure, the residue
was partitioned between water and CH2Cl2. The organic layer was dried
with Na2SO4 and the solvent evaporated. The residue was purified by
column chromatography (SiO2, petroleum ether/acetone 20:1) to give 6
as a white solid. Yield 46%; m.p. 236–238 8C (CH2Cl2/CH3OH); 1H
NMR: d=7.14 (s, 2H), 7.07 and 7.06 (2d, J=2.3 Hz, 1H each), 6.53 (s,
2H), 6.46 (s, 2H), 5.99 (s, 1H; OH), 4.47 (d, J=13.4 Hz, 1H; ArCH2Ar),
4.47 (d, J=13.4 Hz, 1H; ArCH2Ar), 4.38 (d, J=13.7 Hz, 1H; ArCH2Ar),
4.37 (d, J=13.0 Hz, 1H; ArCH2Ar), 4.34 (d, J=12.7 Hz, 1H; ArCH2Ar),
4.56–3.64 (m, 18H), 3.23 (d, J=14.1 Hz, 2H; ArCH2Ar), 3.18 (d, J=
14.4 Hz, 2H; ArCH2Ar), 2.06–1.85 (m, 2H), 1.34, 1.33, 0.83, and 0.78 (4s,
9H each), 1.12 ppm (t, J=7.2 Hz, 3H; CH2CH2CH3);


13C NMR: d=


153.62, 151.76, 151.24, 150.86, 145.80, 145.49, 144.88, 141.06, 136.01,
135.89, 132.26, 131.93, 131.87, 131.79, 129.02, 128.79, 125.74, 125.58,
125.13, 125.00, 124.98, 124.75, 124.72, 124.61, 77.85, 76.12, 72.08, 71.61,
71.15, 70.52, 69.98, 69.78, 68.38, 34.15, 33.82, 33.68, 33.60, 31.78, 31.68,
31.04, 31.03, 31.05, 30.96, 30.87, 23.44, 11.04 ppm; IR (KBr): ñ=3546,
1483, 1203, 1120 cm�1; MALDI-TOF MS: m/z : 871.4 [M+Na]+ , 887.4
[M+K]+ ; elemental analysis calcd (%) for C55H76O7: C 77.79, H 9.02;
found: C 77.77, H 9.08.


3-Propoxy-4-{[(ethoxycarbonyl)methyl]oxy}-p-tert-butylcalix[4]arene-
(1,2)-crown-5, partial cone conformer (7): Compound 6 (0.671 g,
0.79 mmol), ethyl bromoacetate (879 mL, 10 equiv), and Cs2CO3 (2.58 g,
10 equiv) in DMF (60 mL) were stirred at 70 8C for 2 d. Then 10% HCl
(6.5 mL) was added to quench the reaction. After removal of the solvent
under reduced pressure, the residue was partitioned between water
(50 mL) and CH2Cl2 (2O50 mL). The organic layer was dried with
Na2SO4 and the solvent evaporated. The residue was purified by column
chromatography (SiO2, petroleum ether/ethyl acetate 10:1) to give 7 as a
white solid. Yield 42%; m.p. 238–240 8C; 1H NMR: d=7.25 and 7.22 (2d,
J=2.6 Hz, 1H each), 7.07 and 7.06 (2d, J=2.5 Hz, 1H each), 7.03 and
7.00 (2d, J=2.5 Hz, 1H each), 6.55 (s, 2H), 4.28 (ABq, J=15.0 Hz, 2H;
CH2CO2), 4.30 (d, J=12.3 Hz, 1H; ArCH2Ar), 4.20 (q, J=7.2 Hz, 2H;
CO2CH2CH3), 4.06–3.50 (m, 21H), 4.10 (d, J=12.6 Hz, 1H; ArCH2Ar),
3.98 (d, J=13.2 Hz, 1H; ArCH2Ar), 3.06 (d, J=12.8 Hz, 1H; ArCH2Ar),
3.04 (d, J=12.7 Hz, 1H; ArCH2Ar), 1.90 (m, 2H), 1.44, 1.33, 1.03, and
1.02 (4s, 9H each), 1.29 (t, J=7.2 Hz, 3H; CO2CH2CH3), 0.98 ppm (t, J=
7.5 Hz, 3H; CH2CH2CH3);


13C NMR: d=169.68, 155.08, 153.72, 153.56,
153.40, 144.88, 144.00, 143.70, 143.54, 135.90, 135.21, 132.65, 132.47,
132.33, 132.20, 131.46, 131.44, 128.25, 127.87, 126.07, 125.68, 125.49,
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125.41, 125.39, 125.26, 76.31, 73.22, 71.60, 71.11, 70.94, 70.77, 70.15, 69.94,
69.05, 60.71, 37.40, 37.37, 30.96, 34.04, 33.68, 33.66, 31.76, 31.69, 31.35,
23.69, 14.22, 10.55 ppm; IR (KBr): ñ=1763, 1479, 1201, 1122 cm�1;
MALDI-TOF MS: m/z : 957.5 [M+Na]+ , 973.5 [M+K]+ ; elemental anal-
ysis calcd (%) for C59H82O9: C 75.77, H 8.84; found: C 75.80, H 8.89.


3-Propoxy-4-[(carboxymethyl)oxy]-p-tert-butylcalix[4]arene-(1,2)-crown-
5, partial cone conformer (8): Compound 7 (0.14 g, 0.15 mmol) in THF
(20 mL) was refluxed with aqueous 10% tetramethylammonium hydrox-
ide solution (682 mL, 5 equiv) for 12 h. After removal of the solvent,
10% HCl (20 mL) was added. The aqueous solution was extracted with
CH2Cl2 (2O20 mL) and then the organic layer was dried with Na2SO4


and the solvent evaporated. The residue was crystallized from CH2Cl2/
CH3OH to give 8 as a white solid. Yield 84%; m.p. 143–145 8C (CH2Cl2/
CH3OH); 1H NMR: d=7.72 (s, 1H; CO2H), 7.26 (s, 2H), 7.13 and 7.11
(2d, J=2.4 Hz, 1H each), 6.90 and 6.89 (2d, J=2.3 Hz, 1H each), 6.74 (s,
2H), 4.38 (d, J=12.3 Hz, 1H; ArCH2Ar), 4.19 (d, J=12.4 Hz, 1H;
ArCH2Ar), 4.07–3.54 (m, 24H), 3.16 (d, J=12.5 Hz, 1H; ArCH2Ar), 3.14
(d, J=12.4 Hz, 1H; ArCH2Ar), 1.92–1.72 (m, 2H), 1.45 and 1.31 (2s, 9H
each), 1.09 (s, 18H), 0.95 ppm (t, J=7.2 Hz, 3H; CH2CH2CH3);


13C
NMR: d=168.46, 153.59, 153.31, 152.79, 150.83, 145.97, 145.88, 145.44,
145.17, 135.28, 134.82, 134.25, 133.85, 133.11, 132.82, 131.62, 131.55,
127.84, 127.49, 126.92, 126.88, 125.50, 125.37, 124.31, 124.08, 75.98, 72.76,
71.91, 71.40, 70.92, 70.87, 70.29, 70.22, 69.03, 66.25, 38.28, 31.01, 30.58,
34.25, 34.12, 33.84, 33.83, 31.70, 31.58, 31.09, 23.40, 10.48 ppm; IR (KBr):
ñ=3406, 1759, 1479, 1202, 1122 cm�1; MALDI-TOF MS: m/z : 929.4
[M+Na]+ , 945.4 [M+K]+ ; elemental analysis calcd (%) for C57H78O9: C
75.46, H 8.67; found: C 75.25, H 8.55.
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A [3]Rotaxane with Three Stable States That Responds to Multiple-Inputs
and Displays Dual Fluorescence Addresses


Da-Hui Qu, Qiao-Chun Wang, Xiang Ma, and He Tian*[a]


Introduction


Interlocked supramolecules[1,2] such as pseudorotaxanes, ro-
taxanes, and catenanes have attracted a great deal of atten-
tion in recent years because of their challenging construc-
tion and potential applications in areas such as molecular
logic gates,[3] molecular switches,[4] molecular wires,[5] and in-
formation storage.[6] There is a rapidly growing need to
design and construct rotaxanes that can be switched reversi-
bly between two different states using different stimuli.
There are many external stimuli that can be used to make
the molecular machines work: for example, a change in
pH,[7] light,[8–10] electrochemistry,[11,12] or entropy.[13] Un-


doubtedly, photons provide an excellent energy input, be-
cause excitation with light can lead to a fast response and
can work in a small space without producing any by-prod-
ucts.[8–10] To realize their full potential, rotaxanes should
have two basic properties. First, the binary states, “0” and
“1”, must be reversibly interconvertible. Second, the output
signals of the rotaxanes should be easily recognizable. Previ-
ously, the binary states of most molecular machines have
been distinguished by NMR spectra,[14,15] cyclic voltamme-
try,[16] differences in the complexation ability of certain ions
of the two states,[17] and circular dichromism. It is rather in-
convenient to transform these spectral signals into easily de-
tected output codes. Use of a change in fluorescence[18,19] as
an output is an attractive approach because the fluorescent
signal readily allows remote reading and is typically low-
cost. However, reports on rotaxanes that switch between dif-
ferent fluorescent states (output) in response to light inputs
are still rare.[18,19]


It is well known that cyclodextrins (CDs) form host–guest
complexes. Many cyclodextrin-based catenanes, rotaxanes,
and polyrotaxanes have been synthesized.[2,5,8,12, 15,18, 20–22] Pre-


Abstract: A [3]rotaxane molecular
shuttle containing two a-cyclodextrin
(a-CD) macrocycles, an azobenzene
unit, a stilbene unit, and two different
fluorescent naphthalimide units has
been investigated. The azobenzene unit
and the stilbene unit can be E/Z-photo-
isomerized separately by light excited
at different wavelengths. Irradiation at
380 nm resulted in the photoisomeriza-
tion of the azobenzene unit, leading to
the formation of one stable state of the
[3]rotaxane (Z1-NNAS-2CD); irradia-
tion at 313 nm resulted in the photoiso-
merization of the stilbene unit, leading
to the formation of another stable state
of the [3]rotaxane (Z2-NNAS-2CD).
The reversible conversion of the Z1


and Z2 isomers back to the E isomer
by irradiation at 450 nm and 280 nm,
respectively, is accompanied by recov-
ery of the absorption and fluorescence
spectra of the [3]rotaxane. The E
isomer and the two Z isomers have
been characterized by 1H NMR spec-
troscopy and by two-dimensional NMR
spectroscopy. The light stimuli can
induce shuttling motions of the two a-
CD macrocycles on the molecular
thread; concomitantly, the absorption
and fluorescence spectra of the [3]ro-


taxane change in a regular way. When
the a-CD macrocycle stays close to the
fluorescent moiety, the fluorescence of
the moiety become stronger due to the
rigidity of the a-CD ring. As the pho-
toisomerization processes are fully re-
versible, the photo-induced shuttling
motions of the a-CD rings can be re-
peated, accompanied by dual reversible
fluorescence signal outputs. The poten-
tial application of such light-induced
mechanical motions at the molecular
level could provide some insight into
the workings of a molecular machine
with entirely optical signals, and could
provide a cheap, convenient interface
for communication between micro- and
macroworlds.
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viously we have prepared two light-driven molecular shut-
tles comprising a stilbene unit and an azobenzene unit, re-
spectively, and analyzed their photoisomerization phenom-
ena in solution.[18] In this study, we designed and synthesized
a [3]rotaxane NNAS-2CD (Scheme 1) containing two a-CD
macrocycles, an azobenzene unit, a stilbene unit, and two
different fluorescent naphthalimide moieties: 4-amino-1,8-
naphthalimide-3,6-disulfonic disodium salt (the “N” stopper)
and 1,8-naphthalimide-5-sulfonic sodium salt (the “S” stop-
per). The molecular shuttle NNAS-2CD has several key fea-
tures: two different fluorescence moieties are introduced to
act as “stoppers”; an azobenzene unit and a stilbene unit
provide a means of changing the position of the macrocyclic
CDs on the molecular thread by altering the stereostructure
of the recognition site using various photochemical isomeri-
zation reactions. The great change in position of the a-CD
rings can be used to create obvious changes in properties
(for example, in the fluorescence spectra) of the two stop-
pers in a regular way. The [3]rotaxane NNAS-2CD is, in
fact, a novel molecular shuttle with three stable states. Irra-
diation at 380 nm can induce isomerization of the azoben-
zene unit to convert E-NNAS-2CD into Z1-NNAS-2CD,


and irradiation at 313 nm can induce isomerization of the
stilbene unit to convert E-NNAS-2CD into Z2-NNAS-2CD
(Scheme 2). The two Z isomers could also be shifted back to
the E isomer reversibly by photochemical stimuli. Because
of the good regulation and full reversibility of the fluores-
cence changes of the two stopper units in the photoisomeri-
zation, the shuttling of the CD macrocycles in [3]rotaxane
NNAS-2CD could be characterized by the fluorescence
changes. We suggest that such changes in a property (for ex-
ample, fluorescence) of a rotaxane could easily address for
many different types of molecular devices and biological
systems that rely upon the controlled movement of multiple
components to perform specific tasks at a molecular level.


Herein, we describe the synthesis of a novel [3]rotaxane
molecular shuttle NNAS-2CD and its photoisomerization
reactions. The three stable conformations of the rotaxane
were fully characterized by 1H NMR and two-dimensional
1H ROESY NMR spectroscopy. The light-driven shuttling
motions of the a-CD rings on the molecular thread in the
[3]rotaxane and the fluorescence changes of the two stop-
pers have been investigated.


Results and Discussion


Synthesis and characterization :
NNAS-2CD consists of two a-
CD macrocycles locked on to a
thread that has two binding
sites—an azobenzene site, and
a stilbene site—trapped me-
chanically by two naphthali-
mide moieties with different
fluorescence properties: 4-
amino-1,8-naphthalimide-3,6-di-
sulfonic disodium salt (the “N”
stopper) and 1,8-naphthalimide-
5-sulfonic sodium salt (the “S”
stopper). It has been reported
that cyclodextrin-based rotax-
anes can be prepared by Pd-
(OAc)2-catalyzed Suzuki cou-
pling in the presence of CD.[5,18]


First, we mixed 1 and a-CD in
a 1:1 molar ratio in water to
produce 1-a-CD, and 2-a-CD
was obtained by the same
method from 2 and a-CD. The
structures of 1-a-CD and 2-a-
CD were confirmed by
1H NMR and two-dimensional
1H ROESY NMR spectrosco-
py.[23] Surprisingly, the CDs in
1-a-CD and 2-a-CD are basi-
cally coincident in direction: in
the dominant configuration the
wide 2,3-rim is close to the


Scheme 1. The synthetic routes to [3]rotaxane NNAS-2CD. The a-cyclodextrin is drawn with a wide 2,3-rim
and a narrow 6-rim; NNAS is the free dumbbell.
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stopper.[23] Then, as shown in Scheme 1, we treated 1-a-CD
with 2-a-CD in alkaline aqueous a-CD solution, using a Pd-
(OAc)2 catalyst, in a 1-a-CD/2-a-CD/Pd(OAc)2 molar ratio
of 1:1:0.2, at 85 8C for 24 h, and the [3]rotaxane NNAS-2CD
was isolated in 18% yield by chromatography (silica gel;
upper layer = acetic acid/n-butanol/water, 1.5:3:5). In this
Suzuki coupling reaction, a [2]rotaxane was also obtained in
a very low yield (~2%), and the dumbbell was separated in
a low yield (~1%). A large amount of dumbbell NNAS
(yield 29.5%) can be also synthesized by treating 1 and 2
under the same conditions (but without CD) . The chemical
structure of the [3]rotaxane was fully confirmed by
MALDI-TOF mass spectrometry, and 1H NMR and two-di-
mensional ROESY NMR spectroscopy.


The rotaxane obtained is indeed a [3]rotaxane, which can
be confirmed and characterized by 1H NMR spectra: the
ratio of the integral of Ha or Hl in the dumbbell to the inte-
gral of H1 in the cyclodextrins is 1:6, indicating there are
two cyclodextrin rings in the rotaxane. MALDI-TOF mass
spectrometry[23] also supplied strong evidence in support of
a [3]rotaxane. The spectrum is dominated by signals at m/z
3067.7 (100%) and 3045.7 (60%), which correspond to the
[3]rotaxanes [NNAS-2CD+Na]+ and [NNAS-2CD+1]+ , re-
spectively.


Two-dimensional NMR spectroscopy has recently become
an essential method for studying the structures of CDs and
their complexes, since one can conclude that two protons
are closely located in space if an NOE cross-peak is detect-
ed between the relevant proton signals in the ROESY or
NOESY spectrum. The two-dimensional ROESY spectrum
of NNAS-2CD in [D6]DMSO is shown in Figure 1. The
NOEs between the aromatic protons and the H3 and H5


protons on the interior of the
a-CD annulus were found
(from Hb, Hc, Hj, Hk, Hh, Hi to
H3, and from Hd, He, Hf, Hg,
Hh, Hi to H5), which indicates
that the two a-CD rings are lo-
cated around the azobenzene
unit and the stilbene unit re-
spectively. At the same time,
the NOEs from He, Hf, Hg to
H6, from Hc, Hj, Hk to OH-2,3,
and from He, Hf to OH-6 also
prove that the chemical struc-
ture of NNAS-2CD was con-
firmed as shown in Figure 1.


Photoisomerization : Let us
consider the E/Z photoisomeri-
zation of the [3]rotaxane
NNAS-2CD. Good photoisome-
rization abilities have been
found in azobenzene- and stil-
bene-based rotaxanes.[8,18] For
comparison with the [3]ro-
taxane NNAS-2CD and the


dumbbell NNAS, we irradiated 1 at 313 nm and 2 at 380 nm
for 2 h (in dimethylformamide solution), respectively. There
was little change in the 1H NMR and the absorption spectra
of 1 and 2,[23] indicating that in the [3]rotaxane E-NNAS-


Scheme 2. The shuttling motions of the a-CD macrocycles under different photochemical stimuli in the [3]ro-
taxane NNAS-2CD.


Figure 1. The two-dimensional 1H ROESY NMR spectrum of NNAS-
2CD (500 MHz in [D6]DMSO at 298 K; mixing time 300 ms).
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2CD photoisomerization of the azobenzene unit could not
be induced by irradiation at 313 nm and photoisomerization
of the stilbene unit could not be induced by irradiation at
380 nm. However, irradiation of E-NNAS-2CD at 380 nm
caused photoisomerization of the azobenzene unit, which
generates Z1-NNAS-2CD (Scheme 2). The photostationary
equilibrium can be shifted back toward the E isomer by irra-
diation with visible light (>450 nm) or heat; irradiation of
E-NNAS-2CD at 313 nm resulted in photoisomerization of
the stilbene unit, which generates Z2-NNAS-2CD
(Scheme 2). Then irradiation of Z2-NNAS-2CD at 280 nm
shifts the system back toward its original E isomer. The E/Z
photoisomerization reactions of [3]rotaxane NNAS-2CD in
solution were investigated by monitoring the 1H NMR spec-
tral changes. Irradiation at 380 nm leads to two new signals
of equal intensity for Hc’ and Hd’ appearing at d = 6.64 and
6.80 ppm, respectively; correspondingly, the initial peaks
appear at d = 7.82 and 7.94 ppm. This is reasonable, be-
cause the signals from the aromatic protons of the azoben-
zene unit generally shift upfield upon their isomerization
from trans to cis configuration, as a result of the magnetic
shielding effect of the aromatic rings. The change in the res-
onance of the methylene protons (d = 5.25 ppm, Ha,l) was
also profound. Before irradiation at 380 nm, the chemical
shifts of the protons Ha and Hl are equal. Irradiation at
380 nm causes splitting of the proton peak into one doublet
and one singlet, compared with one singlet peak before the
irradiation. A new signal was found at d = 5.37 ppm (Hl’ of
Z1-NNAS-2CD). This is attributed to the deshielding effect
of a-CD due to the shifting of the ring away from the azo-
benzene unit to the biphenyl unit. New sets of NOEs
(Figure 2) were found: from Hd’, He’, Hj’, Hk’ to H3 and H5,
and from the Hi’ to H3, on the interior of the a-CD annulus;
from Hf’, Hg’, Hh’, Hi’ to OH-6, on the narrow rim of a-CD;
as well as from Hc’, Hd’ to OH-2,3, on the wide rim of a-CD.
All these changes in NMR spectra indicate that NNAS-2CD
underwent azobenzene photoisomerization and generated
Z1-NNAS-2CD, in which the CD-1 ring shifts from the azo-
benzene unit to the biphenyl unit and the CD-2 ring moves
close to the “S” stopper (Scheme 2). Integrals of the two Hd’


and Hd signals appear in a 5:3 ratio, which suggests that at
the photostationary state of azobenzene isomerization (PSS-
A), about 63% of the E-NNAS-2CD was transformed to
the Z1-NNAS-2CD isomer.


Irradiation of E-NNAS-2CD at 313 nm generally results
in the signals of aromatic protons of the stilbene unit shift-
ing upfield: Hh’’, Hi’’ appears at d=6.6–6.7 ppm (initially d=


7.2–7.3 ppm), Hj’’ appears at d=6.95 ppm (initially d=


7.38 ppm), Hg’’ appears at d=7.20 ppm (initially d=


7.52 ppm), indicating that the stilbene unit has already un-
dergone its characteristic photoisomerization. The resonance
of the methylene protons is also split ; the Ha’’ signal repre-
sents a doublet at d=5.35 ppm. Also, the coupling constant
of the cis-stilbene protons Hh’’ and Hi’’ in Figure 3c (14 Hz) is
smaller than that in the trans-stilbene protons Hh and Hi in
Figure 3a (16 Hz). Reasonably, a decrease in this coupling
constant serves as key evidence for the photoisomerization


of the stilbene unit. New sets of NOEs (Figure 4) from Hb’’,
Hc’’, Hf’’, Hg’’ to H3, from Hd’’, He’’ to H5 and H6, and from
Hh’ to H3, as well as from Hk’’, Hh’’, Hi’’ to OH-2,3, on the
wide rim of the a-CD, have been found. All these changes
indicate that NNAS-2CD has undergone stilbene photoiso-
merization and has generated Z2-NNAS-2CD under irradia-
tion at 313 nm, as shown in Scheme 2. Integrals of the two
signals of Hh’’ and Hh (or Hi’’ and Hi) appear in a 5:4 ratio,
which suggests that at the photostationary state of the stil-
bene isomerization (PSS-S) about 56% of the E-NNAS-
2CD was transformed to the Z2-NNAS-2CD isomer in that
case.


Luminescence properties : The absorption spectra of the
[3]rotaxane and its two Z isomers in solution have also been
investigated. Irradiation at either 380 nm or 313 nm can lead
to a decrease in absorption at around 350 nm and an in-
crease in absorption at around 280 nm, indicating that pho-
toisomerization of the azobenzene or the stilbene unit
occurs.[23,24] UV irradiation (380 nm) of E-NNAS-2CD (1.0O
10�5


m in DMF) for 30 min causes photoisomerization from
the trans to the cis configuration of the azobenzene unit,
generating Z1-NNAS-2CD, which recovers to the trans con-
figuration upon irradiation at 450 nm for 60 min. The
change is characterized by a rise in absorption at around
270 nm (DA = 0.03) and a decrease in absorption at 350 nm
(DA = 0.06) that is characteristic of the photoisomerization


Figure 2. The two-dimensional 1H ROESY NMR spectrum (500 MHz in
[D6]DMSO at 298 K; mixing time 300 ms) of NNAS-2CD after irradia-
tion at 380 nm for 2 h.
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of the azobenzene unit (see the Supporting Information). Ir-
radiation of E-NNAS-2CD at 313 nm for 65 min causes pho-
toisomerization from the trans to the cis configuration of the
stilbene unit, generating another isomer, Z2-NNAS-2CD,
which recovers to the trans configuration of stilbene upon ir-
radiation at 280 nm for 2 h. The change is also characterized
by a rise in absorption at around 270 nm (DA = 0.03) and a
decrease in absorption at 350 nm (DA = 0.05). Similarly, ir-
radiation of the dumbbell NNAS at 380 nm for 5 min causes
an increase at around 270 nm (DA = 0.05) and a decrease
in absorption at 350 nm (DA = 0.09), rapidly generating
Z1-NNAS ;[23] irradiation of the dumbbell NNAS at 313 nm
for 15 min causes an increase at around 270 nm (DA =


0.045) and a decrease in the absorption at 350 nm (DA =


0.08), generating another isomer of the dumbbell Z2-
NNAS.[23] The spectral changes for the dumbbell NNAS are
more obvious than for the rotaxane NNAS-2CD ; this indi-
cates that the dumbbell NNAS undergoes photoisomeriza-
tion more easily by UV irradiation. It is not surprising that
the photoisomerization becomes more difficult in the pres-
ence of the a-CD ring. The maximum absorption of NNAS-
2CD (the “N” stopper) at around 430 nm changes little, be-
cause it is separated from the residues by the methylene
group.


Obvious changes in the fluorescence spectra have been
found for the [3]rotaxane NNAS-2CD. Irradiation at 380 nm


for 30 min results in the isomerization of the azobenzene
unit, a lower intensity ratio (1.6:1) between the E isomer
and the PSS-A (Figure 5) at the fluorescent emission maxi-
mum lmax = 520 nm (due to the “N” stopper), and mean-
while an enhanced intensity ratio (0.6:1) in the fluorescence
at lmax = 395 nm (due to the “S” stopper). These changes
can be reversed by irradiation at 450 nm for 60 min. By
heating the PSS-A solution to 60 8C for 2 h, then cooling to


Figure 3. 1H NMR spectra (500 MHz in [D6]DMSO at 298 K) of NNAS-
2CD : a) before irradiation; b) after irradiation at 380 nm for 2 h; c) after
irradiation at 313 nm for 3 h. Both reactions have reached photostation-
ary states.


Figure 4. The two-dimensional 1H ROESY NMR spectrum (500 MHz in
[D6]DMSO at 298 K; mixing time 300 ms) of NNAS-2CD after irradia-
tion at 313 nm for 3 h.


Figure 5. The fluorescence spectra of a NNAS-2CD solution (1.0O10�5
m


in DMF) after irradiation at 380 nm (0–30 min). A 1.6:1 intensity ratio
between the E isomer and the PSS-A is observed at the emission maxi-
mum at lmax = 520 nm (due to the “N” stopper, lex = 438 nm), and a
0.6:1 ratio is observed at lmax = 395 nm (due to the “S” stopper, lex =


336 nm).
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room temperature, E-NNAS-2CD can also be recovered in
the system. Contrarily, irradiation at 313 nm for 65 min
causes isomerization of the stilbene unit; an enhanced ratio
of 0.6:1 for the fluorescent intensity between the E isomer
and the PSS-S at lmax = 520 nm, and meanwhile a de-
creased ratio of 1.5:1 in the fluorescent intensity at the emis-
sion maximum at lmax = 395 nm, are observed (Figure 6).


These changes can be reversed by irradiation at 280 nm for
2 h. The probable cause of the fluorescence changes is the
rigidity of the a-CD ring. When the a-CD macrocycle stays
near the fluorescent stopper, the vibration and the rotation
of the bonds in the methylene group between the stopper
and the recognition site are hindered, which clearly increas-
es the fluorescence intensity of the stopper. This is con-
firmed by the finding of the weaker fluorescent intensity of
the dumbbell NNAS,[23] in which the vibration and rotation
are more facile without the macrocycles. Also, irradiation of
the dumbbell at 380 nm and 313 nm does not induce obvious
changes in the fluorescence intensity of the two stoppers in
the dumbbell NNAS.[23] Since irradiation of the dumbbell
NNAS at 380 nm and 313 nm can photoisomerize the azo-
benzene and stilbene units, the fluorescence of the two Z
isomers obtained changes, albeit only to a very small extent,
due to the changes in the configurations and the possibility
of energy-transfer quenching of one stopper by the other.[23]


This phenomenon is also in agreement with our previous re-
ports.[18] In contrast, a fluorescent intensity ratio of 1:2.65
between the PSS-A and the PSS-S at the emission maxi-
mum at lmax = 520 nm (due to the “N” stopper), and mean-
while another fluorescent signal with an intensity ratio of
2.5:1 at the emission maximum at lmax = 395 nm (due to
the “S” stopper), are observed. The fluorescence changes
observed in this [3]rotaxane NNAS-2CD are more obvious
than that in our previously reported [2]rotaxane,[18b] because


of the greater rigidity of the two a-CD rings here than the
single one in the [2]rotaxane. Because of the full reversibili-
ty of the photoisomerization processes, the photoinduced
shuttling motions of the two a-CD rings can be repeated,
and can be addressed with the reversible fluorescent output
signals. By alternating irradiations at 380 nm and 450 nm,
and 313 nm and 280 nm, respectively, we verified that the
photochemical processes (isomerization of both the azoben-
zene and the stilbene) are highly reproducible over more
than six cycles. As Figure 7 demonstrates, the [3]rotaxane
NNAS-2CD has excellent recovery properties.


The three stable states of [3]rotaxane NNAS-2CD can be
described as the pure E isomer (“0” state), the PSS-A
(“+1” state), and the PSS-S (“�1” state). The starting
system (the “0” state) can be written with light at 380 nm
and 313 nm to give the PSS-A (“+1” state) and the PSS-S
(“�1” state), respectively. The transform between the “0”
state and the “+1” (or “�1”) state is accompanied by dual
fluorescence addresses at lmax = 520 nm and 395 nm. Also,
the “+1” (or “�1”) state can be shifted back reversibly to
the “0” state with light at 450 nm (or 280 nm). Good reversi-
bility could make it act as a molecular device such as a mul-


Figure 6. The fluorescence spectra of a NNAS-2CD solution (1.0O10�5
m


in DMF) after irradiation at 313 nm (0–65 min). A 0.6:1 intensity ratio
between the E isomer and the PSS-S is observed at the emission maxi-
mum at lmax = 520 nm (due to the “N” stopper, lex = 438 nm), and a
1.5:1 intensity ratio at at lmax=395 nm (due to the “S” stopper, lex =


336 nm).


Figure 7. Changes in the fluorescence spectra of the “S” stopper (top, lex
= 336 nm, emission at lmax = 395 nm), and the “N” stopper (below, lex
= 438 nm, emission at lmax = 520 nm) of a NNAS-2CD solution (1.0O
10�5


m in DMF) along with changes in irradiation cycle and light sources.
In one cycle, 380 nm and 450 nm irradiation was first used to isomerize
and recover the azobenzene unit, then 313 nm and 280 nm irradiation
was used to isomerize and recover the stilbene unit. The photochemical
processes are highly reproducible over more than six cycles.
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tistate molecular switch with entirely optical signals, or as a
molecular storage medium.


Conclusion


A novel light-driven [3]rotaxane molecular shuttle, NNAS-
2CD, has been synthesized and characterized, in which the
two a-CD rings can be made to shuttle back and forth on
the molecular thread that contains an azobenzene unit, a bi-
phenyl unit, and a stilbene unit. The three stable states of
this NNAS-2CD (that is, the E isomer and two Z isomers),
are characterized by NMR experiments including two-di-
mensional NMR spectroscopy and dual fluorescence spec-
tra. The shuttling movement of the a-CD rings can be ad-
dressed by the corresponding reversible fluorescence inten-
sity changes of the two fluorescent stoppers. The output in-
dicating the molecular shuttle movement is a fluorescence
signal, which can be read easily because it allows remote
sensing; thus it offers a further advantage over other spec-
tral signals. The input is photochemical energy, which is su-
perior to chemical or electrochemical input in terms of its
cleanness and convenience. The complete reversibility ex-
hibited by this [3]rotaxane should be emphasized; its most
important feature, however, is that it demonstrates a princi-
ple that could be applied to produce molecular devices that
can change any property that can be made to depend on the
spatial separation of submolecular fragments. The use of
stimulus-induced motion to bring individual components to-
gether to perform specific tasks that could produce an effect
(for example, fluorescence changes) arguably makes such
structures true mechanical molecular machines.


Experimental Section


General : H NMR spectra were measured on a BrPcker AM500 spec-
trometer. Elemental analysis was performed on a Perkin-Elmer 2400C in-
strument. Mass spectra (MS) were recorded on an MA1212 instrument
using standard conditions (ESI, 70 eV), the MALDI-TOF spectrum on a
4700-Propeotics analyzer, and UV/Vis spectra on a Varian Cary500 spec-
trophotometer (1 cm quartz cell) at 25 8C. Fluorescent spectra were re-
corded on a Varian Cary Eclipse fluorescence spectrophotometer (1 cm
quartz cell) at 25 8C. Photoirradiation was carried on a CHF-XM 500 W
high-pressure mercury lamp with suitable filters (313 nm, 280 nm,
380 nm, half-width 30 nm, type FAL; Lambda Physics, Germany) in a
sealed Ar-saturated 1 cm quartz cell. The distance between the lamp and
the sample cell was 20 cm. Compound 1 and benzo[de]isoquinoline-1,3-
dione-5-sulfonic acid sodium salt were prepared as described previous-
ly.[18b]


4-Methyl-4’-iodostilbene (2a): A solution of p-iodobenzyl bromide
(25.0 g, 84.2 mmol) in trimethyl phosphite (50 mL, 424 mmol) was heated
under reflux for 4 h. The excess phosphite was removed in vacuo, the
yellow residue was dissolved in dried DMF (37 mL) and THF (37 mL),
the resulting solution was cooled to 0 8C, a solution of sodium methoxide
(4.6 g, 85.2 mmol) in methanol (32 mL) was added dropwise, and the mix-
ture was stirred for 1.5 h at room temperature. Another solution of p-
methylbenzaldehyde (10.5 g, 87.5 mmol) in DMF (70 mL) was then
added dropwise and stirring was continued for another 3 h. More sodium
methoxide solution (1.4 g, 26 mmol) in methanol (11 mL) was added and
the resulting mixture was stirred for another 18 h, then poured into water


(300 mL), The precipitate was collected by filtration, washed with water,
dried, and recrystallized from methanol to give 2a (18.1 g, 67%) as a
white solid. M.p. 209–210 8C. The product was pure enough to use in sub-
sequent preparations.


4-(2-p-Tolylvinyl)phenylboronic acid (2b): Compound 2a (17.5 g,
54.7 mmol) was lithiated with n-butyllithium (1.6m, 37.0 mL, 59.2 mmol)
in dry THF (180 mL) at �78 8C for 3 h. Trimethyl boronate (9.5 mL,
83 mmol) was added to the stirred suspension and the resulting mixture
was allowed to warm to room temperature and stirred for another 8 h,
then acidified with 10% hydrochloric acid. After concentration, a great
deal of yellow solid was precipitated, which was collected by filtration,
washed with water, and dried. The resulting solid was stirred in dichloro-
methane (60 mL) for 1 h, filtered, and dried to give 2b (7.1 g, 53%) as a
white solid. M.p. >250 8C; 1H NMR (500 MHz, [D6]DMSO, 25 8C, TMS):
d = 8.02 (s, 2H), 7.78 (d, J = 7.7 Hz, 2H), 7.54 (d, J = 8.0 Hz 2H), 7.50
(d, J = 8.0 Hz, 2H), 7.27 (d, J = 16.6 Hz, 1H), 7.19 (d, J = 7.7 Hz, 2H),
7.18 (d, J = 16.6 Hz, 1H), 2.31 ppm (s, 3H).


4-[2-(4-Bromomethylphenyl)vinyl]phenylboronic acid (2c): A mixture of
2b (5.0 g, 21.0 mmol), N-bromosuccinimide (4.2 g, 23.6 mmol) and benzo-
yl peroxide (0.30 g) in dry benzene (800 mL) was stirred under reflux for
12 h, then filtered hot. The volume of the filtrate was reduced to about
150 mL under vacuum and the precipitate was collected, washed with
ethanol and dried to give 2c (4.6 g, 69%) as an off-white powder. M.p.
210–212 8C (decomp). The product was used in subsequent preparations
without purification.


4-{2-[4-(1,3-Dioxo-1H,3H-benzo[de]isoquinoline-5-sulfon-2-ylmethyl)-
phenyl]vinyl}phenylboronic acid sodium salt (2): Sodium methoxide
(3.7 g) in methane (20 mL, 8.2 mmol) was added to the solution of ben-
zo[de]isoquinoline-1,3-dione-5-sulfonic acid sodium salt[18b] (2.5 g,
8.4 mmol) in DMF (20 mL). The mixture was stirred at room tempera-
ture for 4 h, then 2c (1.3 g, 4.1 mmol) was added and stirring was contin-
ued for 8 h. The resulting solution was poured into water (100 mL), then
acidified with dilute hydrochloric acid. The precipitate was filtered,
washed with acetone, and dried to give 2 (1.6 g, 36%) as a light yellow
solid. M.p. >250 8C; 1H NMR (500 MHz, [D6]DMSO, 25 8C, TMS): d =


8.71 (s, 1H), 8.69 (s, 1H), 8.59 (d, J = 8.2 Hz, 1H), 8.52 (d, J = 7.3 Hz,
1H), 8.0 (s, 2H), 7.90 (dd, J1 = 8.2 Hz, J2 = 7.3 Hz, 1H), 7.77 (d, J =


8.1 Hz, 2H), 7.54 (m, 4H), 7.38 (d, J = 8.3 Hz, 2H), 7.27 (d, J =


16.4 Hz, 1H), 7.19 (d, J = 16.4 Hz, 1H), 5.28 ppm (s, 2H).


1-a-CD : Compound 1 (0.15 g, 0.2 mmol), a-CD (0.20 g, 0.21 mmol) and
water (20 mL) were mixed and stirred at 60 8C for 20 h, then the transpar-
ent solution was evaporated in vacuum and the solid was recrystallized
from water/ethanol (1:4) to give red powder (0.3 g, 86%). M.p. >250 8C;
1H NMR (500 MHz, D2O, 25 8C, TMS): d = 9.0 (s, 1H), 8.84 (s, 1H),
8.80 (s, 1H), 7.85 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 7.65 (d,
J = 8.5 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 5.27 (s, 2H), 5.0 (s, 6H),
3.87–3.56 ppm (m, 36H).


2-a-CD : A solution of 2 (0.11 g, 0.21 mmol) in DMF (5 mL) was added
dropwise to the a-CD aqueous solution (0.2 g in 50 mL water). The mix-
ture was heated to 70 8C for 40 h to give a transparent solution. Most of
the solvent was evaporated in vacuum and acetone (50 mL) was added to
precipitate a white solid (0.2 g, 65%). M.p. >250 8C; 1H NMR
(500 MHz, D2O, 25 8C, TMS): d = 8.61 (s, 2H), 8.41 (d, J = 6.8 Hz, 1H),
8.31 (d, J = 7.8 Hz, 1H), 7.75 (dd, J1 = 7.8 Hz, J2 = 6.8 Hz, 1H), 7.52
(dd, J1 = 7.2 Hz, J2 = 8.7 Hz, 4H), 7.38 (dd, J1 = 8.7 Hz, J2 = 7.2 Hz,
4H), 7.26 (d, J = 16.4 Hz, 1H), 7.16 (d, J = 16.4 Hz, 1H), 5.25 (s, 2H),
5.0 (s, 6H), 3.89–3.58 ppm (m, 36H).


NNAS : Compounds 1 (0.15 g, 0.2 mmol) and 2 (0.11 g, 0.21 mmol) and
Pd(OAc)2 (10 mg, 0.044 mmol) were dissolved in aqueous Ar-saturated
sodium carbonate solution (30 mL, 0.2m). The mixture was stirred at
85 8C for 24 h, then cooled and acidified with acetic acid. After concen-
tration in vacuo, the resulting dark solid was purified by column chroma-
tography (silica gel; upper layer = acetic acid/n-butanol/water, 1:2:5) to
give pure NNAS (65 mg, 29.5%) as a yellow powder. M.p. >250 8C;
1H NMR (500 MHz, [D6]DMSO, 25 8C, TMS): d = 8.95 (s, 1H), 8.69–
8.66 (m, 3H), 8.63 (s, 1H), 8.57 (d, J = 8.2 Hz, 1H), 8.50 (d, J = 7.0 Hz,
1H), 8.02 (s, 2H), 7.92 (d, J = 8.2 Hz, 2H), 7.88 (dd, J = 7.0 Hz, J =


8.2 Hz, 1H), 7.84 (d, J = 7.7 Hz, 2H), 7.68 (d, J = 8.3 Hz, 2H), 7.51 (m,
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6H), 7.38 (dd, J = 8.6 Hz, 4H), 7.25 (d, J = 16.5 Hz, 1H), 7.14 (d, J =


16.5 Hz, 1H), 5.18 ppm (s, 4H); MS (70 eV, ESI): m/z (%): 1099 (65)
[M+], 1122 (100) [M++Na]; elemental analysis: calcd (%) for
C52H32N5Na3O13S3: C 56.78, H 2.93, N 6.37; found: C 56.76, H 2.92, N
6.39.


NNAS-2CD : Compounds 1-a-CD (0.14 g, 0.080 mmol) and 2-a-CD
(0.12 g, 0.078 mmol) and Pd(OAc)2 (3.8 mg, 0.017 mmol) were dissolved
in aqueous Ar-saturated sodium carbonate solution (20 mL, 0.2m). The
mixture was stirred at 85 8C for 24 h, then cooled and acidified with
acetic acid. After concentration in vacuo, the resulting dark solid was pu-
rified by column chromatography (silica gel; upper layer = acetic acid/n-
butanol/water, 1.5:2:5) to give pure NNAS-2CD (43 mg, 18%) as a
yellow powder. M.p. >250 8C; 1H NMR (500 MHz, [D6]DMSO, 25 8C,
TMS): d = 8.95 (s, 1H), 8.69–8.65 (m, 3H), 8.62 (s, 1H), 8.58 (d, J =


8.1 Hz, 1H), 8.50 (d, J = 7.0 Hz, 1H), 8.02 (s, 2H), 7.92 (d, J = 8.1 Hz,
2H), 7.87 (dd, J = 7.0 Hz, J = 8.2 Hz, 1H), 7.83 (d, J = 7.6 Hz, 2H),
7.69 (d, J = 8.4 Hz, 2H), 7.51 (m, 6H), 7.38 (dd, J = 8.6 Hz, 4H), 7.25
(d, J = 16.0 Hz, 1H), 7.14 (d, J = 16.0 Hz, 1H), 5.52 (d, J = 6.6 Hz,
12H), 5.44 (s, 12H), 5.25 (s, 4H), 4.79 (s, 12H), 4.49 (s, 12H), 3.76–3.54
(m, 48H), 3.4 (m, 12H), 3.25 ppm (m, 12H); MALDI-TOF: m/z (%):
3067.7 (100) [M++Na], 3045.7 (60) [M++1]; elemental analysis: calcd
(%) for C124H152N5Na3O73S3·12H2O: C 45.66, H 5.44, N 2.15; found: C
45.68, H 5.46, N 2.17.


Acknowledgements


This work was supported by the NSFC of China (20273020 and
90401026), and the Education Committee and the Scientific Committee
of Shanghai. We thank Prof. Yu Liu (NanKai University, China) for his
relevant advice on the synthesis.


[1] a) J.-M. Lehn, Supramolecular Chemistry: Concepts and Perspectives,
Wiley-VCH, Weinheim, 1995 ; b) V. Balzani, M. Venturi, A. Credi,
Molecular Devices and Machines, Wiley-VCH, Weinheim, 2003 ;
c) V. Balzani, A. Credi, F. M. Raymo, J. F. Stoddart, Angew. Chem.
2000, 112, 3484–3530; Angew. Chem. Int. Ed. 2000, 39, 3348–3391;
d) J.-P. Collin, C. Dietrich-Buchecker, P. Gavina, M. C. Jimenez-
Molero, J.-P. Sauvage, Acc. Chem. Res. 2001, 34, 477–487; e) C. A.
Schalley, K. Beizai, F. Vçgtle, Acc. Chem. Res. 2001, 34, 465–476.


[2] a) A. Harada, Acc. Chem. Res. 2001, 34, 456–464; b) S. A. Nepogo-
diev, J. F. Stoddart, Chem. Rev. 1998, 98, 1959–1976.


[3] a) V. Balzani, A. Credi, M. Venturi, ChemPhysChem 2003, 3, 49–
59; b) V. Balzani, Photochem. Photobiol. Sci. 2003, 2, 459–476;
c) F. M. Raymo, Adv. Mater. 2002, 14, 401–414; d) C. P. Collier,
E. W. Wong, M. Belohradsky, F. M. Raymo, J. F. Stoddart, P. J.
Kuekes, R. S. Williams, J. R. Heath, Science 1999, 285, 391–394;
e) C. P. Collier, M. Belohradsky, F. M. Raymo, J. F. Stoddart, J. R.
Heath, J. Am. Chem. Soc. 2000, 122, 5831–5840; f) M. Asakawa,
P. R. Ashton, V. Balzani, A. Credi, G. Mattersteig, O. A. Matthews,
M. Montalti, N. Spencer, J. F. Stoddart, M. Venturi, Chem. Eur. J.
1997, 3, 1992–1996.


[4] a) B. L. Feringa, Acc. Chem. Res. 2001, 34, 504–513; b) B. L. Ferin-
ga, Molecular Switches, Wiley-VCH, Weinheim, 2001; c) M. Asaka-
wa, M. Higuchi, G. Mattersteig, T. Nakamura, A. R. Pease, F. M.
Raymo, T. Shimizu, J. F. Stoddart, Adv. Mater. 2000, 12, 1099–1102;
d) G. Bottari, D. A. Leigh, E. PTrez, J. Am. Chem. Soc. 2003, 125,
13360–13361.


[5] a) P. N. Taylor, M. J. OUConnell, L. A. McNeill, M. J. Hall, R. T.
Aplin, H. L. Anderson, Angew. Chem. 2000, 112, 3598–3602;
Angew. Chem. Int. Ed. 2000, 39, 3456–3460; b) F. Cacialli, J. S.
Wilson, J. J. Michels, C. Daniel, C. Silva, R. H. Friend, N. Severin, P.
SamorV, J. P. Rabe, M. J. OUConnell, P. N. Taylor, H. L. Anderson,
Nat. Mater. 2002, 1, 160–164; c) P. N. Taylor, A. J. Hagan, H. L. An-
derson, Org. Biomol. Chem. 2003, 1, 3851–3856; d) J. J. Michels,


M. J. OUConnell, P. N. Taylor, J. S. Wilson, F. Cacialli, H. L. Ander-
son, Chem. Eur. J. 2003, 9, 6167–6176.


[6] a) I. Willner, V. Pardo-Yissar, E. Katz, K. T. Ranjit, J. Electroanal.
Chem. 2001, 497, 172–177; b) M. Cavallini, F. Biscarni, S. LeWn, F.
Zerbetto, G. Bottari, D. A. Leigh, Science 2003, 299, 531.


[7] a) M. C. Jimenez-Molero, C. Dietrich-Buchecker, J.-P. Sauvage,
Chem. Eur. J. 2002, 8, 1456–1466; b) R. A. Bissel, E. CWrdova, A. E.
Kaifer, J. F. Stoddart, Nature 1994, 369, 133–137.


[8] a) H. Murakami, A. Kawabuchi, K. Kotoo, M. Kunitake, N. Naka-
shima, J. Am. Chem. Soc. 1997, 119, 7605–7606; b) C. A. Stanier,
S. J. Alderman, T. D. W. Claridge, H. L. Anderson, Angew. Chem.
2002, 114, 1847–1850; Angew. Chem. Int. Ed. 2002, 41, 1769–1772.


[9] a) A. M. Brouwer, C. Frochot, F. G. Gatti, D. A. Leigh, L. Mottier,
F. Paolucci, S. Roffa, G. W. H. Wurpel, Science 2001, 291, 2124–
2128; b) G. W. H. Wurpel, A. M. Brouwer, I. H. M. van Stokkum, A.
Farran, D. A. Leigh, J. Am. Chem. Soc. 2001, 123, 11327–11328;
c) A. Altieri, G. Bottari, F. Dehez, D. A. Leigh, J. K. Y. Wong, F.
Zerbetto, Angew. Chem. 2003, 115, 2398–2402; Angew. Chem. Int.
Ed. 2003, 42, 2296–2300.


[10] a) N. Armaroli, V. Balzani, J. P. Collin, P. GaviÇa, J.-P. Sauvage, B.
Ventura, J. Am. Chem. Soc. 1999, 121, 4397–4408; b) P. R. Ashton,
R. Ballardini, V. Balzani, A. Credi, K. R. Dress, E. Ishow, C. J. Kle-
verlaan, O. Kocian, J. A. Preece, N. Spencer, J. F. Stoddart, M. Ven-
turi, S. Wenger, Chem. Eur. J. 2000, 6, 3558–3574; c) W. Abraham,
L. Grubert, U. W. Grummt, K. Buck, Chem. Eur. J. 2004, 10, 3562–
3568.


[11] a) J. D. CZrdenas, A. Livoreil, W. Kaim, J.-P. Sauvage, J. Am. Chem.
Soc. 1996, 118, 11980–11981; b) Y. Liu, A. H. Flood, J. F. Stoddart,
J. Am. Chem. Soc. 2004, 126, 9150–9151; c) O. Lukin, A. Godt, F.
Vçgtle, Chem. Eur. J. 2004, 10, 1878–1883; d) O. Lukin, T. Kubota,
Y. Okamoto, A. Kaufmann, F. Vçgtle, Chem. Eur. J. 2004, 10, 2804–
2810; e) E. Katz, L. Sheeney-Haj-Ichia, I. Willner, Angew. Chem.
2004, 116, 3354–3362; Angew. Chem. Int. Ed. 2004, 43, 3292–3300.


[12] a) A. Mirzoian, A. E. Kaifer, Chem. Eur. J. 1997, 3, 1052–1057;
b) A. Mirzoian, A. E. Kaifer, Chem. Commun. 1999, 1603–1604.


[13] G. Bottari, F. Dehez, D. A. Leigh, P. J. Nash, E. M. PTrez, J. K. Y.
Wong, F. Zerbetto, Angew. Chem. 2003, 115, 6066–6069; Angew.
Chem. Int. Ed. 2003, 42, 5886–5889.


[14] R. Breslow, S. D. Dong, Chem. Rev. 1998, 98, 1997–2012.
[15] a) B. Carrozzini, G. L. Cascarano, C. J. Easton, A. J. Edwards, A. D.


Rae, Chem. Eur. J. 2003, 9, 5971–5977; b) H. Onagi, C. J. Blake,
C. J. Easton, S. F. Lincoln, Chem. Eur. J. 2003, 9, 5978–5988.


[16] W. S. Jeon, A. Y. Ziganshina, J. W. Lee, Y. H. Ko, J.-K. Kang, C.
Lee, K. Kim, Angew. Chem. 2003, 115, 4231–4234; Angew. Chem.
Int. Ed. 2003, 42, 4097–4100.


[17] A. Livoreil, C. O. Dietrich-Buchecker, J.-P. Sauvage, J. Am. Chem.
Soc. 1994, 116, 9399–9400.


[18] a) Q.-C. Wang, D.-H. Qu, J. Ren, K.-C. Chen, H. Tian, Angew.
Chem. 2004, 116, 2715–2719; Angew. Chem. Int. Ed. 2004, 43, 2661–
2665; b) D.-H. Qu, Q.-C. Wang, J. Ren, H. Tian, Org. Lett. 2004, 6,
2085–2088.


[19] a) E. M. PTrez, D. T. F. Dryden, D. A. Leigh, G. Teobaldi, F. Zerbet-
to, J. Am. Chem. Soc. 2004, 126, 12210–12211; b) S. I. Jun, J. W.
Lee, S. Sakamoto, K. Yamaguchi, K. Kim, Tetrahedron Lett. 2000,
41, 471–475; c) V. Balzani, A. Credi, F. Marchioni, J. F. Stoddart,
Chem. Commun. 2001, 1860–1861.


[20] a) Y. Liu, Y.-L. Zhao, H.-Y. Zhang, H.-B. Song, Angew. Chem. 2003,
115, 3382–3385; Angew. Chem. Int. Ed. 2003, 42, 3260–3263; b) Y.
Liu, L. Li, Z. Fan, H.-Y. Zhang, X. Wu, S.-X. Liu, X.-D. Guan,
Nano Lett. 2002, 2, 257–261; c) Y. Liu, L. Li, H.-Y. Zhang, Y.-L.
Zhao, X. Wu, Macromolecules 2002, 35, 9934–9938.


[21] a) M. R. Craig, T. D. W. Claridge, M. G. Hutchings, H. L Anderson,
Chem. Commun. 1999, 1537–1538; b) J. Terao, A. Tang, J. J. Mi-
chels, A. Krivokapic, H. L. Anderson, Chem. Commun. 2004, 56–
57.


[22] a) Y. Kawaguchi, A. Harada, Org. Lett. 2000, 2, 1353–1356; b) M.
Okada, A. Harada, Org. Lett. 2004, 6, 361–364; c) H. Shigekawa, K.
Miyake, J. Sumaoka, A. Harada, M. Komiyama, J. Am. Chem. Soc.
2000, 122, 5411–5412.


www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5929 – 59375936


H. Tian et al.



www.chemeurj.org





[23] The Supporting Information includes the two-dimensional
1H ROESY NMR spectra of 1-a-CD and 2-a-CD, 1H NMR of
dumbbell NNAS, absorption spectra of compounds 1, 2, NNAS, and
NNAS-2CD, MALDI-TOF mass spectra of NNAS-2CD, and fluo-
rescence spectra of dumbbell NNAS.


[24] H. Meier, Angew. Chem. 2001, 113, 1903–1905; Angew. Chem. Int.
Ed. 2001, 40, 1851–1853.


Received: December 21, 2004
Revised: April 18, 2005


Published online: July 26, 2005


Chem. Eur. J. 2005, 11, 5929 – 5937 D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5937


FULL PAPERRotaxanes



www.chemeurj.org






DOI: 10.1002/chem.200500070


IPy2BF4-Mediated Rearrangements of 1,2-Difunctionalized Compounds and
Olefins


Francisco J. FaÇan*s,* M,nica -lvarez-P/rez, and F/lix Rodr1guez[a]


Introduction


Carbon skeletal rearrangement reactions in which a group
(H, alkyl, aryl) migrates to the adjacent position are power-
ful synthetic tools that give access to carbon frames not
easily available by other procedures.[1] These reactions,
when applied to cyclic compounds, lead to ring contraction
or expansion products.[2] These atom-economical processes
occur, in most cases, with very high selectivity, and therefore
they have been widely used in the total synthesis of many
natural products.[3] Although the variety of rearrangement
reactions of this type published in the few last years is very
broad, probably the most interesting processes are those
which imply the formation of a carbonyl compound such as
1 (Scheme 1). Depending on the starting material, these re-
actions can be divided into two main groups: 1) oxidative
rearrangement of olefins 2,[4] and 2) rearrangement of 1,2-di-
functionalized compounds 3 (Scheme 1).[5]


The reagent bis(pyridine)iodonium(i) tetrafluoroborate
(IPy2BF4)


[6] has been shown to be a versatile reagent in or-
ganic synthesis as it effects many useful and unique transfor-
mations.[7] During our investigations on the reactivity of this
reagent with 1,2-difunctionalized compounds we observed
that compounds such as 3 (X= I, Y=OMe) react with
IPy2BF4, under certain conditions, by a rearrangement reac-
tion to give products 1 (Scheme 1). Taking into account that
compounds 3 (X= I, Y=OMe) are easily available from a
well-established iodofunctionalization reaction of olefins 2
with IPy2BF4, we thought that compounds 1 should be di-
rectly obtainable from simple alkenes 2 by a tandem iodo-
functionalization/rearrangement process mediated by
IPy2BF4. This prompted us to initiate a deeper investigation
of the ability of IPy2BF4 to perform these unusual rear-
rangement reactions. On this basis, we describe here the re-
sults of these studies which have culminated in the develop-
ment of a new method for the formation of carbonylic deriv-
atives 1, or derivatives, from both 1,2-difunctionalized deriv-
atives 3 (X= I, Y=OMe) and olefins 2. An interesting ring-
contraction reaction promoted by IPy2BF4 is also reported.


Results and Discussion


IPy2BF4-mediated rearrangement reactions of 1,2-difunc-
tionalized compounds: 1,2-migration of aryl groups : As
mentioned above, our investigation began with the study of
the reactivity of the reagent IPy2BF4 with 1,2-difunctional-
ized compounds. Thus, (1S*,2R*)-2-iodo-1,3-dimethoxy-1-
phenylpropane (3a) was chosen as a model compound to in-
vestigate all the factors that play a role in the course of the


Keywords: 1,2-migration reactions ·
alkenes · rearrangement · ring
contraction · synthetic methods.


Abstract: Acetal derivatives are easily obtained from 1,2-difunctionalized com-
pounds by a new reaction mediated by IPy2BF4 with a mechanism based on a 1,2-
migration of aryl or alkyl groups. A new oxidative rearrangement reaction of ole-
fins is also described. Moreover, when this metal-free protocol is applied to cyclic
olefins, interesting ring-contraction reactions are observed. The new methodolo-
gies described here are a clean and efficient alternative to known strategies that
make use of potentially toxic metallic complexes.
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Scheme 1. Synthesis of carbonyl compounds 1 from either olefins 2 or
1,2-difunctionalized compounds 3 by rearrangement reactions.
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reaction. After careful optimization studies we observed
that compound 3a reacts with 2.2 equivalents of IPy2BF4,
2.2 equivalents of BF3·OEt2,


[8] and 2.2 equivalents of H2O, in
dry dichloromethane at room temperature, in five minutes,
to afford the aldehyde 1a in 86% yield (Scheme 2).[9] This


transformation implies the migration of the phenyl group to
the adjacent position and the incorporation of a molecule of
water.[9,10] Moreover, when this reaction was performed
under the same reaction conditions but with 2.2 equivalents
of MeOH instead of H2O, dimethyl acetal 4a was obtained
in 93% yield (Scheme 2).[8] In this case the final product in-
corporates a molecule of methanol instead of a molecule of
water.


A plausible mechanism that explains the formation of
compounds 1a and 4a is depicted in Scheme 3. First, we be-
lieve that the iodonium ion generated from the mixture of


IPy2BF4 and BF3·OEt2 coordinates to the iodine atom of the
starting compound 3a, as shown in I. Subsequent elimina-
tion of a molecule of iodine assisted by the vicinal phenyl
group leads to the phenonium ion intermediate 5.[11] Attack
of the nucleophile present in the reaction medium (H2O or
MeOH) then occurs at the carbon bound to the methoxy
group to form the corresponding acetal derivative 4a or the
hemiacetal derivative 6. Hemiacetal 6 evolves into the alde-
hyde 1a by losing a molecule of MeOH (Scheme 3).


Once we had found the optimum conditions to obtain the
aldehyde 1a or the acetal 4a, we decided to investigate the
scope of the reaction. Thus, we carried out a set of experi-
ments, under those optimized conditions, starting from the
aryl-substituted 1,2-difunctionalized compounds 3b–g
(Scheme 4). Although aldehydes analogous to 1a are easily


available following the procedure described above, in some
cases their isolation was found to be difficult. For this
reason, and taking into account that these aldehydes are
easily available from the corresponding dimethyl acetals, we
decided to perform all the reactions in the presence of
MeOH. Under these conditions, the acetals 4b–g were
easily obtained in high yields (Scheme 4).


The most interesting results are highlighted in Table 1. A
phenyl group (Table 1, entries 1, 4, and 5) and also electron-
rich (Table 1, entry 2) and, surprisingly, electron-poor aryl
groups (Table 1, entry 3) undergo the 1,2-migration reaction.
Moreover, the aryl group can migrate to primary, secondary,
or tertiary carbons (Table 1, entries 1, 4, and 5). The result
shown in Table 1, entry 6 is noteworthy as it supposes that
the reaction proceeds when cyclic ethers such as 3g
[(2S*,3R*)-diastereoisomer] are used. Interestingly, this re-
action is totally diastereoselective, as only the formation of


Abstract in Spanish: La reacci�n de compuestos 1,2-difun-
cionalizados con IPy2BF4 da lugar a acetales a trav&s de un
proceso basado en una reacci�n de migraci�n 1,2 de un
grupo arilo o alquilo. Tambi&n se describe una nueva reac-
ci�n de reagrupamiento oxidativo de olefinas promovida por
IPy2BF4. Cuando este protocolo se aplica a olefinas c+clicas
se obtienen interesantes productos procedentes de una reac-
ci�n de contracci�n de anillo. Las nuevas metodolog+as aqu+
descritas suponen una alternativa limpia y eficiente a los co-
nocidos m&todos que utilizan complejos met-licos potencial-
mente contaminantes.


Scheme 2. Rearrangement reactions mediated by IPy2BF4 on model com-
pound 3a. Yields of the reaction performed using only one equivalent of
IPy2BF4 and one equivalent of BF3·OEt2 are given in parentheses (see
reference [8]).


Scheme 3. Proposed mechanism for the IPy2BF4-mediated rearrangement
reaction.


Scheme 4. Synthesis of acetals 4b–g from 1,2-difunctionalized compounds
3b–g by 1,2-migration reactions of aryl groups.


Table 1. Synthesis of acetals 4b–g from 1,2-difunctionalized compounds
3b–g.


Entry Starting Ar R R1 R2 Product Yield
material [%][a]


1 3b Ph Me H H 4b 96
2 3c 4-MeC6H4 Me H H 4c[b] 90
3 3d 4-BrC6H4 Me H H 4d[c] 87
4 3e Ph Me Me H 4e 91
5 3 f Ph Me Me Me 4 f[b] 86
6 3g[d] Ph -(CH2)2- H 4g[b,e] 81


[a] Yield based on starting iodide 3. [b] The reaction was performed at
�10 8C. [c] The reaction required 1 h to complete. [d] (2S*,3R*)-diaster-
eoisomer. [e] The (2S*,3R*)-diastereoisomer was formed exclusively.
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diastereoisomer 4g [(2S*,3R*)-diastereoisomer] was ob-
served.


Taking advantage of our experience in the synthesis of
terpene derivatives such as 3h–j (Table 2),[12] we decided to


try the rearrangement reaction with these substrates. The
objectives of these studies were, on the one hand, to trans-
form the initial terpene derivatives into others with a differ-
ent substitution pattern,[13] and, on the other hand, as the in-
itial terpene derivatives 3h–j are enantiomerically pure, this
investigation could give us some information about the ste-
reochemical outcome of the rearrangement reaction. Thus,
terpene derivatives 3h–j, under the same reaction conditions
as those previously mentioned, gave the new terpene-de-
rived acetals 4h,i or aldehydes/ketones 1b–d in very high
yield and as single enantiomers in all cases (Table 2). The
structure of these compounds was determined by NMR
spectroscopy and confirmed by X-ray crystal-structure anal-
ysis in the case of 4h. The stereochemical outcome of the re-
action can be explained by a model similar to that shown in
Scheme 3.


IPy2BF4-mediated rearrangement reactions of 1,2-difunc-
tionalized compounds: 1,2-migration of alkyl groups and
ring-contraction reactions : Once the 1,2-migration reaction
of aryl groups had been perfectly established, we decided to


investigate the 1,2-migration of alkyl groups. As shown in
Scheme 5, the reaction was carried out as described before
except that larger amounts of IPy2BF4 and BF3·EtO2


(2.7 equiv) were required to achieve complete conversion.
The most interesting results are collected in Table 3. First


of all, it should be noted that the reaction only proceeded in
those cases in which the carbon containing the iodine atom


was substituted. In contrast, when the R1 substituent was a
hydrogen atom (i.e., the carbon containing the iodine atom
was primary), the reaction did not work under any of the
different conditions attempted and the starting material was
recovered unchanged. Also remarkable are those examples
where a 1,2-migration reaction of a hydrogen atom was ob-
served (Table 3, entries 3 and 4). Although the main product
obtained when starting from compound 3m was that coming
from the 1,2-migration reaction of a methyl group (4k), a
small amount (17% yield) of 2-octanone was also isolated.
This minor product is thought to come from the 1,2-migra-
tion reaction of a hydrogen atom. This latter reaction was
the only one observed when the reaction was performed
with compound 3n (Table 3, entry 4).


Although the 1,2-migration reactions of alkyl groups de-
scribed here are a significant achievement, probably the
most interesting results were those obtained when using
cyclic compounds as starting materials. Thus, the treatment
of cyclic compounds 3o–t with IPy2BF4 under the conditions
described in Scheme 5 led to the new cyclic compounds 1e
or 4 m–q (Table 4). This transformation supposes an unpre-
cedented ring-contraction reaction mediated by IPy2BF4.
Thus, four-, six-, and seven-membered rings have been trans-
formed into the corresponding three-, five-, and six-mem-
bered rings, respectively (Table 4, entries 1–4). However, the
reaction did not proceed when it was attempted with five-
and eight-membered rings; in these cases the starting mate-
rial was recovered unchanged.[14]


Table 2. Synthesis of terpene-derived acetals 4h,i and aldehydes or ke-
tones 1b–d from the corresponding 1,2-difunctionalized terpene deriva-
tive 3h–j.


Entry Starting Additional Product Yield
material nucleophile [%][a]


1 MeOH 96


2 ent-3h MeOH ent-4h 98


3 MeOH 92


4 3h H2O 83


5 3 i H2O 86


6 H2O 43[b]


[a] Yield based on starting iodide 3. [b] 49% of the starting material was
recovered.


Scheme 5. Synthesis of acetals 4j–l from 1,2-difunctionalized compounds
3k–n by 1,2-migration reactions of alkyl groups.


Table 3. Synthesis of acetals 4j–l from 1,2-difunctionalized compounds
3k–n.


Entry Starting Alk R1 Product Yield
material [%][a]


1 3k Pr Pr 4j 90
2 3 l Pent Me 4k 85
3 3m Me pentyl 4k 61[b]


4 3n H cyclohexyl 4 l 88


[a] Yield based on starting iodide 3. [b] 17% of 2-octanone was also iso-
lated.
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Interesting results from both a synthetic and mechanistic
point of view were observed from the reaction of the trisub-
stituted cyclohexane derivatives 3s and 3 t. As reflected in
entries 5 and 6 of Table 4, these two diastereoisomers led to
two different disubstituted cyclopentane derivatives 4p and
4q, respectively. These observations can be rationalized ac-
cording to Scheme 6. Thus, starting from compound 3s we


suppose an initial coordination of the iodonium ion to the
iodine atom of 3s to give an intermediate analogous to I
(see Scheme 3). At this point, the elimination of the mole-
cule of iodine can be assisted by one of two sections (a or b)
of the cyclohexane skeleton that lead, via intermediates II
or III, to the same diastereoisomer of the final product (4p,
or ent-4p). In contrast, starting from 3 t, the migration of the
two possible branches (a or b) does not lead to the same di-
astereoisomer. Migration of branch b leads, via intermediate
IV, to diastereoisomer 4p, which is the minor isomer ob-
served in the reaction, whereas migration of branch a leads,
via intermediate V, to diastereoisomer 4q, which is the
major isomer observed in the reaction. Although we do not
have a clear justification for this, it is clear that migration of
the branch that contains the methoxy group in an equatorial
position (branch a, leading to 4q) is much more favored
than the migration of the branch that contains the methoxy
group in an axial position (branch b).


IPy2BF4-mediated rearrangement reactions of olefins:
tandem iodofunctionalization/rearrangement reactions :
Bearing in mind that all the alkoxy-substituted iodides used
as starting materials in the previous sections can be easily
obtained from olefins by the well-established iodofunction-
alization reaction mediated by the reagent IPy2BF4,


[15] we
believed that we could develop a tandem iodofunctionaliza-
tion/rearrangement method to transform olefins into acetals
directly. The scope of the reactions described previously in
this paper would be considerably extended if this tandem
process could be achieved. As shown in Scheme 7, the re-
agent IPy2BF4 would play a dual role in this process: firstly
it would act as an iodinating agent to favor the functionali-
zation of the olefin 2 to form intermediate 3, and secondly it
would mediate the 1,2-migration reaction that leads to the
final rearranged product 4.


After some initial studies focused on finding the best re-
action conditions, we realized that the treatment of olefins 2
with 3.3 equivalents of IPy2BF4 and 3.7 equivalents of
BF3·EtO2 in dichloromethane, in the presence of five equiv-
alents of methanol, at room temperature for one hour, led
to the formation of acetals 4 in very high yields in most
cases (Scheme 7 and Table 5). The reaction was found to be
general and both styrene- (Table 5, entries 1–6) and alkyl-
substituted olefins (Table 5, entries 7 and 8) can be used as
starting materials. Highly functionalized olefins, such as the


Table 4. Synthesis of cyclic compounds 1e and 4m–q by ring-contraction
reactions.


Entry Starting Product Yield
material [%][a]


1 68


2 62


3 70


4 86


5 81


6 76[e]


[a] Yield based on starting iodide 3. [b] The expected dimethyl acetal was
not observed, and under these reaction conditions the aldehyde 1e was
isolated. [c] Reaction performed at �40 8C. [d] The reaction was per-
formed at �40 8C for 90 min. The 1H NMR spectrum of the crude reac-
tion mixture shows a 15:1 mixture of 4q and 4p. [e] Yield of the major
diastereoisomer 4q based on 3 t.


Scheme 6. Proposed mechanism for the evolution of diastereoisomeric
compounds 3s and 3 t.


Scheme 7. Synthesis of acetals 4 from olefins 2 by a tandem iodofunction-
alization/rearrangement process.
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terpene derivative 2 f, also reacted without any problem
(entry 6). Interestingly, in this case the reaction was found
to be highly selective, leading to a single isomer of the rear-
ranged final product 4h. Finally, it should be noted that
cyclic alkenes 2 i–l cleanly underwent ring-contraction reac-
tions to give compounds 1e and 4m–q (Table 5, entries 9–
12).


Conclusion


We have developed a novel reaction with the reagent
IPy2BF4 that widens even further the synthetic possibilities
of this reagent. Following the protocol described here, it is
possible to synthesize aldehydes (or derivatives) from
alkoxy-substituted iodides by a 1,2-migration reaction of
aryl or alkyl groups. Moreover, a new oxidative rearrange-
ment reaction of olefins to give aldehyde/ketone derivatives
has been studied. Novel ring-contraction reactions are ob-
served when the process is applied to cyclic compounds. The
metal-free strategy described here represents a clean and
synthetically competitive alternative to the already estab-
lished use of metal complexes and it is likely to find many
applications in organic synthesis.


Experimental Section


General : Unless noted, all reactions were carried out under nitrogen in
oven-dried glassware. Temperatures are reported as bath temperatures;


baths were prepared by cooling ethanol, 2-propanol, or acetone with
liquid nitrogen. Dichloromethane was continuously refluxed and freshly
distilled from calcium hydride under nitrogen. Solvents used in extraction
and purification (CH2Cl2, hexane, Et2O, AcOEt) were purchased from
Scharlau and used without further purification. BF3·OEt2 used to obtain
the acetals was dried by standard methods and stored under nitrogen.[9]


Compounds were visualized on analytical thin-layer chromatograms
(TLC) by UV light (254 nm) and/or by staining with an o-phosphomolyb-
dic acid solution (prepared by dissolving o-phosphomolybdic acid (5 g) in
ethanol (100 mL) and subsequent heating. Silica gel (230–240 mesh) was
used for flash chromatography. 1H NMR (200, 300, 400 MHz) and
13C NMR (50.5, 75.5, 100 MHz) spectra were measured at room tempera-
ture on Bruker AC-200, AC-300, and AMX-400 instruments, respectively,
with tetramethylsilane (d=0.0 ppm, 1H NMR) or CDCl3 (d=77.00 ppm,
13C NMR) as internal standard. Carbon multiplicities were assigned by
DEPT techniques. High-resolution mass spectra (HRMS) were deter-
mined on a Finnigan MAT 95 spectrometer. Elemental analyses were car-
ried out on a Perkin-Elmer 2400 microanalyzer. A Perkin Elmer 241 po-
larimeter was used to measure optical rotations (sodium lamp).


1,2-Difunctionalized compounds 3 were synthesized as reported previous-
ly.[12,15]


General procedure for the rearrangement reaction of 1,2-difunctionalized
compounds 3 to give aldehydes or ketones 1: A solution of IPy2BF4


(0.41 g, 1.1 mmol) in dry CH2Cl2 (2.5 mL) was prepared under nitrogen
and treated with dry BF3·OEt2 (3 mL of a 0.4m solution in CH2Cl2,
1.1 mmol) and H2O (20 mL, 1.1 mmol) at room temperature. A solution
of the corresponding compound 3 (0.5 mmol) in dry CH2Cl2 (2 mL) was
then added at the same temperature. A change in the color of the solu-
tion (red to violet) was observed immediately. The reaction was moni-
tored by TLC and quenched with a 5% solution of Na2S2O3·5H2O
(10 mL) when complete. Extraction with CH2Cl2 (2V10 mL) was per-
formed immediately, and the combined organic layers were washed with
water (2V10 mL) and dried with anhydrous sodium sulfate. The solvents
were carefully removed and the residue was purified by flash chromatog-
raphy (SiO2, hexane/diethyl ether, 40:1) to obtain pure aldehydes or ke-
tones 1.


3-Methoxy-2-phenylpropanal (1a): Colorless oil. Rf=0.35 (hexane/ethyl
acetate, 5:1); 1H NMR (200 MHz, CDCl3): d=9.78 (d, J=1.6 Hz, 1H;
CHO), 7.50–7.10 (m, 5H; ArH), 4.06 (dd, J=8.9, 7.2 Hz, 1H;
CHHOMe), 3.88 (apparent td, J=7.2, 5.5, 1.6 Hz, 1H; PhCH), 3.74 (dd,
J=8.9, 5.5 Hz, 1H; CHHOMe), 3.39 (s, 3H; OMe) ppm; 13C NMR
(75 MHz, CDCl3): d=199.6, 133.8, 129.0, 128.8, 127.8, 71.7, 59.1,
58.7 ppm; HRMS (70 eV, EI): calcd for C10H12O2 ([M]+): 164.0837; found
164.0840; elemental analysis calcd (%) for C10H12O2: C 73.15, H 7.37;
found: C 73.28, H 7.49.


(1S,2S,3R,7R,9S)-3-[(S)-Formylphenylmethyl]-2,5,5,10,10-pentamethyl-
4,6-dioxatricyclo[7.1.1.02,7]undecane (1b): Colorless oil. Rf=0.37 (hexane/
ethyl acetate, 10:1); [a]20D =++17.6 (c=2.0, CH2Cl2);


1H NMR (200 MHz,
CDCl3): d=9.71 (d, J=4.3 Hz, 1H; HC=O), 7.50–7.10 (m, 5H; ArH),
4.60 (d, J=8.6 Hz, 1H; OCHCHPh), 3.74 (d, J=8.2 Hz, 1H; OCHCH2),
2.50–2.30 (m, 1H; aliphatic ring), 1.90–0.80 (m, 5H; aliphatic ring), 1.42,
1.38, 1.20, 0.95, 0.85 (5s, 15H; 5VMe) ppm; 13C NMR (75 MHz, CDCl3):
d=199.2, 135.0, 128.9, 128.8, 127.6, 100.7, 73.0, 71.1, 58.3, 48.6, 46.0, 39.2,
39.0, 34.7, 27.7, 26.6, 25.9, 24.0, 22.7, 20.4 ppm; HRMS (FAB): calcd for
C22H31O3 ([M+1]+): 343.2273; found 343.2277; elemental analysis calcd
(%) for C22H30O3: C 77.16, H 8.83; found: C 77.31, H 8.99.


(1S,2S,4R,7R,8S)-8-[(R)-Formylphenylmethyl]-3,3,7,10,10-pentamethyl-
9,11-dioxatricyclo[5.4.0.02,4]undecane (1c): Colorless oil. Rf=0.48
(hexane/ethyl acetate, 5:1); [a]20D =�30.8 (c=3.0, CH2Cl2);


1H NMR
(300 MHz, CDCl3): d=9.73 (d, J=4.3 Hz, 1H; HC=O), 7.40–7.20 (m,
5H; ArH), 4.50 (d, J=7.4 Hz, 1H; OCHCHPh), 3.64 (dd, J=7.4, 4.3 Hz,
1H; PhCH), 3.39 (d, J=2.0 Hz, 1H; OCHCH), 1.70–0.50 (m, 6H; ali-
phatic ring), 1.51, 1.44, 1.05, 1.01, 0.91 (5s, 15H; 5VMe) ppm; 13C NMR
(75 MHz, CDCl3): d=199.4, 135.5, 129.0, 128.9, 127.7, 100.0, 75.0, 72.8,
58.4, 37.6, 31.5, 29.2, 25.9, 25.6, 25.2, 21.0, 20.1, 16.2, 15.3, 14.9 ppm;
HRMS (FAB): calcd for C22H31O3 ([M+1]+): 343.2273; found 343.2274;
elemental analysis calcd (%) for C22H30O3: C 77.16, H 8.83; found: C
77.32, H 9.02.


Table 5. Synthesis of acetals 4 from olefins 2.


Entry Olefin R1 R2 Product Yield [%][a]


1 2a Ph CH2OMe 4a 84
2 2b Ph H 4b 91
3 2c 4-MeC6H4 H 4c 89
4 2d 4-BrC6H4 H 4d 93
5 2e Ph Me 4e 82


6 2 f Ph 4h 93


7 2g Pr Pr 4j 88
8 2h pentyl Me 4k 66[b]


9 1e[c] 71


10 4n 67


11 4p/4q 55/32


12 4o 88


[a] Yield based on starting olefin 2. [b] 12% of 2-octanone was also iso-
lated. [c] The expected dimethyl acetal was not observed, and under
these reaction conditions the aldehyde 1e was isolated.
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(1S,2S,3S,7R,9S)-3,3,7,10,10-Pentamethyl-3-(phenylacetyl)-9,11-dioxatri-
cyclo[5.4.0.02,4]undecane (1d): Colorless oil. Rf=0.38 (hexane/ethyl ace-
tate, 10:1); 1H NMR (200 MHz, CDCl3): d=7.40–7.10 (m, 5H; ArH),
4.17 (s, 1H; OCHC=O), 3.95 (d, J=16.4 Hz, 1H; PhCHH), 3.80 (d, J=
16.4 Hz, 1H; PhCHH), 3.78 (d, J=7.8 Hz, 1H; OCHCH2), 2.50–0.80 (m,
6H; aliphatic ring), 1.47, 1.32, 1.24, 1.15, 0.92 (5 s, 15H; 5VMe) ppm;
13C NMR (75 MHz, CDCl3): d=209.8, 134.1, 129.8, 128.2, 126.5, 100.8,
77.7, 70.9, 47.6, 47.4, 47.4, 39.5, 39.0, 34.4, 27.9, 26.2, 25.4, 24.1, 23.0,
20.3 ppm; HRMS (70 eV, EI): calcd for C22H30O3 ([M]+): 342.2195; found
342.2198; elemental analysis calcd (%) for C22H30O3: C 77.16, H 8.83;
found: C 77.28, H 8.69.


General procedure for the rearrangement reaction of 1,2-difunctionalized
compounds 3 to give acetals 4 or aldehyde 1e : A solution of IPy2BF4


(0.41 g, 1.1 mmol) in dry CH2Cl2 (2.5 mL) was prepared under nitrogen
and treated with dry BF3·OEt2 (3 mL of a 0.4m solution in the same sol-
vent, 1.1 mmol) and methanol (46 mL, 1.1 mmol) at room temperature. A
solution of the corresponding compound 3 (0.5 mmol) in CH2Cl2 (2 mL)
was then added at the same temperature. A change in the color of the so-
lution (red to violet) was observed immediately. The reaction was moni-
tored by TLC and quenched with a 5% solution of Na2S2O3·5H2O
(10 mL) when complete. Extraction with CH2Cl2 (2V10 mL) was per-
formed immediately, and the combined organic layers were washed with
water (2V10 mL) and dried with anhydrous sodium sulfate. Solvents
were carefully removed and the residue was purified by flash chromatog-
raphy (SiO2, hexane/diethyl ether, 40:1) to give pure acetals 4 or alde-
hyde 1e.


1,1,3-Trimethoxy-2-phenylpropane (4a): Colorless oil. Rf=0.31 (hexane/
ethyl acetate, 5:1); 1H NMR (200 MHz, CDCl3): d=7.40–7.20 (m, 5H;
ArH), 4.61 (d, J=6.6 Hz, 1H; CH(OMe)2), 3.74 (d, J=5.8 Hz, 2H;
CH2OMe), 3.44 (s, 3H; OMe), 3.32 (s, 6H; 2VOMe), 3.19 (dd, J=6.6,
5.8 Hz, 1H; PhCH) ppm; 13C NMR (75 MHz, CDCl3): d=139.0, 128.6,
127.9, 126.4, 105.8, 73.0, 58.7, 54.6, 54.5, 49.0 ppm; HRMS (70 eV, EI):
calcd for C12H18O3 ([M]+): 210.1256; found 210.1254; elemental analysis
calcd (%) for C12H18O3: C 68.54, H 8.63; found: C 68.68, H 8.54.


1,1-Dimethoxy-2-phenylethane (4b): Colorless oil. Rf=0.34 (hexane/
ethyl acetate, 20:1); 1H NMR (200 MHz, CDCl3): d=7.40–7.20 (m, 5H;
ArH), 4.58 (t, J=5.5 Hz, 1H; CH(OMe)2), 3.37 (s, 6H; 2VOMe), 2.94
(d, J=5.5 Hz, 2H; CH2) ppm; 13C NMR (75 MHz, CDCl3): d=137.0,
129.3, 128.2, 126.3, 105.2, 53.2, 39.6 ppm; HRMS (70 eV, EI): calcd for
C10H14O2 ([M]+): 166.0994; found 166.0997; elemental analysis calcd (%)
for C10H14O2: C 72.26, H 8.49; found: C 72.37, H 8.58


1,1-Dimethoxy-2-(4-methylphenyl)ethane (4c): Colorless oil. Rf=0.31
(hexane/ethyl acetate, 20:1); 1H NMR (300 MHz, CDCl3): d=7.20–7.00
(m, 4H; ArH), 4.54 (t, J=5.7 Hz, 1H; CH(OMe)2), 3.35 (s, 6H; 2V
OMe), 2.89 (d, J=5.7 Hz, 2H; CH2), 2.33 (s, 3H; Me) ppm; 13C NMR
(75 MHz, CDCl3): d=135.6, 133.8, 129.1, 128.9, 105.2, 53.1, 39.0,
20.9 ppm; HRMS (70 eV, EI): calcd for C11H16O2 ([M]+): 180.1150; found
180.1146; elemental analysis calcd (%) for C11H16O2: C 73.30, H 8.95;
found: C 73.46, H 8.81.


2-(4-Bromophenyl)-1,1-dimethoxyethane (4d): Colorless oil. Rf=0.24
(hexane/ethyl acetate, 20:1); 1H NMR (300 MHz, CDCl3): d=7.40 (d, J=
8.3 Hz, 2H; ArH), 7.10 (d, J=8.3 Hz, 2H; ArH), 4.49 (t, J=5.4 Hz, 1H;
CH(OMe)2), 3.33 (s, 6H; 2VOMe), 2.85 (d, J=5.4 Hz, 2H; CH2) ppm;
13C NMR (75 MHz, CDCl3): d=135.8, 131.2, 131.1, 120.2, 104.9, 53.3,
39.0 ppm; HRMS (70 eV, EI): calcd for C9H10BrO ([M�31]+): 212.9915;
found 212.9910; elemental analysis calcd (%) for C10H13BrO2: C 49.00, H
5.35; found: C 49.23, H 5.26.


1,1-Dimethoxy-2-phenylpropane (4e): Colorless oil. Rf=0.30 (hexane/
ethyl acetate, 20:1); 1H NMR (200 MHz, CDCl3): d=7.50–7.10 (m, 5H;
ArH), 4.40 (d, J=7.0 Hz, 1H; CH(OMe)2), 3.41, 3.28 (2s, 6H; 2VOMe),
3.05 (q, J=7.0 Hz, 1H; PhCH), 1.31 (d, J=7.0 Hz, 3H; Me) ppm;
13C NMR (75 MHz, CDCl3): d=142.9, 128.1, 127.8, 126.2, 108.4, 54.2,
53.8, 42.8, 16.6 ppm; HRMS (70 eV, EI): calcd for C11H16O2 ([M]+):
180.1150; found 180.1153; elemental analysis calcd (%) for C11H16O2: C
73.30, H 8.95; found: C 73.51, H 9.15.


1,1-Dimethoxy-2-methyl-2-phenylpropane (4 f): Colorless oil. Rf=0.34
(hexane/ethyl acetate, 20:1); 1H NMR (300 MHz, CDCl3): d=7.50 (d, J=
8.0 Hz, 2H; ArH), 7.37 (t, J=8.0 Hz, 2H; ArH), 7.27 (m, 1H; ArH),


4.20 (s, 1H; CH(OMe)2), 3.38 (s, 6H; 2VOMe), 1.41 (s, 6H; 2VMe)
ppm; 13C NMR (75 MHz, CDCl3): d=146., 127.7, 126.7, 125.8, 113.6,
58.2, 43.4, 23.1 ppm; HRMS (70 eV, EI): calcd for C12H18O2 ([M]+):
194.1307; found 194.1312; elemental analysis calcd (%) for C12H18O2: C
74.19, H 9.34; found: C 74.35, H 9.22.


(2S*,3R*)-2-Methoxy-3-phenyltetrahydrofuran (4g): Colorless oil. Rf=


0.37 (hexane/ethyl acetate, 10:1); 1H NMR (300 MHz, CDCl3): d=7.40–
7.20 (m, 5H; ArH), 4.94 (d, J=2.0 Hz, 1H; CH(OMe)2), 4.14 (m, 1H;
CHHO), 4.06 (m, 1H; CHHO), 3.37 (s, 3H; OMe), 3.33 (m, 1H; CHPh),
2.47 (m, 1H; CHHCHPh), 2.05–1.90 (m, 1H; CHHCHPh) ppm;
13C NMR (75 MHz, CDCl3): d=142.3, 128.5, 127.2, 126.5, 110.5, 67.2,
54.8, 51.3, 26.9 ppm; HRMS (70 eV, EI): calcd for C11H14O2 ([M]+):
178.0994; found 178.0997; elemental analysis calcd (%) for C11H14O2: C
74.13, H 7.92; found: C 74.27, H 7.83.


(1S,2S,3R,7R,9S)-3-[(1S)-2,2-Dimethoxy-1-phenylethyl]-2,5,5,10,10-pen-
tamethyl-4,6-dioxatricyclo[7.1.1.02,7]undecane (4h): Colorless solid. M.p.
156.2–156.4 8C (cold pentane); [a]20D =++1.6 (c=2.7, CH2Cl2);


1H NMR
(200 MHz, CDCl3): d=7.30–7.15 (m, 5H; ArH), 4.70 (d, J=3.1 Hz, 1H;
CH(OMe)2), 4.42 (d, J=11.0 Hz, 1H; OCHCHPh), 3.66 (d, J=8.2 Hz,
1H; OCHCH2), 3.45 (s, 3H; OMe), 3.39 (s, 3H; OMe), 3.01 (dd, J=11.0,
3.1 Hz, 1H; PhCH), 2.42–2.28 (m, 1H; aliphatic ring), 1.80–0.30 (m, 5H;
aliphatic ring), 1.44, 1.39, 1.14, 0.78, 0.78 (5s, 15H; 5VMe) ppm;
13C NMR (50 MHz, CDCl3): d=137.7, 130.4, 127.4, 126.7, 106.7, 100.2,
71.7, 71.5, 56.6, 56.3, 48.7, 48.6, 46.4, 38.8, 38.6, 35.0, 27.7, 26.3, 26.0, 24.0,
23.0, 20.0 ppm; HRMS (FAB): calcd for C24H37O4 ([M+1]+): 389.2692;
found 389.2684; elemental analysis calcd (%) for C24H36O4: C 74.19, H
9.34; found: C 74.07, H 9.12.


(1R,2R,3S,7S,9R)-3-[(1R)-2,2-Dimethoxy-1-phenylethyl]-2,5,5,10,10-
pentamethyl-4,6-dioxatricyclo[7.1.1.02,7]undecane (ent-4h): Colorless
solid. The spectroscopic data for ent-4h were identical to those of 4h.
[a]20D =�1.6 (c=5.2, CH2Cl2).


(1S,2S,4R,7R,8S)-8-[(1R)-2,2-Dimethoxy-1-phenylethyl]-3,3,7,10,10-
pentamethyl-9,11-dioxatricyclo[5.4.0.02,4]undecane (4 i): Colorless oil. Rf=


0.42 (hexane/ethyl acetate, 5:1); [a]20D =�3.4 (c=1.0, CH2Cl2);
1H NMR


(300 MHz, CDCl3): d=7.45–7.15 (m, 5H; ArH), 4.70 (d, J=3.1 Hz, 1H;
CH(OMe)2), 4.27 (d, J=10.0 Hz, 1H; OCHCHPh), 3.44 (s, 3H; OMe),
3.36 (s, 3H; OMe), 3.29 (d, J=1.7 Hz, 1H; OCHCH), 3.06 (dd, J=10.0,
3.1 Hz, 1H; PhCH), 1.70–0.50 (m, 6H; aliphatic ring), 1.50, 1.44, 0.98,
0.96, 0.87 (5s, 15H; 5VMe) ppm; 13C NMR (75 MHz, CDCl3): d=138.0,
130.7, 127.6, 126.8, 106.7, 99.7, 73.6, 72.4, 56.8, 56.2, 49.3, 38.5, 31.6, 29.2,
25.5, 25.4, 21.0, 19.4, 15.9, 15.5, 14.9 ppm; HRMS (FAB): calcd for
C24H37O4 ([M+1]+): 389.2692; found 389.2690; elemental analysis calcd
(%) for C24H36O4: C 74.19, H 9.34; found: C 74.26, H 9.40.


4-(Dimethoxymethyl)heptane (4 j): Colorless oil. Rf=0.43 (hexane/ethyl
acetate, 10:1); 1H NMR (300 MHz, CDCl3): d=4.10 (d, J=6.0 Hz, 1H;
CH(OMe)2), 3.31 (s, 6H; 2VOMe), 1.65–1.10 (m, 9H; CH(CH2CH2)2),
0.85 (t, J=6.7 Hz, 6H; 2VMe) ppm; 13C NMR (75 MHz, CDCl3): d=


107.8, 54.2, 39.8, 31.1, 19.9, 14.4 ppm; HRMS (70 eV, EI): calcd for
C10H22O2 ([M]+): 174.1620; found 174.1625; elemental analysis calcd (%)
for C10H22O2: C 68.92, H 12.72; found: C 69.04, H 12.65.


2-(Dimethoxymethyl)heptane (4k): Colorless oil. Rf=0.36 (hexane/ethyl
acetate, 10:1); 1H NMR (300 MHz, CDCl3): d=4.01 (d, J=6.6 Hz, 1H;
CH(OMe)2), 3.34 (s, 6H; 2VOMe), 2.45–2.35 (m, 1H; CHCH(OMe)2),
1.45–1.20 (m, 8H; 4VCH2), 1.00–0.80 (m, 6H; 2VMe) ppm; 13C NMR
(75 MHz, CDCl3): d=108.9, 53.9, 53.7, 35.6, 32.0, 31.5, 26.5, 22.5, 14.2,
13.9 ppm; HRMS (70 eV, EI): calcd for C10H22O2 ([M]+): 174.1620; found
174.1618; elemental analysis calcd (%) for C10H22O2: C 68.92, H 12.72;
found: C 69.02, H 12.58.


2-Cyclohexyl-1,1-dimethoxyethane (4 l): Colorless oil. Rf=0.37 (hexane/
ethyl acetate, 10:1); 1H NMR (300 MHz, CDCl3): d=4.45 (t, J=5.7 Hz,
1H; CH(OMe)2), 3.28 (s, 6H; 2VOMe), 1.76–0.80 (m, 13H) ppm;
13C NMR (75 MHz, CDCl3): d=102.6, 52.2, 39.8, 33.6, 33.4, 26.4,
26.1 ppm; HRMS (70 eV, EI): calcd for C10H20O2 ([M]+): 172.1463; found
172.1467; elemental analysis calcd (%) for C10H20O2: C 69.72, H 11.70;
found: C 69.79, H 11.56.


exo-Bicyclo[4.1.0]heptane-7-carbaldehyde (1e): Colorless oil. Rf=0.30
(hexane/ethyl acetate, 10:1); 1H NMR (200 MHz, CDCl3): d=8.99 (d, J=
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5.5 Hz, 1H; HC=O), 2.10–0.80 (m, 11H; bicyclic moiety) ppm;
13C NMR (50 MHz, CDCl3): d=201.4, 36.4, 22.4, 22.1, 20.7 ppm; HRMS
(70 eV, EI): calcd for C8H12O ([M]+): 124.0888; found 124.0892; elemen-
tal analysis calcd (%) for C8H12O: C 77.38, H 9.74; found: C 77.49, H
9.60.


(Dimethoxymethyl)cyclopentane (4m): Colorless oil. Rf=0.25 (hexane/
ethyl acetate, 20:1); 1H NMR (300 MHz, CDCl3): d=4.10 (d, J=7.7 Hz,
1H; CH(OMe)2), 3.33 (s, 6H; 2VOMe), 2.20 (sextet, J=7.7 Hz, 1H;
CHCH(OMe)2), 2.00–1.10 (m, 8H; rest of the ring) ppm; 13C NMR
(75 MHz, CDCl3): d=108.2, 52.8, 41.6, 28.1, 25.6 ppm; HRMS (70 eV,
EI): calcd for C7H13O ([M�31]+): 113.0966; found 113.0968; elemental
analysis calcd (%) for C8H16O2: C 66.63, H 11.18; found: C 66.77, H
11.01


1-(Dimethoxymethyl)indane (4n): Colorless oil. Rf=0.31 (hexane/ethyl
acetate, 20:1); 1H NMR (300 MHz, CDCl3): d=7.50 (dd, J=5.6, 3.0 Hz,
1H; HC=C), 7.36–7.15 (m, 3H; ArH), 4.40 (d, J=7.4 Hz, 1H; CH-
(OMe)2), 3.60–3.40 (m, 1H; CHCH(OMe)2), 3.50 (s, 3H; OMe), 3.44 (s,
3H; OMe), 3.10–2.85 (m, 2H; CCH2), 2.25 (dtd, J=13.1, 8.3, 5.3 Hz, 1H;
CCH2CHH), 2.03 (ddt, J=13.1, 8.8, 7.1 Hz, 1H; CCH2CHH) ppm;
13C NMR (75 MHz, CDCl3): d=144.6, 142.7, 126.7, 126.0, 125.4, 124.2,
107.0, 54.0, 52.7, 47.3, 31.2, 27.2 ppm; HRMS (70 eV, EI): calcd for
C12H16O2 ([M]+): 192.1150; found 192.1156; elemental analysis calcd (%)
for C12H16O2: C 74.97, H 8.39; found: C 74.92, H 8.50


(Dimethoxymethyl)cyclohexane (4o): Colorless oil. Rf=0.35 (hexane/
ethyl acetate, 20:1); 1H NMR (200 MHz, CDCl3): d=3.97 (d, J=7.0 Hz,
1H; CH(OMe)2), 3.32 (s, 6H; 2VOMe), 1.85–1.50 (m, 6H; aliphatic
ring), 1.34–0.80 (m, 5H; aliphatic ring) ppm; 13C NMR (75 MHz, CDCl3):
d=108.4, 53.4, 39.9, 27.9, 26.3, 25.6 ppm; HRMS (70 eV, EI): calcd for
C9H18O2 ([M]+): 158.1307; found 158.1313; elemental analysis calcd (%)
for C9H18O2: C 68.31, H 11.47; found: C 68.45, H 11.56.


(1R*,2R*)-1-(Dimethoxymethyl)-2-methoxycyclopentane (4p): Colorless
oil. Rf=0.16 (hexane/ethyl acetate, 10:1); 1H NMR (200 MHz, CDCl3):
d=4.14 (d, J=7.0 Hz, 1H; CH(OMe)2), 3.70–3.55 (m, 1H; MeOCH),
3.37, 3.33, 3.29 (3s, 9H; 3xOMe), 2.30–2.10 (m, 1H; CHCH(OMe)2),
1.90–1.30 (m, 6H; rest of the ring) ppm; 13C NMR (75 MHz, CDCl3): d=
106.3, 84.3, 56.5, 53.9, 53.1, 48.1, 31.8, 26.2, 23.5 ppm; HRMS (70 eV, EI):
calcd for C9H18O3 ([M]+): 174.1256; found 174.1259; elemental analysis
calcd (%) for C9H18O3: C 62.04, H 10.41; found: C 62.15, H 10.30.


(1S*,2R*)-1-(Dimethoxymethyl)-2-methoxycyclopentane (4q): Colorless
oil. Rf=0.22 (hexane/ethyl acetate, 10:1); 1H NMR (300 MHz, CDCl3):
d=4.46 (d, J=8.5 Hz, 1H; CH(OMe)2), 3.69 (t, J=3.1 Hz, 1H;
MeOCH), 3.39, 3.31, 3.25 (3s, 9H; 3xOMe), 2.10–1.97 (m, 1H; CHCH-
(OMe)2), 1.94–1.42 (m, 6H; rest of the ring) ppm; 13C NMR (75 MHz,
CDCl3): d=105.2, 82.9, 56.3, 54.1, 52.6, 47.8, 30.0, 25.0, 21.7 ppm; HRMS
(70 eV, EI): calcd for C9H18O3 ([M]+): 174.1256; found 174.1254; elemen-
tal analysis calcd (%) for C9H18O3: C 62.04, H 10.41; found: C 62.17, H
10.55.


General procedure for the rearrangement reaction of olefins 2 to give
acetals 4 or aldehyde 1e : A solution of IPy2BF4 (1.23 g, 3.3 mmol) in dry
CH2Cl2 (16 mL) was prepared under nitrogen and then treated with dry
BF3·OEt2 (0.46 mL, 3.7 mmol) and methanol (0.21 mL, 5 mmol) at room
temperature. The corresponding olefin 2 (1.0 mmol) was then slowly
added, the red color of the mixture turning violet. The reaction was
monitored by TLC and quenched after 1 h by addition of a 5% solution
of Na2S2O3·5H2O (10 mL). Extraction with CH2Cl2 (2V10 mL) was per-
formed immediately and the combined organic layers washed with water
(2V10 mL) and dried with anhydrous sodium sulfate. The solvents were
removed carefully and the residue was purified by flash chromatography
(SiO2, hexane/diethyl ether, 40:1) to obtain pure acetals 4 or aldehyde
1e.
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The Chemical Bond in Polyphosphides: Crystal Structures, the Electron
Localization Function, and a New View of Aromaticity in P4


2� and P5
�


Florian Kraus and Nikolaus Korber*[a]


Introduction


Despite its problematic definition, aromaticity is a well-
known concept in chemistry[1,2] and is best established for
classic hydrocarbons such as benzene C6H6, the cyclopenta-
dienide anion C5H5


� (Cp�), or the cyclobutadiene dianion
C4H4


2�. In recent years, the concept of aromaticity and
H&ckel's rule has been expanded to some inorganic com-
pounds of the main group elements such as the polyhedral
boranes, S2N2, or S4


2+ which may also be readily explained
by the Wade–Williams rules, the Zintl–Klemm–Busmann
concept, or Parth2's valence-electron concentration
rules.[3–12] If one takes the diagonal relationship between
phosphorus and carbon into account—or the principle of
isolobality—one would expect structural and topological ho-
mologies of their respective compounds. For phosphorus–
phosphorus single bonds, examples of this homology are es-
pecially prominent, as expected. This can be seen in the re-
lationship between the (cyclo)alkane series and the (cyclic)
polyphosphane or polyphosphide series,[13–15] as well as in
oligocyclic polyphosphides, for example, the heptaphospha-
nortricyclane anion P7


3� (Figure 1) or the trishomocubane-


shaped P11
3� (Figure 1) ion with nortricyclane[16] C7H10 and


trishomocubane[17] C11H14 as their respective hydrocarbon
analogues.


As is to be expected, examples of phosphorus–phosphorus
multiple or partial multiple bonds are less common, but
they are found by invoking the P–C diagonal relationship
again. Thus, the phosphorus analogue of benzene is P6—an
allotrope of phosphorus—which was discovered in the gas-
eous phase by mass spectrometry.[18] No structure could be
assigned, however, but ab initio calculations show the benz-
valene structure as a global minimum for anionic, neutral,
and cationic hexaphosphorus compounds.[19–27] P6 rings are
found as building blocks of organometallic complexes such
as [{(h5-Cp*)M}2(m,h


6-P6)] (Figure 2) (Cp* = pentamethyl-
cyclopentadienyl, M = V,[28,29] Mo,[30] W[28]).


A class of extremely moisture- and air-sensitive com-
pounds containing isolated P6


4� rings (point group 6/mmm)


Abstract: The incongruent solvation of
MI


4P6 species (MI = K, Rb, Cs) in
liquid ammonia leads to a broad varie-
ty of polyphosphides such as P7


3�, P11
3�


,


and the putatively aromatic P4
2� and


P5
� , which we investigated by using


NMR spectroscopy and single-crystal
X-ray structure analysis. The structures
of Cs2P4·2NH3, (K@[18]crown-6)3-
K3(P7)2·10NH3, Rb3P7·7NH3, and
(Rb@[18]crown-6)3P7·6NH3 are dis-


cussed and compared. The electron lo-
calization function ELF is used in a
comparison of the chemical bonding of
various phosphorus species. The varian-
ces of the basin populations provide a


well-established measure for electron
delocalization and therefore aromatici-
ty. While comparable variance is calcu-
lated for P4


2� and P5
� it is observed in


the lone pairs rather than in the basin
populations of the bonds as in the pro-
totypical aromatic hydrocarbons such
as benzene or the cyclopentadienide
anion. For this behavior, the term
“lone pair aromaticity” is proposed.


Keywords: aromaticity · ELF
(electron localization function) ·
liquid ammonia · polyphosphides ·
structure elucidation
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Figure 1. Structures of the polyphosphide anions P7
3� and P11


3�.
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is found in the binary polyphos-
phides MI


4P6 (MI = K,[31]


Rb,[32,33] Cs;[33] Figure 3).
No solvates of these cyclo-


hexaphosphides are known as
yet, since P6


4� is far too reactive
and disproportionates in solu-
tion (glyme, ethylenediamine)
to a complex mixture of poly-
phosphides and hydrogen-
(poly)phosphides. We have
shown by 31P NMR spectrosco-


py that several different products are obtained in the reac-
tion of MI


4P6 with liquid, anhydrous ammonia.
A well-documented ion with partial multiple bond charac-


ter is the 6p aromatic cyclopentaphosphide anion P5
�[34–37]


(Figure 4), the phosphorus analogue of Cp� . P5
� has been


characterized by its chemical shift in 31P NMR spectra.[34–37]


P5
� is also a well-known ligand in organometallic complexes


which have been structurally analyzed by single-crystal
X-ray diffractometry. Abundant examples include the
ferrocene-like [(h5-Cp*)M(h5-P5)] (M = Fe,[38] Ru, Os;
Figure 4b) and the triple-decker [{(h5-Cp*)Cr}2(m,h


5-P5)]
[39]


(Figure 4c) by Scherer et al. , and the fullerene-like
[{Cp*Fe(h5:h1:h1:h1:h1:h1-P5)}12{CuCl}10{Cu2Cl3}5-
{Cu(CH3CN)2}5]


[40] by Scheer et al. However, neither a
binary phosphide containing an isolated cyclo-P5


� nor a cor-
responding solvate has been obtained in the crystalline state
so far.


Recently, the homologue of the 6p aromatic cyclobuta-
dienyl dianion P4


2� (point group D4h) has been synthesized
as an ammoniate by the reaction of diphosphane(4) and
cesium in liquid ammonia. It may also be obtained as a crys-
talline by-product by reaction of white phosphorus in THF
with cesium at �78 8C, followed by substitution of the THF
by ammonia.[41] A very convenient way of producing
Cs2P4·2NH3 has now been found, by ammonolysis of Cs4P6,
while K4P6 and Rb4P6 yield a broad variety of (hydrogen)po-
lyphosphides (see below). Another synthetic route to
Cs2P4·2NH3 is by treatment with cesium of the dried, black,
glass-like product of the reaction of diphosphane(4) with
liquid ammonia, and condensation of ammonia on it. P4


2�


was known previously as a distorted ligand in organometal-
lic complexes having D2h or C2v (kite-like) symmetry
(Figure 5).[42–53] Butterfly-shaped P4


2� (bicyclo[1.1.0.]tetra-


phosphide dianion) is obtained by reductive opening of
P4.


[54–57] Four-membered planar phosphorus rings with D2h


symmetry can also be found in the skutterudite-type struc-
ture of CoP3.


[58,59]


Here, we will focus on the P6
4� phosphorus ring as an


educt for a variety of reactions in liquid ammonia, and on
the cyclotetraphosphide anion P4


2�, its synthesis, its thermal
stability, and its putative aromaticity viewed with the elec-
tron localization function ELF.


Results and Discussion


Ammonolysis of Cs4P6 : When Cs4P6 reacts with liquid am-
monia, Cs2P4·2NH3 is formed as a crystalline product, which
we reported recently as the main product of the reaction of
diphosphane(4) with cesium followed by solvation in liquid
ammonia.[41] The formal reaction equation [Eq. (1)] could be
established by NMR spectroscopy.


15Cs4P6 þ 12NH3 ! 21Cs2P4 � 2NH3 þ 6CsPH2 þ 12CsNH2


ð1Þ


Figure 2. Structure of [{(h5-
Cp*)M}2(m,h


6-P6)] (M = V,
Mo, W).


Figure 3. Structure of the K2P6
2� unit in a-K4P6.


[31]


Figure 4. a) P5
� and some organometallic complexes (b, c) containing it as


a ligand.


Figure 5. Drawings of organometallic complexes containing the P4-ligand.
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Structure of Cs2P4·2NH3 : All the atoms reside on the
common 4e position of space group P21/a. Two crystallo-
graphically inequivalent phosphorus atoms P(1) and P(2)
are bonded to each other (P�P = 2.146(1) T). By symme-
try, two additional phosphorus atoms, P(1)#3 and P(2)#3,
are generated with a bond length of 2.1484(9) T to P(1).
Thus, a four-membered, necessarily planar phosphorus ring
with bond angles of 89.76(4)8 and 90.24(4)8 is formed
(Figure 6). The bonds are shorter than the 2.219 T P�P
single bond in diphosphane(4) but significantly longer than
the 2.034 T P=P double bond in bis(2,4,6-tri-tert-butylphe-
nyl)diphosphene.[20] In other homoatomic polyphosphorus
anions (for example, P7


3�, Figure 11 below), P�P bond
lengths span a range from 2.12 T to 2.29 T, with the shorter
bonds reaching from the triangular P-P-P base to the for-
mally negatively charged, twofold bonded phosphorus
atoms.[21] Thus, the P�P bond length in P4


2� is not valid as a
criterion of aromaticity. The cyclotetraphosphide anion P4


2�


is coordinated by eight symmetrically equivalent cesium cat-
ions; for Cs�P distances see the caption of Figure 6. The h4-
like coordinating cesium ions Cs(1) and Cs(1)#3 are
3.4118(6) T above and below the P4


2� plane and are shifted
about 0.18 T away from the center of the ring toward P(1).
The coordination number of the cesium cation is nine (Fig-
ure 6b). As already mentioned, its coordination is h4-like
with a molecule of P4


2� but also h2-like with Cs�P distances
of about 3.67 and 3.89 T and two times h1-like to two other,
symmetrically equivalent cyclotetraphosphide anions with
Cs�P distances of approximately 3.75 and 3.76 T. The nitro-
gen atom N(1) of a molecule of ammonia of crystallization
coordinates with the cesium cation with a distance of
3.264(3) T. With N–N distances of more than 3.6 T, N�
H···N hydrogen bonding is not likely. The multitude of ionic
and coordinative interactions present lead to the three-di-
mensional network structure of this compound (Figure 6c).


Further ways to synthesize Cs2P4·2NH3 : Diphosphane(4)
P2H4 reacts with liquid ammonia in the �78 8C to �40 8C
range yielding a mixture of the ammonium polyphosphides
(NH4)2H2P14, (NH4)2P16, (NH4)3P19, and (NH4)3P21. Removal
of NH3 leads to a black solid consisting of a mixture of hy-
drogen-free polyphosphides that are richer in phospho-
rus.[60, 61] Treatment of this black solid with various amounts
of cesium in liquid ammonia below �40 8C leads to mixtures
of Cs2P4·2NH3 and Cs3P7·3NH3 as the only crystalline prod-
ucts, which we have reported previously.[41,62] 1H and
31P{1H} NMR spectroscopy provide evidence that the solu-
tion contains only P4


2� and PH2
� . Another method for the


synthesis of Cs2P4·2NH3 is reaction of cesium with white
phosphorus in THF at �78 8C and exchange of the solvent
with liquid ammonia. Cs3P7·3NH3 is the main product;
Cs2P4·2NH3 is only obtained as a by-product. 31P NMR spec-
troscopy shows the only two phosphorus species present in
solution are P4


2� and PH2
� .[41] In view of the chemical shift


dependence of the cyclotetraphosphide anion on the coun-
terion,[33,41] we searched for cesium–phosphorus coupling in
the 133Cs NMR of this solution at �40 8C (0.5m CsBr in D2O


at 25 8C as external standard). We encountered a singlet of
the cesium cation (chemical shift d = 107.69; signal width
�20 Hz). So, if Cs–P coupling is present, it should be small-
er than 20 Hz.


Figure 6. Projections of the coordination sphere of the P4
2� anion (a) and


of the cesium cation (b). c) Projection of the unit cell on the ab plane.
Selected bond lengths [T]: P(1)�P(2) 2.146(1), P(1)�P(2)#3 2.1484(9),
P(1)�Cs(1) 3.7665(8), P(1)�Cs(1)#3 3.7023(7), P(1)�Cs(1)#5 3.8937(8),
P(1)�Cs(1)#7 3.7529(8), P(2)�Cs(1) 3.7089(8), P(2)�Cs(1)#3 3.7651(7),
P(2)�Cs(1)#6 3.7587(7), P(2)�Cs(1)#8 3.6742(9). Thermal ellipsoids are
drawn at the 70% probability level. Symmetry transformations to gener-
ate equivalent atoms: #1: x�1=2, �y + 1=2, z ; #2: x�1, y, z ; #3: �x + 1,
�y, �z ; #4: x, y, z + 1; #5: �x, �y, �z ; #6: x + 1=2, �y + 1=2, z ; #7: x, y,
z�1; #8: x + 1, y, z ; #9: �x + 1, �y, �z + 1; #10: �x + 1=2, y�1=2, �z ;
#11: �x + 1=2, y + 1=2, �z.
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Thermal stability of the cyclotetraphosphide anion P4
2� :


After confirming the presence of P4
2� in liquid ammonia in


our initial report on the cyclotetraphosphide anion P4
2� in


Cs2P4·2NH3
[41] the same fused NMR tube was kept at


�40 8C for one year and five months, after which the
31P NMR spectrum at �40 8C still showed the P4


2� singlet (d
= 349 ppm), and additionally the PH2


� triplet (d =


�270 ppm) and a small singlet at d = �0.06 ppm which
may stem from a phosphorus oxide species generated from
the small amounts of moisture in the system. The 1H NMR
spectrum showed the presence of PH2


� and amide NH2
� .


After this experiment, the fused NMR tube was stored for
two months at room temperature. A subsequent 31P NMR
spectrum recorded at �40 8C still showed the presence of
the species mentioned above, but with more amide and less
PH2


� present. The P4
2� ion is stable up to at least +50 8C in


liquid ammonia solution, as was again confirmed by
31P NMR analysis at �40 8C after the fused NMR tube had
been stored at +50 8C for one month. However, a small
new signal at d = �238 ppm was observed and no more
PH2


� could be detected in the 31P and 1H NMR spectra, but
a large amide signal was present. Consequently, it may be
concluded that PH2


� deprotonated the ammonia and accu-
mulated as monophosphane(3) (PH3) in the gas phase in the
fused NMR tube. Storage of the fused NMR tube at
+100 8C unfortunately led to explosion of the tube. As we
feared an explosion due to overpressure of the fused NMR
tube in the NMR instrument, all our 31P NMR spectra were
recorded at �40 8C. Thus, a fast temperature-dependent
equilibrium of P4


2� with some other poly- or hydrogenpoly-
phosphides cannot be ruled out. However, we have not en-
countered any indication of such a phenomenon.


Slow removal of the ammonia of Cs2P4·2NH3 leads to an
X-ray-amorphous yellow-gray product. After this powder
had been kept in a sealed glass ampoule for three weeks at
500 8C, the X-ray powder diffraction pattern showed the
presence of cesium phosphide(4/6) (Cs4P6) and an amor-
phous second component which may have been red phos-
phorus—a red substance like the latter covered the walls of
the ampoule. This leads to the formal reaction equation
[Eq. (2)].


4Cs2P4 � 2NH3 ! 2Cs4P6 þ 4P þ 8NH3 ð2Þ


Unfortunately, crystals have not yet been obtained from
this reverse conproportionation.


Further reactions of Cs4P6 in liquid ammonia : In the reac-
tion of cesium phosphide(4/6) with lithium in the presence
of [18]crown-6 in liquid ammonia at �40 8C, the catena-tri-
hydrogentriphosphide P3H3


2� is formed as red, needle-
shaped crystals of (Cs@[18]crown-6)2(P3H3)·7NH3, which
will be reported elsewhere.


Ammonolysis of K4P6 : When potassium phosphide(4/6) is
dissolved in dry liquid ammonia, one observes a slightly
blue solution turning green and finally yellow. 31P{1H} and
1H NMR spectroscopy provide evidence that K4P6 dispro-


portionates in liquid ammonia into P5
� , P4


2�, P7
3�, P11


3�,
PH2


� , and other poly- or hydrogenpolyphosphides we have
not been able to identify yet. Up to now, P11


3� has been ac-
cessible only by the solid-state route and to our knowledge
it has never been generated in solution.


Storage of the yellow solution at �40 8C leads to the for-
mation of transparent yellow crystals which redissolve at
�78 8C, and which we have not yet been able to isolate for a
single-crystal structure analysis.


Structure of (K@[18]crown-6)3K3(P7)2·10NH3 : Using
[18]crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane) for the
generation of more stable crystals in this reaction, we could
isolate (K@[18]crown-6)3K3(P7)2·10NH3 in the form of plate-
shaped orange crystals as the only solid product. 31P NMR
shows the presence of P7


3� and PH2
� in the mother liquor.


In the crystal structure, the phosphorus atoms of the hepta-
phosphanortricyclane anion P7


3� reside on the common posi-
tion (Wyckoff letter 2i) of the space group P1̄. Selected
bond lengths and angles of the P7


3� cage are shown in
Table 1; for a comparison with other P7


3� cages, see


Figure 11 (below) and Table 2. The experiment shows the
shortest bonds to be those from the triangular base to the
formally negatively charged phosphorus atoms,[63–65] which is
confirmed here.


The P7
3� anion is coordinated by four potassium ions


(Figure 7). Potassium ion K(2) coordinates in an h4-like
manner to the formally negatively charged phosphorus
atoms P(2) and P(4) and the phosphorus atoms P(5) and
P(6) of the triangular base of the cage. K(3)#5 is more than
4.6 T away from the phosphorus atoms of the triangular
base, which results in an h3-like coordination to the apical
phosphorus atom P(1) and the two formally negatively


Table 1. Bond lengths and angles of the heptaphosphanortricyclane
anion P7


3� and its coordination to potassium ions.


P(1)�P(2) 2.1866(8) P(1)�K(3)#5 3.5646(8)
P(1)�P(3) 2.1905(8) P(3)�K(3)#5 3.3178(8)
P(1)�P(4) 2.1985(8) P(3)�K(3)#3 3.3414(7)
P(2)�P(6) 2.1446(8) P(4)�K(3)#5 3.4739(7)
P(3)�P(7) 2.1446(9) K(2)�P(2) 3.2772(7)
P(4)�P(5) 2.1427(9) K(2)�P(4) 3.5072(7)
P(5)�P(7) 2.2617(8) K(2)�P(6) 3.6368(7)
P(5)�P(6) 2.2852(8) K(2)�P(5) 3.8000(8)
P(6)�P(7) 2.3038(8) K(4)�P(2) 3.2794(6)


K(4)�P(3) 3.3305(7)
K(4)�P(6) 3.4493(6)
K(4)�P(7) 3.5177(7)


P(2)-P(1)-P(3) 101.30(3) P(4)-P(5)-P(6) 105.30(3)
P(2)-P(1)-P(4) 102.70(3) P(2)-P(6)-P(5) 105.52(3)
P(3)-P(1)-P(4) 102.10(3) P(2)-P(6)-P(7) 105.57(3)
P(6)-P(2)-P(1) 98.36(3) P(3)-P(7)-P(5) 105.04(3)
P(7)-P(3)-P(1) 99.20(3) P(3)-P(7)-P(6) 103.63(3)
P(5)-P(4)-P(1) 98.03(3) P(7)-P(5)-P(6) 60.88(2)
P(4)-P(5)-P(7) 106.11(3) P(5)-P(6)-P(7) 59.06(2)


P(5)-P(7)-P(6) 60.06(2)
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charged atoms P(3) and P(4). K(3)#3 coordinates h1-like at
a distance of 3.3414(7) T from P(3). Potassium ion K(4) re-
sides on the special 1f position and coordinates h4-like to
the phosphorus atoms P(2), P(3), P(6), and P(7). The coor-
dination sphere of the potassium ions is quite heterogene-
ous. K(1) is located on the special 1e position and is coordi-
nated by a molecule of [18]crown-6. K(1) is also coordinated
by a molecule of ammonia N(1) and its equivalent by sym-
metry, N(1)#1, yielding a coordination number of eight. Po-
tassium ion K(2) is also coordinated by a molecule of
[18]crown-6 which bonds to a molecule of ammonia N(1)#2
by N�H···O hydrogen bonding. Potassium ion K(3) coordi-


Table 2. Comparison of the P7
3� ions in the compounds under discussion.


(K@[18]crown-6)3-
K3(P7)2·10NH3


Rb3P7·7NH3 (Rb@[18]crown-6)3-
P7·6NH3


height h [T] 3.0092(8) 2.987(2) 3.024(2)
mean dis-
tance a [T]


2.284 2.281 2.291


mean dis-
tance b [T]


2.144 2.137 2.146


mean dis-
tance c [T]


2.192 2.182 2.198


ratio Q = h/a 1.318 1.309 1.319
angle g [8] 98.53 98.17 98.90
angle d [8] 102.03 102.45 101.71


Figure 7. Projection of the coordination sphere of the P7
3� ion (a) and the potassium ions K(1) (b), K(2) (c), K(3) (d), and K(4) (e). Hydrogen atoms of


the crown ether molecules are omitted for clarity. Thermal ellipsoids are drawn at the 70% probability level. Symmetry transformations to generate
equivalent atoms: #1: �x + 1, �y + 1, �z ; #2: x+1, y, z ; #3: �x + 3, �y, �z + 1; #5: x�1, y, z ; #8: �x + 2, �y, �z.
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nates with two symmetrically equivalent P7
3� cages in an h1-


and h3-like fashion and to two molecules of ammonia N(2)
and N(3). In addition to its h4-like coordination to the phos-
phorus cage, potassium ion K(4) is bonded to two molecules
of ammonia N(2) and N(2)#3 (Figure 7e).


Figure 8 shows a projection of the unit cell on the bc
plane, indicating the relative arrangement of the structural


elements in (K@[18]crown-6)3K3(P7)2·10NH3 that have been
discussed. For crystallographic details, see Table 3.


Ammonolysis of Rb4P6: structure of Rb3P7·7NH3 : Rb4P6


reacts with liquid ammonia at �40 8C to yield yellow, plate-
shaped crystals of Rb3P7·7NH3 as the only solid product.
Rb3P7·7NH3 has also been synthesized previously in our
group by congruent solvation of Rb3P7 in liquid ammonia.[66]


In the crystal structure, all the atoms reside on the common
8c position of the space group Pbca. The P7


3� ion shows typ-
ical P�P bond lengths in the range 2.130(2)–2.198(2) T from
the apical phosphorus atom to the formally negatively
charged phosphorus atoms, 2.274(2)–2.290(2) T from the
latter to the trigonal base, and 2.179(2) to 2.189(2) T in this
basal plane. For a comparison of the heptaphosphanortricy-
clane anions discussed here, see Table 2 and Figure 11
below. The rubidium cation Rb(1) is coordinated by four
molecules of ammonia at distances from 3.099(5) to
3.332(5) T, and h1- and h4-like by two crystallographically
inequivalent P7


3�-cages at distances of 3.454(1) and within
the range 3.500(1)–3.8(1) T, respectively (Figure 9). Rb(2)
also coordinates h4-like to the heptaphosphanortricyclane
anion with bond lengths of 3.538(1)–3.608(1) T. Additional-
ly, it is coordinated by five molecules of ammonia N(1),
N(2), N(3), N(4), and N(6) at distances between 3.013(5)
and 3.347(5) T (Figure 9b). Finally, Rb(3) is coordinated by
three molecules of ammonia at distances of 3.110(5)–
3.361(5) T and coordinates h4-like to the phosphorus cage.


Figure 8. Projection of the unit cell on the bc plane. Hydrogen atoms of
the crown ether molecules are omitted for clarity. Thermal ellipsoids are
drawn at the 70% probability level.


Table 3. Some crystallographic data of the structures presented.


(K@[18]crown-6)3K3(P7)2·10NH3 Rb3P7·7NH3 (Rb@[18]crown-6])3P7·6NH3 Cs2P4·2NH3


empirical formula C18H51K3N5O9P7 H21N7P7Rb3 C36H90N6O18P7Rb3 H6Cs2N2P4


molecular mass [gmol�1] 815.73 592.44 1368.34 4.77
crystal system triclinic orthorhombic triclinic monoclinic
space group P1̄ Pbca P1̄ P21/a
a [T] 10.3419(7) 17.802(1) 9.7111(9) 6.6580(7)
b [T] 12.25(8) 17.894(1) 14.715(1) 12.579(1)
c [T] 17.258(1) 13.398(1) 22.817(2) 6.7026(7)
a [8] 107.621(8) 90.0 100.29(1) 90.0
b [8] 104.491(8) 90.0 96.34(1) 106.18(1)
g [8] 97.386(8) 90.0 90.19(1) 90.0
V [T3] 1964.6(2) 4267.9(5) 3187.6(5) 539.11(9)
Z 2 8 2 2
1calcd [Mgm�3] 1.397 1.844 1.419 2.611
T [K] 1(2) 1(2) 1(2) 1(2)
F(000) [e] 856 2288 1404 380
m(MoKa) [mm�1] 0.677 7.370 2.531 7.287
q range [8] 2.59–28.08 2.24–27.89 2.09–25.95 3.16–25.96
measured/independent/observed
(I>2s(I)) reflections


34768/8819/7017 17743/4819/3813 22503/11499/6383 9093/1259/1189


Rint 0.0461 0.0522 0.0620 0.0575
h, k, l range �13/13, �16/16, �22/22 �22/20, �23/23,


�17/12
�11/11, �17/18, �27/27 �8/8, �16/16, �8/8


R(F) (all data) 0.0504 0.0592 0.0894 0.0206
wR(F2) (all data) 0.1091 0.1098 0.0900 0.0477
S 0.951 1.104 0.783 1.144
data/parameter/restraints 8819/427/6 4819/8/420 11499/682/3 1259/49/0
(Ds)max 0.001 0.001 0.002 0.000
D1max [eT


�3] 0.481 1.008 0.501 0.812
D1min [eT


�3] �0.381 �0.842 �0.535 �0.504
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The coordination of ammonia molecules to rubidium cations
leads to the formation of rubidium–ammonia clusters, com-
position [Rb3(NH3)7]


3+ , in which N(1) acts as a m3-like bridg-
ing ligand; N(2), N(5), N(6), and N(7) bridge m2-like be-
tween the rubidium cations. These clusters are interconnect-
ed by N�H···N hydrogen bonding forming one-dimensional-
ly infinite strands parallel to the c axis (D = donor, A =


acceptor) (Figure 9): N(5)�H(5C)···N(4)#9 with D�H =


0.84(2) T, H···A = 2.41(3) T, D···A = 3.216(8) T, aDHA
= 163(6)8, N(5)-H5 A)···N(3)#9 with D�H = 0.84(2) T,
H···A = 2.77(4) T, D···A = 3.470(8) T, aDHA = 142(5)8.
Since the P7


3� ions are coordinated by rubidium cations,
with Rb(1) and Rb(3) interconnecting crystallographically
equivalent phosphorus cages, this also leads to the formation
of one-dimensionally infinite strands parallel to the c axis
(Figure 9c). Crystallographic details are in Table 3.


Structure of (Rb@[18]crown-6)3P7·6NH3 : Reaction of rubi-
dium phosphide(4/6) with an excess of [18]crown-6 in liquid
ammonia at �40 8C leads to thin yellow needle-shaped crys-
tals of (Rb@[18]crown-6)3P7·6NH3 which are obtained as
the only solid product. All atoms reside on the common 2i
position of the space group P1̄.


The P�P bond lengths in the basal plane of the P7
3� anion


of this structure are 2.274(2), 2.299(2), and 2.301(2) T, re-
spectively, those from the phosphorus atoms in the basal
plane to the formally negatively charged ones are 2.145(2),
2.145(2), and 2.148(2) T, and the bond lengths from the
latter to the apical phosphorus atom are 2.188(2), 2.194(2).
and 2.209(2) T. For a comparison of the P7


3� ions discussed
here, see Table 2 and Figure 11 below. The cage anion is co-
ordinated by three rubidium cations. Rb(1) and Rb(2) coor-
dinate h4-like at distances of 3.643(2)–3.743(2) T to two
phosphorus atoms of the basal plane and 3.340(1) to


Figure 9. Projections of the coordination spheres of the rubidium cations Rb(1) and Rb(3) (a) and Rb(2) (b). c,d) Projection of one of the [Rb3(NH3)7]
3+


clusters, which is interconnected via N�H···N hydrogen bonding (dashed bonds) forming one-dimensional infinite strands parallel to the c axis (c) and a
projection of the unit cell on the ab plane (d). Thermal ellipsoids are drawn at the 70% probability level. Symmetry transformations to generate equiva-
lent atoms: #2: x + 1=2, �y + 1=2, �z ; #7: �x, y + 1=2, �z + 1=2; #8: x + 1=2, y, �z + 1=2; #9: x, �y + 1=2, z�1=2 ; #10: �x + 1=2, y�1=2, z.
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3.510(1) T to two formally negatively charged phosphorus
atoms. Rb(3) coordinates h3-like at distances of 3.790(2) T
to the apical phosphorus atom P(1) and 3.518(1) and
3.510(1) T to the formally negatively charged atoms P(2)


and P(4) (Figure 10). Each of the three rubidium cations is
coordinated by a molecule of [18]crown-6 with Rb�O dis-
tances in the 3.008(3) to 3.364(4) T range, leading to coordi-
nation numbers of ten for Rb(1) and Rb(2). Rb(3) also has


Figure 10. Foreshortened projection of the P7
3� ion showing its coordination by rubidium cations (a), and projections of the coordination spheres of the


rubidium ions Rb(1) (b), Rb(2) (c), and Rb(3) (d); hydrogen atoms of the crown ether molecules are omitted for clarity; projection of the unit cell on
the bc plane (e). Thermal ellipsoids are drawn at the 70% probability level. Symmetry transformations to generate equivalent atoms: #2: x�1, y + 1, z ;
#3: x + 1, y�1, z.
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a coordination number of ten since it is additionally coordi-
nated by the nitrogen atom N(4) of a molecule of ammonia
of crystallization (Figure 10). In all, a neutral
[Rb([18]crown-6)(NH3)]2[Rb([18]crown-6)(NH3)2]P7 unit is
generated by the coordinations mentioned. On the opposite
side of each crown ether molecule a molecule of ammonia is
bonded by N�H···O hydrogen bonding with O···H distances
from 2.2 to 2.7 T approximately. As the distance between
the two molecules of ammonia N(5) and N(6)#2 is only
about 3.36 T, hydrogen bonding may be inferred, but we
were not able to locate the hydrogen atoms on these atoms.
N-H···N-hydrogen bonding from N(2) to N(5) and to N(6)#2
and from N(3) to N(6) and to N(5)#3 should also be present,
with N···N distances being only around 3.3 T (Figure 10).
Thus, hydrogen bonding interconnects the [Rb([18]crown-6)-
(NH3)]2[Rb([18]crown-6)(NH3)2]P7 units leading to the
structure shown in Figure 10. Crystallographic details are in
Table 3.


Further reactions of Rb4P6 in liquid ammonia : In the reac-
tion of Rb4P6 with liquid ammonia in the presence of an
excess of PPh4Br, dark red needle-shaped crystals of
(PPh4)2(HP7)·3NH3 are obtained. NMR spectrometric analy-
sis of this solution shows only the presence of the tetraphe-
nylphosphonium ion PPh4


+ , arguably due to the low solubil-
ity of (PPh4)2(HP7)·3NH3. This compound is also readily
prepared by the reaction of K3P7 with a proton-charged ion-
exchange resin in the presence of PPh4Br in liquid ammo-
nia.[67]


In the presence of lithium and [18]crown-6, Rb4P6 reacts
in liquid ammonia at �40 8C to yield yellowish-green
needle-shaped crystals of the hydrogen polyphosphide (Rb@
[18]crown-6)2(P3H3)·7NH3, which will be reported else-
where.


Comparison of the P7
3� species obtained : To compare the


P7
3� anions presented here and to put them into context


with other heptaphosphanortricyclane species in the litera-
ture, we use the height h and the mean bond lengths a, b,
and c (Figure 11).[68] The ratio Q = h/a may be used to


quantify the ionicity of the P7
3�


cage. Q values in the range of
about 1.30 to 1.36 denote ionic
P7


3� as found in all the species
presented here, whereas values
of 1.40 and higher show the
presence of covalency as, for
example, in P7(SiMe3)3. In ionic
Pn7


3� cages (Pn = P, As, Sb),
the angle g is found to be
smaller than the angle d ; the re-
verse is true for covalent spe-
cies.[68,69] For the designation
scheme used, see Figure 11.


The Q ratios are very similar, with values around 1.31
(Table 2). With values between 988 and 998, the g angles are


smaller than the d angles (approximately 1028). This fits
well with the ionic description of these compounds.


The chemical shift and aromaticity of the cyclotetraphos-
phide anion P4


2� : Examination of P4
2� and other aromatic


polyphosphides by NMR experiment is not trivial, since in-
formation cannot be gained on the molecular size and shape
in these compounds. For aromatic polyphosphides one ex-
pects a singlet in the low-field region. Depending on its
counterion, the concentration, and the temperature, we ob-
serve the chemical shift of the signal we assign to P4


2� in
31P NMR spectra at d = 327.8 (K+ , �60 8C), 345.4 (Cs+ ,
�35 8C), and 343.0 ppm (Cs+ , �60 8C). The basis of our as-
signment of this chemical shift to P4


2� rests, first, on the
plausibility of a twofold negatively charged aromatic system
showing a low-field singlet with a chemical shift that is less
than the chemical shift of the aromatic P5


� , which is about
468 in the 31P NMR spectrum.[34–37] Second, there was good
agreement between the chemical shift of P4


2�, found by
quantum-chemical calculations (d = 359.6 ppm) at the HF/
aug-cc-pVTZ level of theory, with the observed chemical
shift of approximately 345.[41] A treatment within the HF
method is only permitted since the CI coefficient of the
RHF wavefunction is 0.972 in calculations at the [22,16]-
CAS level for P4


2� ; for calculations of the chemical shift on
the HF level of other tetrapnictogen dianions, the weight of
the RHF wavefunction in a multiconfigurational approach
needs to be evaluated first.[70]


Based on the NMR experiment these findings substantiate
the aromaticity of P4


2�.
Furthermore, P4


2� has the same set of p molecular orbitals
as the prototypical aromatic species such as benzene or the
cyclopentadienide anion.[41]


To gain further insight into the chemical bonding and the
aromaticity in polyphosphides such as P4


2� and P5
� , we used


the electron localization function ELF. Within its model it
has been shown that the degree of delocalization of elec-
trons can be calculated and attributed to the aromaticity in
compounds such as benzene, the cyclopentadienide anion,
and aromatic, heteroatom-substituted, five-membered
rings.[71, 72]


ELF calculations : With calculations of the electron localiza-
tion function (ELF)[73,74] and a population analysis of the re-
sulting ELF basins including their population variances, we
tried to gain a deeper understanding of the chemical bonds,
lone pairs, and bond orders in polyphosphides such as P7


3�,
P11


3�, in the aromatic polyphosphides P4
2� and P5


� , and in
white phosphorus P4. As a standard phosphorus–phosphorus
single bond we used the central P�P bond in the known but
not yet isolated hexaphosphane(8) (H2P)2P�P(PH2)2
(Figure 12) and compared its disynaptic valence basin popu-
lation (denoted V(P,P)), its variance, and standard deviation
with the phosphorus–phosphorus bonds of the polyphos-
phides mentioned. P6H8 seems to be a suitable choice for a
standard P�P single bond in polyphosphorus compounds, as
the two central phosphorus atoms are connected to two


Figure 11. Structural drawing
of the P7


3� cage with designa-
tors of bond lengths and
angles inscribed.[68]
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other phosphorus atoms each and not to hydrogen atoms as
in P2H4. The lone pairs, that is, the monosynaptic valence
basins on the two central phosphorus atoms of P6H8 (de-
noted V(P)), are also used as a standard for comparison of
the monosynaptic valence basins of the other polyphos-
phides.


In the population analysis of P6H8 (Table 4), C(P) denotes
the core basin of phosphorus; its population (in electrons, e)
is close to 10e, as expected. The population of the monosy-
naptic valence basin V(P) is 2.14, and is thus larger than 2


with a variance s2 close to 1. The disynaptic valence basin
population (1.89e) is smaller than 2 with a variance of 1.07.


Table 5 contains the population analysis for the hepta-
phosphanortricyclane anion P7


3� (Figure 13). In comparison
with P6H8, the monosynaptic valence basins on the three
basal phosphorus atoms are 1.07-fold more populated
(2.30e) with a 1.01-fold higher variance (1.00) as in hexa-
phosphane(8). Thus, the basal lone pairs in P7


3� are very
similar to the lone pairs on the central phosphorus atoms in
P6H8. The two monosynaptic valence basins on a formally
negative-charged phosphorus atom show a population of
1.98e with a variance of 0.96, being 0.93-fold less populated
with a lower variance than in our reference lone pair. The
monosynaptic valence basin on the apical phosphorus atom


Figure 12. Projection of the structure (a) and the ELF of a molecule of
P6H8 with h(r) = 0.78 (b). Core basins are omitted, monosynaptic va-
lence basins are color-coded red, disynaptic valence basins green, and
protonated disynaptic valence basins yellow.


Table 4. Population in electrons, population variance, and standard devi-
ations of the ELF basins of P6H8.


Basin[a] Population s2 s


C(P) 10.04 0.48 0.69
V(P) 2.14 0.99 0.99
V(P,P) 1.89 1.07 1.03


[a] C(P) is the mean core basin, V(P) is the mean monosynaptic valence
basin and V(P,P) is the disynaptic valence basin of the central phospho-
rus atoms.


Table 5. Population in electrons, population variance, and standard devi-
ations of the ELF basins of P7


3�, and comparison with hexaphosphane(8).


Basin[a] Population s2 s


C(P) 10.06 0.43 0.66
V(Pbasal) 2.30 1.00 1.00
V(Pq) 1.98 0.96 0.98
V(Papical) 2.13 0.93 0.96
V(Pb. , Pb.) 1.71 1.00 1.00
V(Pb. , P


q) 1.94 1.08 1.04
V(Pq,Pa.) 1.84 1.03 1.01
scaled V(Pb.) 1.07 1.01 1.01
scaled V(Pq) 0.93 0.97 0.98
scaled V(Pa.) 1.00 0.94 0.97
scaled V(Pb. , Pb.) 0.90 0.93 0.97
scaled V(Pb. , P


q) 1.03 1.01 1.01
scaled V(Pq, Pa.) 0.97 0.96 0.98


[a] C(P) is the mean core basin of the phosphorus atoms, V(Pbasal) or V-
(Pb.) denotes the mean monosynaptic valence basins of the three basal
phosphorus atoms, V(Pq) is the mean monosynaptic valence basin of the
three formally negatively charged P atoms, V(Papical) or V(Pa.) is the mon-
osynaptic valence basin of the apical phosphorus atom. V(Pb. , Pb.), V(Pb. ,
Pq), and V(Pq, Pa.) are the corresponding mean disynaptic valence basins.
“Scaled” refers to values obtained through division by the corresponding
P6H8 values.


Figure 13. Projection of the ELF of the P7
3� ion with h(r) = 0.85. Core


basins are color-coded turquoise, monosynaptic valence basins red, and
disynaptic valence basins yellow.
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shows the same population as the one in the reference spe-
cies with a slightly smaller variance. The basal phosphorus–
phosphorus bonds are 0.90-fold less populated and have a
lower variance than the reference P�P bond. The disynaptic
valence basin between a basal and a formally negative-
charged phosphorus atom is 1.03-fold more populated; the
variance is 1.01-fold higher than in the reference. The P�P
bond from the apical P atom to a formally negative-charged
one is 0.97 times the population of P6H8 with a 0.96-fold var-
iance.


Quite similar results are obtained for the trishomocubane-
shaped P11


3� (Figure 14). All the populations of the mono-
and disynaptic valence basins and all its variances are very
similar to the corresponding ones in the reference com-


pound (Table 6). Consequently, it can be concluded that the
chemical bonds and the lone pairs in the two polyphos-
phides P7


3� and P11
3� are not very different from those in


our phosphane model.
A comparison of white phosphorus (Figure 15) with P6H8


shows only small differences (Table 7), too. The monosynap-


tic valence basins of P4 are 1.18-fold more populated and
the variance is 1.12-fold higher, and therefore the disynaptic
valence basin is 0.87-fold less populated with a 0.93-fold
lower variance than hexaphosphane(8), which may indicate
the ease of bond cleavage in white phosphorus.


In the putatively aromatic polyphosphides P4
2� and P5


�


the situation is strikingly different (Figure 16). Comparing
their aromaticity with classic aromatic hydrocarbons such as
benzene, one expects a large population of the disynaptic
valence basins with a high variance indicating the delocaliza-
tion of the electrons;[71,72] for example, for benzene the pop-
ulation of the C�C disynaptic valence basin is 2.80e (close
to 3) with a variance of 1.32. In P4


2�, the population of the
disynaptic valence P�P basin is only 2.10e with a variance
of only 1.13, thus being only 1.11 times more populated with
a 1.06-fold higher variance as in the hexaphosphane(8) mol-


Figure 14. Projection of the ELF of the P11
3� anion viewed along the C3


axis with h(r) = 0.78. Core basins are color-coded turquoise, monosynap-
tic valence basins red, and disynaptic valence basins yellow.


Table 6. Population in electrons, population variance, and standard devi-
ations of the ELF basins of P11


3� and comparison with hexaphos-
phane(8).


Basin[a] Population s2 s


C(P) 10.06 0.43 0.66
V(P) 2.09 0.89 0.94
V(Pq) 1.99 0.96 0.98
V(Papical) 2.15 0.92 0.96
V(P,P) 1.89 1.02 1.01
V(P, Pq) 1.89 1.05 1.02
V(P, Pa) 1.89 1.02 1.01
scaled V(P) 0.98 0.90 0.95
scaled V(Pq) 0.93 0.97 0.98
scaled V(Pa) 1.00 0.93 0.96
scaled V(P, P) 1.00 0.95 0.97
scaled V(P, Pq) 1.00 0.98 0.99
scaled V(P, Pa) 1.00 0.95 0.97


[a] C(P) is the mean core basin of the phosphorus atoms, V(P) denotes
the mean monosynaptic valence basins of the six threefold bound phos-
phorus atoms, V(Pq) is the mean monosynaptic valence basin of the three
formally negatively charged P atoms, and V(Papical) or V(Pa) is the mean
monosynaptic valence basin of the two apical phosphorus atoms. V(P, P),
V(P, Pq), and V(P, Pa) are the corresponding mean disynaptic valence
basins. “Scaled” refers to values obtained through division by the corre-
sponding P6H8 values.


Figure 15. Projection of the ELF of a molecule of P4 with h(r) = 0.85.
Core basins are color-coded turquoise, monosynaptic valence basins red,
and disynaptic valence basins yellow.


Table 7. Population in electrons, population variance, and standard devi-
ations of the ELF basins of P4 and comparison with hexaphosphane(8).


Basin[a] Population s2 s


C(P) 10.02 0.44 0.66
V(P) 2.52 1.11 1.05
V(P, P) 1.64 0.99 0.99
scaled V(P) 1.18 1.12 1.16
scaled V(P, P) 0.87 0.93 0.96


[a] C(P) is the mean core basin of the phosphorus atoms, and V(P) de-
notes the mean monosynaptic valence basin. V(P, P) is the mean disynap-
tic valence basin. “Scaled” refers to values obtained through division by
the corresponding P6H8 values.
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ecule (Table 8). The disynaptic valence basins in P5
� show a


similar trend with a population of 2.19e and a variance of
1.15, just 1.16-fold more populated with a 1.07-fold higher
variance than in P6H8 (Table 9). Thus, the P�P bonds in P4


2�


and P5
� look more like the single bond in P6H8 and show no


sign of the high electron delocalization found in benzene or
the cyclopentadienide anion.


However, the monosynaptic valence basins of P4
2� and


P5
� differ markedly from their P6H8 analogue. On the one


hand, the shape of the lone pairs of P4
2� and P5


� is com-
pletely different from the lone pairs in P6H8, P7


3�, P11
3�, or


P4, as they are bent around the ring (Figure 16). On the
other hand, the population of the monosynaptic valence
basins is 3.31e with a variance of 1.31 in P4


2� and 2.96e with
a variance of 1. in P5


� . Thus, P4
2� shows a 1.55-fold more


populated monosynaptic valence basin and a 1.32 times
higher variance than the two central monosynaptic valence
basins of P6H8. P5


� shows a 1.38-fold higher population and
a 1.24 times larger variance of its monosynaptic valence
basins than in the reference compound. The same phenom-
enon is observed for the cyclotetrasulfur dication S4


2+ where
the disynaptic (S�S) valence basins have a population of
1.81e (s2 = 1.03), and the monosynaptic valence basins
show a population of 3.63e with a variance of 1.41, indicat-
ing the site of electron delocalization in this aromatic
system. Additionally, calculations of the covariance matrix
elements for the aromatic species P4


2�, P5
� , and S4


2+ show
the contribution of the monosynaptic valence basins (lone
pairs) to their variance to be higher in value than the contri-
bution of the disynaptic valence basins to their variance,
which confirms the delocalization.[75] For the nonaromatic
molecules P6H8, P4, P7


3�, and P11
3�, the situation is reversed.


In summary, the population and the variance of the mono-
synaptic and the disynaptic valence basins of P7


3�, P11
3�, and


the reference species P6H8 are similar to each other, which
indicates similar P�P single bonds and a similar lone pair
character in all these species.


Since aromatic hydrocarbons have a high population and
a high variance in the C�C bonds due to their aromaticity,[72]


the aromatic P4
2� and P5


� should show the same behavior.
However, the phosphorus–phosphorus bonds in P4


2� and P5
�


are similar to those in P6H8, P7
3�, and P11


3�
, which is unex-


pected. The high population and the high variance are
found in the lone pairs of P4


2� and P5
� , indicating them to


be the relevant electronic features for aromaticity in these
species.


We conclude that the source and the phenomenology of
aromaticity in P4


2�, P5
� and S4


2+ , viewed by the ELF


Figure 16. Projections of the ELF of P4
2� (a) and P5


� (b) with h(r) =


0.78. Core basins are color-coded turquoise, monosynaptic basins red,
and disynaptic basins yellow.


Table 8. Population in electrons, population variance, and standard devi-
ations of the ELF basins of the aromatic P4


2� and comparison with hexa-
phosphane(8).


Basin[a] Population s2 s


C(P) 10.06 0.43 0.66
V(P) 3.31 1.31 1.14
V(P, P) 2.10 1.13 1.06
scaled V(P) 1.55 1.32 1.15
scaled V(P, P) 1.11 1.06 1.03


[a] C(P) is the mean core basin of the phosphorus atoms, and V(P) de-
notes the mean monosynaptic valence basin. V(P, P) is the mean disynap-
tic valence basin. “Scaled” refers to values obtained through division by
the corresponding P6H8 values.


Table 9. Population in electrons, population variance, and standard devi-
ations of the ELF basins of the aromatic P5


� and comparison with hexa-
phosphane(8).


Basin[a] Population s2 s


C(P) 10.03 0.44 0.66
V(P) 2.96 1. 1.11
V(P, P) 2.19 1.15 1.07
scaled V(P) 1.38 1.24 1.11
scaled V(P, P) 1.16 1.07 1.04


[a] C(P) is the mean core basin of the phosphorus atoms, and V(P) de-
notes the mean monosynaptic valence basin. V(P, P) is the mean disynap-
tic valence basin. “Scaled” refers to values obtained through division by
the corresponding P6H8 values.
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method, differs from the aro-
maticity in aromatic hydrocar-
bons, and we propose the term
“lone-pair aromaticity” for
these heteroatom aromatic
compounds (Figure 17).


Experimental Section


All the work was done with moisture and air excluded in an atmosphere
of purified argon. Liquid ammonia was dried and stored over sodium
metal. [18]Crown-6 was purified by sublimation.


NMR spectra were recorded with a variable temperature, multicore
Avance Bruker spectrometer (1H: 400 MHz). All 31P spectra used liquid
ammonia (300 mL) with [D8]THF (100 mL) as solvent and were taken in
the d range +600 to �600 at �60 8C and �35 8C. The external references
were phosphoric acid (85%) for 31P and TMS for 1H spectra.


Synthesis of diphosphane(4): Diphosphane(4) was produced by hydrolyz-
ing calcium phosphide in a modified apparatus according to Baudler.[35]


All operations with diphosphane(4) are performed in a dark room using
weak red light only.


Synthesis of Rb3P7: Rb3P7 was synthesized from distilled rubidium and
electrograde red phosphorus according to the literature.[76]


Synthesis of M4P6 (M = K, Rb, Cs): Tantalum ampoules were charged
with stoichiometric amounts of distilled metal and electrograde red phos-
phorus and were sealed under argon. Placed in evacuated Schlenk tubes,
the ampoules were heated to 500 8C in tube furnaces for approximately
13 days.[31,33] The purity of the greenish-black powders was assayed by X-
ray powder diffractometry (STADIP powder diffractometer (Stoe &
Cie), CuKa1 radiation, Ge single-crystal monochromator, Debye–Scherrer
geometry, linear position-sensitive detector, Si as the external standard,
indexing and refinement with the WinXPOW software).[77]


Ammonolysis of K4P6 : Potassium phosphide(4/6) (100 mg) was dissolved
in dry ammonia (10 mL). The blue solution became green, then finally
yellow. A portion (about 500 mL) of this solution were transferred via a
cooled capillary into a dry NMR tube and mixed with dry [D8]THF
(100 mL). 1H NMR (400 MHz, NH3, [D8]THF, TMS ext., �60 8C): d =


�1.46 (d, 1J(P,H) = 140 Hz, PH2
�), 5.44 (s, NH2


�), 6.46 (s, ?), 7.64 ppm
(s, ?); 31P{1H} NMR (162 MHz, NH3, [D8]THF, H3PO4 ext. , �60 8C): d =


465.7 (s, P5
�), 327.8 (s, P4


2�), 175.0 (m, P11
3�), �112.4 (m, P11


3�), �4.4 (m,
P11


3�), �59.0 (m, P7
3�), �110.0 (m, P7


3�), �160.0 (m, P7
3�), �21.3 (m, ?),


�86.9 (m,?), �135.0 ppm (m,?).


Synthesis of (K@[18]crown-6)3K3(P7)2·10NH3 : Potassium phosphide(4/6)
(100 mg; 0.29 mmol) and [18]crown-6 (310 mg: 1.17 mmol, 4 equiv) were
placed in a flame-dried Schlenk tube and ammonia (15 mL) was con-
densed on the reagents. After seven days of storage at �40 8C, yellow,
plate-shaped crystals were obtained which were subjected to low-temper-
ature single-crystal X-ray analysis on a Stoe IPDS diffractometer (graph-
ite monochromator, MoKa radiation, l = 0.71073 T). The structure was
solved in space group P1̄ with the SHELXS-97 program by direct meth-
ods.[78] After anisotropic refinement of the non-hydrogen atoms using
SHELXL-97, an absorption correction was performed using DELrefABS
from the PLATON program package.[79,80] Hydrogen atoms on crown
ethers and on ammonia molecules coordinating with potassium ions were
refined isotropically using a riding model. The hydrogen atoms on free
ammonia molecules were located by Fourier cycling techniques and re-
fined isotropically using restraints. After the refinement converged, a
search for additional symmetry using PLATON and KPLOT had a nega-
tive result.[80,81] Crystallographic details are in Table 3. CCDC-266648
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Synthesis of Rb3P7·7NH3 : Dry ammonia (10 mL) was distilled onto rubi-
dium phosphide(3/7) (500 mg) in the reaction vessel at �78 8C. After stor-
age at �40 8C for several weeks, yellow, plate-shaped crystals were
formed which were analyzed on a Stoe IPDS diffractometer (graphite
monochromator, MoKa radiation, l = 0.71073 T). The structure was
solved with SHELXS-97 using direct methods in space group Pbca. After
anisotropic refinement of the non-hydrogen atoms using SHELXL-97, an
absorption correction was performed using DELrefABS from the
PLATON program package.[79,80] Hydrogen atoms were located using
Fourier cycling methods and refined isotropically with restraints em-
ployed. Crystallographic details are in Table 3. Further details of the crys-
tal structure investigation are available from the Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), (fax:
(+49)7247-808-666; e-mail : crysdata@fiz.karlsruhe.de) on quoting the
depository number CSD 4158.


Synthesis of (Rb@[18]crown-6)3P7·6NH3 : A Schlenk tube was charged
with rubidium phosphide(4/6) (100 mg; 0.19 mmol), [18]crown-6 (200 mg;
0.78 mmol), and dry liquid ammonia(10 mL). After three months' storage
at �40 8C, yellow, needle-shaped crystals were obtained and subjected to
X-ray single-crystal analysis on a Stoe IPDS diffractometer (graphite
monochromator, MoKa radiation, l = 0.71073 T). The structure was
solved in space group P1̄ with the SHELXS-97 program using direct
methods.[78] After anisotropic refinement of the non-hydrogen atoms
using SHELXL-97, an absorption correction was performed using DEL-
refABS from the PLATON program package.[79,80] Hydrogen atoms on
crown ethers and on ammonia molecules coordinating with rubidium
ions were refined isotropically using a riding model. On some of the free
ammonia molecules the hydrogen atoms were located by Fourier cycling
techniques and refined isotropically using restraints. After the refinement
converged, a search for additional symmetry using PLATON and
KPLOT had negative results.[80,81] Crystallographic details are in Table 3.
CCDC-266649 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Synthesis of Cs2P4·2NH3 using diphosphane(4): A Schlenk tube was
charged with distilled cesium (1.1 g; 8.27 mmol), and diphosphane(4)
(2 mL) was condensed into the tube at �78 8C. After the evolution of gas
ceased, dry ammonia (10 mL) was condensed onto the product, yielding
a yellow solution. After the reaction mixture had been stored at �40 8C
for some days, yellow, cube-shaped crystals formed which were subjected
to X-ray structure analysis on a Stoe IPDS diffractometer (graphite mon-
ochromator, MoKa-radiation, l = 0.71073 T). The structure was solved
with SHELXS-97 using direct methods in space group P21/a. After aniso-
tropic refinement of the non-hydrogen atoms using SHELXL-97 an ab-
sorption correction was performed using DELrefABS from the
PLATON program package.[79,80] Hydrogen atoms were located using
Fourier cycling methods and refined isotropically. Crystallographic details
are in Table 3. Further details of the crystal structure investigation are
available from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen (Germany), (fax: (+49)7247-808-666; e-mail : crys-
data@fiz.karlsruhe.de) on quoting the depository number CSD 413072.


Synthesis of Cs2P4·2NH3 using Cs4P6 : Reaction of cesium phosphide(4/6)
(100 mg) with liquid ammonia (10 mL) at �78 8C and storage for one
month led to clean formation of Cs2P4·2NH3 in the form of yellow, cube-
shaped crystals, as evidenced by determination of the cell parameters of
some of the crystals on the Stoe IPDS diffractometer. A portion (about
500 mL) of this solution was transferred via a cooled capillary to a dry
NMR tube and mixed with dry [D8]THF (100 mL). 1H NMR (400 MHz,
NH3, [D8]THF, TMS ext., �35 8C/�60 8C): d = �1.43/�1.41 (d, 1J(P,H)
= 140 Hz, PH2


�), 5.16/5.44 ppm (s, NH2
�); 31P{1H} NMR (162 MHz, NH3,


[D8]THF, H3PO4 ext. , �35 8C/�60 8C): d = 346.4/343.0 (s, P4
2�), �269.2/


�266.9 ppm (s, PH2
�); 31P NMR (162 MHz, NH3, [D8]THF, H3PO4 ext. ,


�35 8C): d = 346.4 (s, P4
2�), �269.2 ppm (t, 1J(P,H) = 140 Hz, PH2


�).


Synthesis of Cs2P4·2NH3 using the black reaction product of diphos-
phane(4) and ammonia : A Schlenk tube was charged with distilled
cesium (1.26 g; 9.84 mmol), the black product (343 mg) of the P2H4–NH3


reaction, and liquid ammonia (10 mL) at �78 8C. After storage at �40 8C
for one month, orange, needle-shaped crystals of Cs3P7·3NH3 and yellow,


Figure 17. Structural formula
of P4


2� : the circle denotes the
cyclic electron sextet on the
outside of the phosphorus ring
system.
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cube-shaped crystals of Cs2P4·2NH3 were obtained, as evidenced by de-
termination of the cell parameters of some of the crystals on the Stoe
IPDS diffractometer. A portion (about 500 mL) of the solution was trans-
ferred via a cooled capillary into a dry NMR tube and mixed with dry
[D8]THF (100 mL). 1H NMR (400 MHz, NH3, [D8]THF, TMS ext.,
�35 8C): d = �1.46 (d, 1J(P,H) = 140 Hz, PH2


�), �2.18 ppm (s, ?);
31P{1H} NMR (162 MHz, NH3, [D8]THF, H3PO4 ext., �35 8C): d = 345.4
(s, P4


2�), �267.54 ppm (s, PH2
�).


Theoretical procedures: All the geometries were optimized by the Gaus-
sian03[82] package at the HF level of theory and 6-311++G(3df,3pd)[83–86]


was applied as a basis set. To assure the usage of ground-state geometries
in all calculations, the Hesse matrix was checked for the absence of imag-
inary entries.


The electron localization functions and basin populations were calculated
with the ToPMoD package; a resolution of at least 0.1 T was used
throughout the calculations.[87, 88]


For visualization, MOLEKEL 4.0[89] and MOLDEN[90] were used.
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Introduction


Alkylidenephosphoranes [R1
3P=CR


2
2], alternatively named


phosphonium alkylides and usually called phosphorus
ylides,[1] are one of the basic phosphorus compounds in or-
ganic chemistry since Wittig et al. started to develop the
synthesis of olefins from carbonyl compounds.[1–5] Whereas a
number of these phosphorus ylides have been synthesized
and their properties have been studied, phosphorus ylides
bearing a P�H bond (A) are rare, because they are unstable
and easily isomerize to the corresponding phosphines (B)
(Scheme 1).[5] The instability of A relative to B shows a
sharp contrast to the case of phosphine oxides bearing a P�


H bond [>P(=O)H], which predominate over phosphinous
acids [>P�OH] because of the stability of the P=O bond.
One approach for stabilizing structure A is to employ elec-
tron-withdrawing substituents such as ester groups, which
causes delocalization of negative charge, together with ki-
netic stabilization by bulky substituents.[5] Indeed, Kolo-
diazhnyi reported the tautomeric equilibrium between R2P�
CH(CO2Me)2 and R2PH=C(CO2Me)2, where R is a bulky
alkyl group.[5,6] An alternative approach to synthesize phos-
phorus ylides with a P�H bond was demonstrated by Ber-


Abstract: In mixing 2,4,6-tris(2,4,6-tri-
tert-butylphenyl)-1,3,6-triphosphaful-
vene with alkyllithium compounds and
acetic acid, both of nucleophilic alkyla-
tion and electrophilic protonation oc-
curred at the exo sp2-phosphorus atoms
to afford [2,4-bis(2,4,6-tri-tert-butyl-
phenyl)-1,3-
diphosphacyclopentadienylidene]-
(alkyl)(2,4,6-tri-tert-butylphenyl)phos-
phoranes which are phosphorus ylides
that bear a P�H bond. A phosphorus
ylide bearing both P�H and P�F bonds
was obtained by reaction of 2,4,6-
tris(2,4,6-tri-tert-butylphenyl)-1,3,6-tri-


phosphafulvene with hydrogen tetra-
fluoroborate, and the structure was de-
termined by X-ray crystallography.
Both P=C double bond and P+�C�


zwitterionic character was indicated by
the metric parameters. The isolated
phosphorus ylide bearing a P�H bond,
[2,4-bis(2,4,6-tri-tert-butylphenyl)-1,3-
diphosphacyclopentadienylidene](2,4,6-
tri-tert-butylphenyl)phosphorane,


showed no isomerization by H-migra-
tion to the corresponding phosphinodi-
phospholes, probably due to the p-ac-
cepting ability of the unsaturated PC
bonds and aromaticity of the C3P2 ring.
The ylide structure and aromaticity of
2,4-diphosphacyclopenta-2,4-dienylide-
nephosphorane was characterized by
theoretical calculations. In addition,
the regioselective protonation of the
lithiated phosphinodiphospholes gener-
ated from the 1,3,6-triphosphafulvene
is discussed.
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trand and co-workers who utilized bulky diisopropylamino
groups and the P=C=P skeleton for the preparation of phos-
phorus ylides bearing P�H bonds ((R2N)2PH=C=PX(NR2)2;
X=H or F, R= iPr).[7] Recently, Niecke and co-workers
have succeeded in isolating cyclic phosphorus ylide C where
trimethylsilyl groups and pyridyl groups stabilize the
>P(H)=C< system.[8]


One of the stable phosphorus ylides is (cyclopenta-2,4-di-
enylidene)triphenylphosphorane (the Ramirez ylide) 1 be-
cause the cyclopentadienyl ring displays aromaticity upon
reduction.[9–11] Likewise, we have previously synthesized


1,3,6-triphosphafulvene 2 from a formal trimerization of the
phosphanylidene carbenoid [Mes*P=CBrLi] (Mes*=2,4,6-
tri-tert-butylphenyl).[12,13] Compound 2 contains the 1,3-di-
phosphacyclopentadiene skeleton which is a congener of cy-
clopentadiene. Taking the similarity between the P=C bonds
and C=C bonds into consideration,[14] the C3P2 five-mem-
bered ring is expected to show a similar nature to cyclopen-
tadienes. Furthermore, the P=C moiety shows good p-elec-
tron-accepting ability due to the low-lying LUMO, which ef-
fectively stabilizes the adjacent negative charge.[14–17] There-
fore, we expected 2 to be a promising starting material for
the synthesis of phosphorus ylides bearing a P�H bond, and
herein we report our findings. The structures of the resulting
phosphorus ylides bearing a P�H bond were determined by
X-ray crystallography. Furthermore, we carried out theoreti-
cal studies on the structure and properties of cyclopenta-2,4-
dienylidenephosphorane and the related compounds.


Results and Discussion


Preparation of phosphorus ylides with a P�H bond : As we
demonstrated previously, regiospecific nucleophilic attack
occurred at the 6-position of 2 to give the corresponding
anion 3, which affords the corresponding phosphinodiphos-
pholes 4 upon quenching with iodomethane.[18] On the other
hand, when acetic acid was employed as an electrophile for
3, no phosphinodiphosphole was obtained, but rather the
novel compounds 5 (Scheme 2). Spectroscopic data of 5 sug-
gested a pentavalent phosphorane structure with a P�H
group in the molecules. In the
31P NMR spectrum of 5, the
peak at dP=�23.2 (5a) or
�4.5 ppm (5b) is accompanied
by a considerably large J(P,H)
coupling constant. These J(P,H)
constants are close to the corre-
sponding data of the reported
phosphorus ylides with P�H


bonds.[6–8] In the 13C NMR spectrum of 5a, one of the sp2-
carbon atoms in the C3P2 ring that connects with the phos-
phorane moiety was observed at relatively higher field (dC=


119.8 ppm) than the other two carbon atoms (dC=182.6 and
171.4 ppm). In the 1H NMR spectrum of 5, the P-H proton
was observed at dH=7.64 (5a) and 7.24 ppm (5b) accompa-
nied by a large J(P,H) coupling constant. Compounds 5 nei-
ther decompose in air and even on silica gel nor isomerize
to phosphinodiphospholes similar to 4, suggesting that the
2,4-diphosphacyclopenta-2,4-dienyl group plays an impor-
tant role in stabilizing the P�H ylide structures.


We have established an alternative procedure to prepare
a stable ylide bearing a P�H bond from 2. Compound 2 was
allowed to react with hydrogen tetrafluoroborate in di-
chloromethane to generate a phosphonium salt 6 which was
observed by 31P NMR spectroscopy (Scheme 3). The solu-
tion of 6 was concentrated and phosphorus ylide 7 was gen-
erated upon addition of ethyl acetate. Finally 7 was purified
by column chromatography on silica gel. The presence of P�
H and P�F bonds in 7 was identified by 31P and 1H NMR
spectroscopy, and three sp2-carbon atoms in the C3P2 five-
membered ring were observed by 13C NMR spectroscopy.
Similar to 5, 7 showed no isomerization to phosphinodi-
phosphole derivatives. The synthetic procedures for 5 and 7
are regarded as an oxidative addition of R�H (R=Me, nBu,
F) at the exo sp2-phosphorus atom of 2, which resembles the
reported procedure for preparation of a phosphorus ylide
from phosphaalkene (MesP=CPh2; Mes=2,4,6-Me3C6H2).


[19]


As for the regioselective protonation of 3, we have carried
out theoretical calculations. Attempts to clarify the forma-
tion mechanism of 5 and 7 are in progress.


Molecular structure: Single crystals of 7 were obtained and
analyzed by X-ray crystallography. Figure 1 displays an


Scheme 2.


Scheme 3.


Chem. Eur. J. 2005, 11, 5960 – 5965 G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5961


FULL PAPER



www.chemeurj.org





ORTEP drawing of the structure of 7 together with selected
metric parameters. The five-membered C3P2 ring and the P1
atom are coplanar (V(P1-C1-P3-C3) 174.9(4)8, V(P1-C1-C2-
P2) 175.4(4)8, V(P2-C2-C1-P3) 3.9(6)8, V(P2-C3-P3-C1)
2.3(4)8, V(P3-C3-P2-C2) 0.5(4)8). The P1�C1 distance is
close to that of the exo P=C bond of 2w (1.710(6) M)[12] and
the corresponding bond in the Ramirez ylide 1
(1.718(2) M).[11] On the other hand, the P2�C2 and P3�C3


bonds are longer than the corresponding bonds of 2w
(1.689(7), 1.703(7) M), which is compensated for by contrac-
tion of the P2�C3 and P3�C1 bonds (P�C bonds in the C3P2


ring of 2w: 1.815(6), 1.801(7) M).[12] The C1�C2 bond is
slightly longer than the corresponding bond of 2w
(1.447(8) M),[12] probably due to repulsion between the Mes*
group at the C2 atom and the exo phosphorane moiety.
These metric parameters of 7 indicate the properties of
phosphorus ylides that show both the characteristics of the
“ylene” structure 7 and the zwitterionic structure 7A.


Theoretical calculations : To understand the structure and
properties of 7 in detail, we performed theoretical calcula-
tions for 2,4-diphosphacyclopenta-2,4-dienylidenephosphor-
ane (8) and the related compounds 9 and 10. Calculations


were performed with the Gaussian03 quantum chemical pro-
gram package.[20] Geometry optimizations and harmonic vi-
brational frequency calculations were carried out with the
B3LYP functional and the cc-pVTZ basis set. Single point
CCSD(T)/aug-cc-pVDZ calculations were performed on the
geometries obtained with the B3LYP functional. Figure 2
displays optimized structures of 8–10 together with bond
order data and atomic charges (the Wiberg indices). The
structure of 8 is close to the observed structure of the C3P2


ring of 7 (Figure 1). The exo PC bond length of 8 is close to
that of 9, suggesting a P=C double bond. In agreement with
this, recent theoretical investigations pointed out that the
PC bond in methylenephosphorane [H3PCH2] displays the
characteristics of a l5-P=C double bond.[21] On the other
hand, the structure of the five-membered ring moiety of 8 is
close to that of 10. Accordingly, the observed structure of
the C3P2 five-membered ring of 7 is similar to that of 10.
Furthermore, the atomic charge on the ylide carbon atom of
8 (�0.87) is more negative than those of the corresponding
carbon atoms of 9 (�0.74) and 10 (�0.74). These properties
of 7 and 8 suggest phosphorus ylides, which are often de-
scribed by two canonical structures: ylenes [R3P=CR


0
2] and


ylides [R3P
+�C�R0


2].
Compounds 5 and 7 showed no isomerization through H-


migration to the corresponding phosphinodiphospholes.
However, 8 showed inferior stability compared with phos-
phinodiphospholes 11–13 according to calculations
(Table 1). To study the regioselective protonation of 3, we
calculated the molecular electrostatic potential (MEP, vi-
sualized with the gOpenMol program[22]) maps of the anion
10 and its lithium complex (Figure 3). According to these re-
sults, in the case of the pure anion 10 (Figure 3a), the proto-
nation is favored mainly on the ring, while in the lithium
complex (Figure 3b) the exo-phosphorus atom is the main
protonation side, which clearly shows the role of the kinetic
effects in the formation of 5.[8] Thus, the lithium atom plays
an important role in the reactivity of 3. On the other hand,
in the reaction of 3 with iodomethane,[18] iodine might affect
the regioselectivity, leading to 4.


Figure 1. Structure of 7 (ORTEP drawing; 50% probability ellipsoids).
Hydrogen atoms except for H1 are omitted for clarity. The two p-tert-
butyl groups in the Mes* groups at C2 and C3 are disordered, and the
atoms with predominant occupancy factors (0.60 and 0.60, respectively)
are displayed. Selected bond lengths [M] and angles [8]: P1�F 1.560(4),
P1�C1 1.708(7), P1�CMes* 1.784(7), P2�C2 1.736(7), P2�C3 1.769(7), P3�
C1 1.778(6), P3�C3 1.724(7), C1�C2 1.454(7), C2�CMes* 1.505(7), C3�
CMes* 1.526(8), P1�H1 1.347; C1-P1-F 112.8(3), F-P1-CMes* 113.7(3), C1-
P1-CMes* 114.3(3), C2-P2-C3 97.3(3), C1-P3-C3 96.0(3), P1-C1-P3
123.4(3), P1-C1-P2 119.9(4), P3-C1-C2 116.1(5), P2-C2-P1 114.6(4), P2-
C2-CMes* 128.6(4), P1-C2-CMes* 128.6(4), P2-C3-P3 115.9(4).
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Although l5-phosphorus ylides are normally less stable
than the corresponding l3-phosphines, phosphorus ylides can
be isolated due to the large activation energy for the isomer-
ization.[23] In the case of phosphorus ylides bearing a P�H
bond, the activation energy is small and thus they should be
easily isomerized.[24] The stability of 5 and 7 might be attrib-
uted to the p-accepting effect of the P=C moiety[16,17,25]


which prevents H-migration.[8] Additionally, the NICS value
of 8 (�10.7 a.u.) is similar to that of 10 (�10.9 a.u.), which
suggests that aromaticity[26] contributes to stabilize the ylide
structure of 5 and 7.[27] Conversely, 9 showed lower aroma-
ticity (NICS=++0.5) compared with 8 (Table 1).


Conclusion


We have demonstrated that
1,3,6-triphosphafulvene 2 is a
promising material for the
preparation of phosphorus
ylides bearing a P�H bond, and
have synthesized 5 and 7. We
succeeded in determining the
molecular structure of 7 which
displays characteristics of phos-
phorus ylides, namely the P=C
double bond structure and the
polar zwitterionic structure.
Theoretical calculations for 8
supported the ylide structures
for the experimentally synthe-
sized 5 and 7. The p-electron-
accepting effect of the 1,3-di-
phosphacyclopentadiene moiety
seems to be quite effective in
stabilizing the structures of 5
and 7. The findings we have de-
scribed herein will open new re-
search areas in the chemistry of
phosphorus ylides.


Experimental Section


5a : Compound 2 was prepared according to our previous report.[11,17]


Methyllithium (0.064 mmol, 1.0m solution in diethyl ether) was added to
a solution of 2 (50 mg, 0.058 mmol) in THF (1 mL) at �78 8C, and acetic
acid (0.35 mmol) was immediately added. The reaction mixture was al-
lowed to warm up to room temperature and the solvent was removed in
vacuo. Purification of the crude products by chromatography on silica gel
(hexane/EtOAc 10:1) afforded 5a (21 mg; 41% yield). Yellow prisms
(hexane), m.p. 185–187 8C; 31P NMR (162 MHz, CDCl3): d=233.7 (d, J-
(P,P)=28.3 Hz), 229.3 (ddd, J(P,P)=97.2 Hz, J(P,P)=28.3 Hz, J(P,H)=
5.8 Hz), �23.2 ppm (ddq, J(P,H)=467.6 Hz, J(P,P)=97.2 Hz, J(P,H)=
12.8 Hz); 1H NMR (400 MHz, CDCl3): d=7.64 (ddq, J(P,H)=467.6 Hz,
J(P,H)=5.8 Hz, J(H,H)=5.6 Hz, 1H; PH) 7.53–7.38 (m, 6H; arom), 2.26
(dd, J(P,H)=12.8 Hz, J(H,H)=5.6 Hz, 3H; Me), 1.66 (s, 9H; tBu), 1.49
(s, 9H; tBu), 1.41 (s, 9H; tBu), 1.38 (s, 9H; tBu), 1.36 (s, 9H; tBu), 1.34
(s, 9H; tBu), 1.32 (s, 9H; tBu), 1.21 (s, 9H; tBu), 0.91 ppm (s, 9H; tBu);
13C{1H} NMR (101 MHz, CDCl3): d=182.6 (m; C2), 171.4 (d, J(P,C)=
46.7 Hz; C4), 159.1 (d, J(P,C)=7.3 Hz; o-Mes*), 158.4 (d, J(P,C)=8.8 Hz;
o-Mes*), 154.5 (d, J(P,C)=3.5 Hz; p-Mes*), 150.7 (d, J(P,C)=6.0 Hz; o-
Mes*), 149.3 (m; o-Mes*), 148.6 (s; p-Mes*), 146.4 (s; p-Mes*), 139.5 (pt,
(J(P,C)+J(P,C))/2=22.0 Hz; ipso-Mes*), 135.5 (dd, J(P,C)=24.3 Hz, J-
(P,C)=9.9 Hz; ipso-Mes*), 127.6 (d, J(P,C)=12.3 Hz; m-Mes*), 125.3 (d,
J(P,C)=12.2 Hz; m-Mes*), 123.9 (d, J(P,C)=7.6 Hz; m-Mes*), 122.5 (d,
J(P,C)=8.3 Hz; m-Mes*), 119.8 (pt, (J(P,C)+J(P,C))/2=58.6 Hz; C5),
117.1 (d, J(P,C)=74.8 Hz; ipso-Mes*), 39.5 (s; o-CMe3), 39.2 (s; o-CMe3),
39.1 (s; o-CMe3), 38.9 (s; o-CMe3), 35.5–34.3 (br.s; o-CMe3, p-CMe3),
31.7 (s; p-CMe3), 31.6 (s; p-CMe3), 31.1 (s; p-CMe3), 20.6 ppm (dd, J-
(P,C)=55.7 Hz, J(P,C)=6.2 Hz; Me); UV (hexanes): lmax(loge)=356
(3.72) nm; elemental analysis calcd (%) for C58H91P3·H2O: C 77.46, H
10.42; found: C 77.69, H 10.59.


Figure 2. Bond lengths [M] and Wiberg indices (in a.u. indicated in square brackets) and natural atomic charg-
es (in a.u.) of 8–13.


Table 1. Total and relative energies, and NICS indices for 8–13.[a]


E Erel NICS
[a.u.] [kJmol�1] [a.u.]


B3LYP CCSD(T) B3LYP CCSD(T) B3LYP


8 �1141.45067 �1139.55030 52.93 62.70 �10.7
9 �1140.25143 – – – 0.5
10 �1140.94915 – – – �10.9
11 �1141.47083 �1139.57418 0.00 0.00 �4.5
12 �1141.47045 �1139.57359 0.98 1.54 �5.1
13 �1141.46985 �1139.58113 2.58 �18.26 –


[a] Level of calculations: CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ.
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5b : Compound 2 (50 mg, 0.058 mmol) was allowed to react with butyl-
lithium (0.064 mmol, 1.6m solution in hexane) and acetic acid
(0.35 mmol) to afford 5b (23 mg, 44% yield) after workup similar to that
used in the synthesis of 5a. Yellow prisms (hexane), m.p. 203–205 8C;
31P NMR (162 MHz, CDCl3): d=240.0 (ddm, J(P,P)=113.2 Hz, J(P,P)=
27.3 Hz), 235.6 (d, J(P,P)=27.3 Hz), �4.5 ppm (ddm, J(P,H)=451.2 Hz,
J(P,P)=113.2 Hz); 1H NMR (400 MHz, CDCl3): d=7.24 (dm, J(P,H)=
451.2 Hz, 1H; PH), 7.58–7.50 (m, 6H; arom), 1.58 (s, 9H; tBu), 1.54 (s,
9H; tBu), 1.50 (s, 9H; tBu), 1.48 (s, 9H; tBu), 1.47 (s, 9H; tBu), 1.38 (s,
9H; tBu), 1.37 (s, 9H; tBu), 1.35 (s, 9H; tBu), 1.31 (s, 9H; tBu), 0.54 ppm
(t, J(H,H)=7.0 Hz, 3H; Me) (the methylene protons of the butyl group
were not assigned due to overlap with peaks of the tert-butyl groups);
UV (hexanes): lmax(loge)=352 (3.68) nm; elemental analysis calcd (%)
for C61H97P3·H2O: C 77.83, H 10.60; found: C 77.88, H 10.67.


7: Hydrogen tetrafluoroborate–diethyl ether complex (ca. 0.07 mmol)
was added to a solution of 2 (20 mg, 0.023 mmol) in dichloromethane
(1 mL) at room temperature. The reaction mixture was monitored by
31P NMR spectroscopy to observe phosphonium salt 6 (dP=313.5 (m),
42.5 (ddd, J(P,P)=65.6 Hz, J(P,F)=1116.0 Hz, J(P,H)=601.2 Hz), 35.4
(dd, J(P,P)=65.6 Hz, J(P,H)=250.3 Hz)). The reaction mixture was con-
centrated in vacuo and the residue was dissolved in ethyl acetate (1 mL).
The solution was concentrated and the residual materials were purified
by column chromatography on silica gel (hexane/EtOAc 1:1) to afford 7
(7 mg; 32% yield). Yellow prisms (hexane), m.p. 213–215 8C; 31P NMR
(162 MHz, CDCl3): d=249.4 (dpt, J(P,P)=34.5 Hz, (J(P,P)+J(P,F))/2=
9.6 Hz), 247.0 (ddd, J(P,P)=101.6 Hz, J(P,P)=34.5 Hz, J(P,H)=9.2 Hz),
45.2 ppm (dddd, J(P,F)=1077.3 Hz, J(P,H)=573.6 Hz, J(P,P)=101.6 Hz,
J(P,P)=9.6 Hz); 1H NMR (600 MHz, CDCl3): d=7.79 (ddd, J(P,H)=
573.6 Hz, J(F,H)=74.4 Hz, J(P,H)=9.2 Hz, 1H; PH), 7.57 (s, 1H; arom),
7.55 (s, 1H; arom), 7.50 (s, 2H; arom), 7.47 (s, 2H; arom), 1.46 (s, 9H;
tBu), 1.43 (s, 18H; tBu), 1.40 (s, 9H; tBu), 1.37 (s, 9H; tBu), 1.33 (s, 9H;
tBu), 1.28 (s, 18H; tBu), 1.06 ppm (s, 9H; tBu); 13C{1H} NMR (151 MHz,


CDCl3): d=184.4 (m; C2), 171.9 (d, J(P,C)=46.5 Hz; C4), 157.5 (s; p-
Mes*), 150.5 (d, J(P,C)=4.5 Hz; o-Mes*), 148.9 (m; o-Mes*), 148.4 (m;
o-Mes*), 147.9 (s; p-Mes*), 147.8 (d, J(P,C)=4 Hz; o-Mes*), 146.0 (s; p-
Mes*), 138.2 (pt, (J(P,C)+J(P,C))/2=20.2 Hz; ipso-Mes*), 135.9 (dd, J-
(P,C)=20.5 Hz, J(P,C)=10.5 Hz; ipso-Mes*), 122.4 (s; m-Mes*), 122.0 (s;
m-Mes*), 122.0 (s; m-Mes*), 121.6 (s; m-Mes*), 118.6 (m; C5), 112.2 (dd,
J(P,C)=114.0 Hz, J(F,C)=24.0 Hz; ipso-Mes*), 38.8 (s; o-CMe3), 38.6 (s;
o-CMe3), 38.4 (s; o-CMe3), 38.3 (s; o-CMe3), 35.4 (s; o-CMe3), 35.2 (s; p-
CMe3), 34.9 (s; p-CMe3), 34.8 (s; p-CMe3), 33.7 (s; o-CMe3), 33.0 (s; o-
CMe3), 31.5 (s; p-CMe3), 31.5 (s; p-CMe3), 30.8 ppm (s; p-CMe3);
19F NMR (559 MHz, CDCl3): d=�93.7 ppm (ddd, J(P,F)=1077.3 Hz, J-
(F,H)=74.4 Hz, J(P,F)=9.6 Hz); UV (hexanes): lmax(e)=381 (3.79), 320
(3.96) nm; elemental analysis calcd (%) for C57H88FP3: C 77.34, H 10.02;
found: C 76.85, H 10.20.


X-ray crystallography for 7: A Rigaku RAXIS-IV imaging plate detector
with graphite-monochromated MoKa radiation (l=0.71070 M) was used.
The structure was solved by direct methods (SIR92),[28] expanded by
using Fourier techniques (DIRDIF94),[29] and then refined by full-matrix
least squares. Structure solution, refinement, and graphical representation
were carried out using the teXsan package.[30] C57H88FP3, Mr=885.24,
crystal dimensions 0.20V0.15V0.10 mm3, triclinic, P1̄ (no. 2), a=
11.3053(6), b=23.251(2), c=10.5962(9) M, a=96.852(5), b=95.130(4),
g=91.659(2)8, V=2752.1(3) M3, Z=2, T=133 K, 2qmax=55.08, 1calcd=


1.068 gcm�3, m(MoKa)=0.145 mm�1, 22465 observed reflections, 11547
unique reflections (Rint=0.068), R1=0.089 (I > 3s(I)), RW=0.198 (all
data), S=1.41 (544 parameters). CCDC-267116 contains the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data request/cif.
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Introduction


According to the original definition of Lemal and co-work-
ers, a pseudopericyclic reaction is a concerted transforma-
tion whose primary changes in bonding encompass a cyclic
array of atoms, at one (or more) of which nonbonding and
bonding atomic orbitals interchange roles.[1] This means a
“disconnection” in the cyclic array of overlapping orbitals,
because the atomic orbitals switching functions are mutually


orthogonal. Hence, pseudopericyclic reactions cannot be or-
bital symmetry forbidden. Recently, Birney et al.[2–10] and
others[11–20] showed that a number of organic syntheses in-
volve this type of process. Although Lemal*s definition is
seemingly quite clear, there is some ambiguity as the orbital
description is not unique; thus, any unit transformation of
canonical molecular orbitals can be used to reproduce mo-
lecular properties.
Until now, no universally accepted, clear-cut, absolute cri-


terion exists for distinguishing a pseudopericyclic reaction
from a normal pericyclic reaction. This has led to controver-
sy in classifying some reactions.[21–24] In addition to using
structural criteria and natural bonding orbitals (NBOs),[25–27]


we examined magnetic properties with a view to assessing
aromatization during the processes. This relies on the fact
that the cyclic loop of a pericyclic reaction yields an aromat-
ic transition state,[28] as quantitatively confirmed for various
reactions.[29–32] Thus, Herges et al. showed that, in the vicini-
ty of the transition state in the Diels–Alder reaction, the
magnetic susceptibility c and its anisotropy canis exhibit well-
defined minima with respect to the reactant and product.[29]


On the other hand, the typical disconnection of pseudoperi-
cyclic reactions would have prevented this enhanced aroma-
tization, as shown by us for the unequivocally pseudopericy-


Abstract: A comprehensive B3LYP/6-
31+G* study on the electrocyclization
of 1,2,4,6-heptatetraene analogues was
conducted. Starting from the cycliza-
tion of (2Z)-2,4,5-hexatrienal, a pericy-
clic disrotatory process favored by the
assistance of a electron lone pair, we
incorporated small modifications in its
molecular structure to obtain a truly
pseudopericyclic process. To this pur-
pose electronegative atoms (fluorine
and nitrogen) were added to give a


more electrophilic character on the
carbon atom which is attacked by the
electron lone pair of the oxygen atom.
The complete pathway for each reac-
tion was determined, and changes in
magnetic properties were monitored
with a view to estimating the aromati-


zation associated with each process.
This information, together with the en-
ergetic and structural results, allowed
us to classify the reactions as pseudo-
pericyclic or pericyclic. Among all
studied reactions only one was a truly
pseudopericyclic process and another
was a borderline case. The features of
this unequivocally pseudopericyclic
case were analyzed in depth.
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clic cyclization of 5-oxo-2,4-pentadienal to pyran-2-one.[24]


This reaction involves in-plane attack of the electron lone
pair of the carbonyl oxygen atom on the electrophilic allene
carbon atom. The way c and especially canis change along
the reaction coordinate reveals that the process involves no
appreciable aromatization. This clearly departs from the typ-
ical aromatization of pericyclic processes.
Another method that uses the magnetic properties is


ACID (anisotropy of the current-induced density), recently
developed by Herges and Geuenich.[33] This method has
been used for the quantitative study of delocalization in
molecules. It has also been used to study several pericyclic
reactions and to distinguish coarctate from pseudocoarctate
reactions.[34,35] This seems to indicate that this method could
be useful for the study of pseudopericyclic reactions. Never-
theless, its systematic application to a substantial number of
pseudopericyclic reactions is still necessary to confirm its
general validity in this field.
Recently, we have shown that evaluation of magnetic


properties along the whole reaction is a useful tool to study
the pericyclic/pseudopericyclic character of a mechanism.
This analysis, together with ACID plots, allows the classifi-
cation of reactions with acceptable certainty.[36, 37]


The electrocyclization of 1,2,4,6-heptatetraene (reaction 1
in Figure 1) is an unequivocally pericyclic reaction: pz orbi-
tals of C1 and C2 rotate in a disrotatory way to close the
ring.[21–24] For reaction 2 the results suggest that, although
the electron lone pair on the oxygen atom seemingly plays a
crucial role in the reaction mechanism, it does not suffice to
deprive the reaction from the essential features of a pericy-
clic disrotatory electrocyclization.[20,22,24] The stabilization of
the transition state due to the interaction of the lone pair
with the p system already has been shown by Houk et al.
for the ring opening of 1,2-dihydroazete.[38] Because of this


interaction, in reaction 2 the molecule need not undergo as
much geometrical distortion as in a prototypical pericyclic
reaction. Notwithstanding its special features, reaction 2 re-
tains the essential characteristic of a pericyclic mechanism:
enhanced aromaticity near the transition state. Evidently,
there is a mechanistic continuum between a pure pericyclic
and a pure pseudopericyclic reaction; reaction 2 (and many
other reactions) behaves in a manner intermediate between
the two extremes. The involvement of the lone pair in reac-
tion 2 seemingly “pushes” the reaction mechanism towards
pseudopericyclic character, so this reaction may be a border-
line case. However, the results show that the borderline is
not crossed (no disconnection is apparent) and that reac-
tion 2 is a pericyclic disrotatory electrocyclization favored
by the assistance of an electron lone pair. We think that in
these cases it is appropriate to use the term “pericyclic reac-
tions favored by the assistance of a lone pair”, or simply “as-
sisted pericyclic reactions”.
The purpose of the present paper is modifying reaction 2


to push it across the borderline and to obtain a pseudoperi-
cyclic mechanism. To reach this target, electronegative
atoms (N and F) were added (reactions 3–6 in Figure 1) to
increase the positive charge at C2. Thus, in-plane attack of
the electron lone pair of O1 on this electrophilic carbon
atom will be favored. This occurs when C7H2 is replaced by
an oxygen atom, in the unequivocally pseudopericyclic cycli-
zation of 5-oxo-2,4-pentadienal to pyran-2-one.[24]


Based on the foregoing, we conducted a comprehensive
DFT study on the reactions of Figure 1. The pathways for
the reactions were elucidated, and the variation of magnetic
properties along each was examined to classify them as peri-
cyclic or pseudopericyclic processes.
The knowledge of the conditions which can help to obtain


a pseudopericyclic mechanism is interesting since pseudo-
pericyclic reactions take place with small (or even zero) acti-
vation energies; this is an important result for synthetic or-
ganic chemistry.


Abstract in Spanish: Se ha llevado a cabo un exhaustivo es-
tudio B3LYP/6-31+G* de la electrociclaci$n de an%logos del
1,2,4,6-heptatetraeno. Partiendo de la ciclaci$n del (2Z)-2,4,5-
hexatrienal, un proceso peric-clico disrotatorio favorecido
por la ayuda de un par electr$nico solitario, hemos incorpo-
rado pequeÇas modificaciones en su estructura molecular con
el fin de obtener un proceso verdaderamente pseudoperic-cli-
co. Con este prop$sito se aÇadieron %tomos electronegativos
(flfflor y ox-geno) para conseguir un mayor car%cter electrof--
lico en el %tomo de carbono que es atacado por el par elec-
tr$nico solitario del %tomo de ox-geno. Se han determinado
los caminos de reacci$n completos y se ha observado la va-
riaci$n de las propiedades magn3ticas con el fin de estimar la
aromatizaci$n asociada a cada proceso. Esta informaci$n,
junto con los resultados energ3ticos y estructurales, nos han
permitido clasificar las reacciones como pseudoperic-clicas o
peric-clicas. De todas las reacciones estudiadas s$lo una re-
sult$ ser realmente pseudoperic-clica y otra result$ ser un
caso l-mite. Las caracter-sticas de este caso inequ-vocamente
pseudoperic-clico han sido analizadas en profundidad.


Figure 1. Reaction scheme for the studied electrocyclizations.
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Computational Methods


The geometry of each stationary point was fully optimized using the
Gaussian98 software package[39] with the 6-31+G* basis set and density
functional theory (B3LYP functional).[40,41] All points were characterized
as minima or transition structures by calculating the harmonic vibrational
frequencies by using analytical second derivatives. The pathway for each
reaction was obtained by using the intrinsic reaction coordinate (IRC)
with mass-weighted coordinates.[42–44] Although the evaluation of the ab-
solute aromaticity of a compound remains a controversial, relatively ob-
scure issue,[45] we were primarily interested in its variation during the re-
action, and the evaluation of magnetic properties can be a useful tool for
this purpose. Changes in magnetic properties along the IRC were moni-
tored at different points, for which the magnetic susceptibility c and its
anisotropy canis were calculated. Magnetic susceptibility values were cal-
culated by computing the NMR shielding tensors using the IGAIM (indi-
vidual gauges for atoms in molecules) method,[46,47] which is a slight var-
iation of the CSGT (continuous set of gauge transformations)
method.[46, 48] The variation of the NICS[49] (nucleus-independent chemical
shift) was also monitored along the IRC. We also carried out some
ACID calculations (anisotropy of the current-induced density) with the
program supplied by Herges.[33]


Results and Discussion


Figure 2 shows the energy profiles obtained from the IRC
calculations. The whole reaction pathway from reactants to
products was determined in all cases.[50] According to this
figure, reactions 2, 3, and 4 have an energy barrier only
slightly smaller than that for the prototypical pericyclic reac-
tion 1. Only reaction 6 and, especially, reaction 5 have sub-
stantially smaller energy barriers. The calculated values (at
0 K, including zero-point vibrational energies) were 11.4,
8.6, 10.2, 9.8, 1.0, and 5.3 kcalmol�1 for reactions 1–6, re-
spectively. These are not true overall barrier heights as their
computation was based on the cZc conformation of the re-
actant, which is the most unstable, rather on the most stable


one, generally tZt. The overall barrier heights thus were
20.5, 14.9, 16.4, 13.9, 3.3, and 7.3 kcalmol�1, respectively.
Pseudopericyclic reactions are known to exhibit low activa-
tion energies.[2–10] This conclusion should be interpreted in a
relative rather than absolute manner as, in fact, pseudoperi-
cyclic reactions have low activation energies with respect to
analogous pericyclic reactions. Thus, the pseudopericyclic
Boulton–Katritzky rearrangement of (5R)-4-nitrosobenz[c]-
isoxazole and its anion have activation energies higher than
30 kcalmol�1.[37] The difficulty arises when we are looking
for “the analogous pericyclic reaction”, since it is sometimes
a not easy task. For these reasons, the barrier heights can
reveal some trends or clues, but they do not constitute proof
of the pericyclic/pseudopericyclic character of the reactions.
According to Birney et al. pseudopericyclic reactions have


planar transition states.[2–10] As can be seen in Figure 3
(which includes the normal vibrational frequency corre-
sponding to each imaginary frequency) and Table 1, there
are substantial differences in the planarity of the transition
structures. Thus, TS1, TS2, and TS3 have geometries strongly
distorted from planarity, whereas the remaining transition
structures, especially TS5, show more planar geometries. On
the whole, TS6 is less planar than TS5; however, in TS6 the
H atoms of C7 show a spatial arrangement that does not
point to a disrotatory electrocyclization. The dihedral angles
of these H atoms are very close to planarity: 169.28 and
�12.58 (see Table 1). An almost total lack of rotation of
these H atoms is observed when we display the animation of
the imaginary frequency for TS6. In TS5 the situation is very


Figure 2. Energy profiles for the reactions.
Figure 3. Transition structures and normal mode eigenvectors for the co-
ordinate frequency.
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different: the dihedral angle H-N7-C2-C3 is 143.98, and the
animation clearly shows a rotatory movement.
If we take TS6 and carry out an optimization (search for a


TS) with enforcement of a planar geometry for the six-mem-
bered ring (all the atoms of the molecule were constrained
to a plane except for the two H atoms of C7), we obtain a
structure which is not true TS, since an additional imaginary
frequency appears (corresponding to deformation of the en-
forced plane, as expected). This structure with full Cs sym-
metry (at the end of the optimization the H atoms were
placed in the molecular plane, too) has an energy (including
ZPE) only 0.19 kcalmol�1 above that of the true transition
structure. An analogous calculation for TS5 gives a value of
1.22 kcalmol�1 (H atom out of plane), although TS5 is more
planar than TS6. For the remaining transition structures
much larger values are obtained (e.g., 5.89 kcalmol�1 for
TS2 and 4.82 kcalmol


�1 for the rather planar TS4). In sum-
mary, although TS6 does not have the greater planarity, its
geometrical and energetical characteristics point to a pseu-
dopericyclic reaction. The same holds to a lesser extent for
reaction 5.
Figures 4 and 5 show the variation of the magnetic prop-


erties during the reactions. Reactions 1–4 show the typical
pattern expected for a pericyclic reaction: marked aromati-
zation near the transition state that is reflected in the pres-
ence of well-defined minima in the curve for both magnetic
susceptibility c and its anisotropy canis. Reaction 6 shows an
absolute pseudopericyclic pattern, that is, no aromatization
near the transition state: c and canis rise continuously. Reac-


tion 5 is the most difficult to in-
terpret; although there are
slight minima in the plots, the
behavior is very different from
that of the four clearly pericy-
clic reactions.
Figure 6 shows the behavior


of the NICS along the reaction
coordinates. For each point of
the IRC the NICS value was
calculated at two points: at the
geometric center of the six-
membered ring and at the ring
critical point (3,+1), RCP, as
defined by Bader*s theory.[51]


No appreciable differences are
found for these two curves (be-
cause the geometric centres and
the RCPs are rather close), so
the choice of the geometrical
center is appropriate to save
computation time (at least for
cases similar to these). In any
case, Figure 6 leads to the same
conclusions as Figures 4 and 5:
clearly pericyclic behavior for


Table 1. Bond lengths [T], angles [8] and dihedral angles [8] at the transition states.


TS1 TS2 TS3 TS4 TS5 TS6


X1�C6 1.380 1.257 1.257 1.261 1.254 1.252
C6�C5 1.413 1.418 1.422 1.413 1.418 1.426
C5�C4 1.387 1.388 1.389 1.388 1.383 1.382
C4�C3 1.426 1.411 1.413 1.402 1.411 1.343
C3�C2 1.360 1.365 1.362 1.364 1.369 1.259
C2�X1 2.274 2.041 2.009 2.008 2.127 2.120
X7�C2 1.326 1.316 1.315 1.317 1.218 1.319
C3-C2-X1 101.1 103.7 107.7 102.2 100.6 103.4
C4-C3-C2 129.2 124.6 121.9 128.5 127.9 129.1
C5-C4-C3 126.0 124.9 123.3 124.5 128.1 124.4
C6-C5-C4 122.1 119.6 120.2 119.3 120.5 121.0
X1-C6-C5 120.9 125.3 126.8 124.2 123.6 125.3
C2-X1-C6 105.8 114.2 110.6 117.1 117.8 111.0
X7-C2-C3 148.6 152.6 147.8 149.8 155.7 154.7
X7-C2-C1 108.2 103.6 103.8 107.8 105.8 101.9
C4-C3-C2-X1 �1.5 �27.8 �30.2 �17.6 �12.4 �27.6
C5-C4-C3-C2 20.5 19.2 19.5 13.7 9.4 23.6
C6-C5-C4-C3 -8.2 10.3 12.1 8.2 4.4 2.5
X1-C6-C5-C4 �30.6 �21.6 �26.1 �20.5 �9.2 �13.0
C2-X1-C6-C5 42.5 7.6 10.3 13.0 3.3 4.1
C3-C2-X1-C6 �27.7 16.0 16.9 5.1 7.0 14.4
ring distortion[a] 131.0 102.5 115.1 78.1 45.7 85.1
X7-C2-C3-C4 157.8 146.2 138.1 155.7 155.7 152.5
C2-X1-C6-H �130.2 �166.8 �162.7 �161.6 �174.5 �173.2
H-X7-C2-C3 151.5 157.4 163.7 150.1 143.9 169.2


�32.5 �26.4 �19.6 �33.4 �12.5


[a] This is a simple way of quantifying the nonplanarity of the six-membered ring. It is calculated merely by
adding the absolute values of the previous six dihedral angles.


Figure 4. Variation of magnetic susceptibility relative to the reactant.
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reactions 1–4, clearly pseudopericyclic behavior for reaction
6 and a behavior that is very difficult to classify for reac-
tion 5. Figure 7 shows the variation of NICS along a normal
axis for the six transition structures (positive Z values above
the molecules as they are shown in Figure 3). For pericyclic
reactions 1–4 a deep minimum appears. As expected, these
minima are located under the molecule, since on this side
the disrotatory movement allows close proximity between
the terminal pz atomic orbitals (of X1 and C2). For this sit-
uation de Lera et al. proposed the term p1 aromaticity.[21] No
appreciable minimum appears for reaction 6, and a very
shallow minimum is observed for reaction 5. In this figure
we can observe a progression in the form of the curve going
from the most pericyclic reaction 1 up to the pseudopericy-
clic behavior of reaction 6. As the progression advances, the
minimum at the lower side disappears and a maximum in
the upper side appears.
To investigate the existence of disconnections (typical of


pseudopericyclic reactions) we also applied the ACID
method.[33–35] This method is an efficient tool for the investi-
gation and visualization of delocalization and conjugation.
In principle a cyclic topology in an ACID plot indicates a
pericyclic reaction. Disconnections that are characteristic for
pseudopericyclic systems are immediately visible as a dis-
connection in the continuous system of the ACID boundary


surface. Figure 8 presents the ACID isosurface of each tran-
sition structure (an isosurface of anisotropy 0.030 was
chosen). The figure shows the lower side of the molecule


Figure 5. Variation of anisotropy of the magnetic susceptibility relative to
the reactant. Figure 6. Variation of NICS.


Figure 7. Variation of NICS along a normal axis for the six transition
structures (positive Z values over the molecules as they are shown in
Figure 3).
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where the ring current is basically located. The vector of the
magnetic field points downwards. The transition structures
for reactions 1–4 do not exhibit any disconnection. More-
over, plotting the current density vectors onto the isosurface
shows the pericyclic nature of the delocalized system: the
strong diatropic ring current forms a closed loop around the
six-membered ring, as expected for an aromatic system. The
behavior of TS5 and TS6 is markedly different: a disconnec-
tion seems to exist in bond O1�C2, and a diatropic ring cur-
rent is not observed. The extent of conjugation can be quan-
tified by the critical isosurface value (CIV) at which the top-
ology of the ACID boundary surface changes: 0.064, 0.050,
0.062, 0.059, 0.025, and 0.017 for reactions 1–6, respectively.
Again, reactions 1–4 behave in a pericyclic manner (large


CIV), while the values for reac-
tions 5–6 point to a pseudoperi-
cyclic behavior. However, if we
analyse these two reactions in
depth, several differences can
be found between them. First,
CIV for TS5 is not as small as
the usual pseudopericyclic
values. Moreover, an ACID
plot for TS5 at a smaller isoval-
ue (�0.020) reveals a small dia-
tropic ring current flowing
around the loop. However, for
reaction 6, when the isovalue
was lower than the CIV (0.017),
no ring current could be ob-
served. This reaffirms the pseu-
dopericyclic character of reac-
tion 6, but adds more doubt
about the classification of reac-
tion 5.
One purposes of this work is


modifying reaction 2 to obtain a
pseudopericyclic mechanism.
We thought that this should be
possible by increasing the elec-
trophilic character of C2.
Hence, electronegative atoms
(N and F) were added in reac-
tions 3–6. Table 2 lists point
charges at C2 obtained by NBO
calculations and by means of
electrostatic potential-derived
charges (Merk-Singh–Kollmam
scheme). The charges corre-
spond to reactants in their “re-
active” conformation (cZc).
Considering the limited predic-
tive ability of point charges,
only for reactants 5 and 6 is a
significant positive charge ach-


ieved. The inclusion of F atoms (reactions 3 and 4) even re-
duces the positive charge, probably because they are placed
in the position b to C2 and affect the contiguous C atoms.


Figure 8. ACID plots for the transition states of reactions 1–6. The current density vectors (green arrows with
red tips) are plotted on the isosurface of value 0.030. The vector of the magnetic field is shown for TS1. In
TS1–4 the current density vectors exhibit a closed circle in the six-membered ring and no disconnection. In
TS5,6 the topology of delocalized electrons exhibits one disconnection.


Table 2. Point charges at C2 obtained by NBO calculations and by
means of electrostatic potential-derived charges (Merk-Singh–Kollmam
(MK) scheme).


NBO MK


reactant 1 +0.09 +0.22
reactant 2 +0.16 +0.27
reactant 3 �0.07 �0.19
reactant 4 +0.05 +0.10
reactant 5 +0.50 +0.59
reactant 6 +0.46 +0.43
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However, for reactants 5 and 6 the N atom can withdraw
charge from C2 since it is located contiguously. The point
charges for these two reactants lead to the next question:
why is reaction 6 more clearly pseudopericyclic than reac-
tion 5 although the positive charge on C2 is similar or even
smaller? The answer seems clear: there are influencing fac-
tors other than charge on C2. An exhaustive analysis of the
characteristics of the reactant corresponding to reaction 6 al-
lowed us to find the reasons for the pseudopericyclicity of
this reaction.
For reactants 1–5 there is conjugation between bonds p-


(2–3), p(4–5) and p(6–1); hence, because of the allene
moiety, bond p(2–7) adopts a perpendicular arrangement
relative to the other three p bonds (in the reaction bond p-
(2–7) must rotate to become coplanar with the rest of the
molecule). However, reactant 6 has a rather unexpected ge-
ometry (Figure 9). The positions of the hydrogen atoms of
C7 do not agree with the expected structure. Accordingly,
bond p(2–3), which must be perpendicular to bond p(2–7),
would be out of conjugation (the dihedral angle C2-N3-C4-
C5 is 70.48). To explain this surprising behavior we carried
out an NBO calculation on reactant 6, which allowed us to
understand all these facts: The reason for the “anomaly” is
the position of the nitrogen lone pair (LP), the NBO of
which has a p character greater than expected (81% instead
of the typical 67% for an sp2 hybrid) and does not point
outwards from the molecule; it is practically normal to the
structure. This is corroborated by molecular electrostatic po-
tential (MEP) calculations: Figure 9 reveals a negative iso-
surface (0.035 a.u., dotted) which shows the position of the
oxygen LPs (the larger region) and the nitrogen LP (the
smaller region). Thus, it is this LP and not bond p(2–3)
which conjugates with bonds p(4–5) and p(6–1). Figure 10a
and b clearly show this situation. However, for reactant 5
(and for all the others) the expected structure is found (see
Figure 10c). The peculiar structure of reactant 6 favors the
pseudopericyclic character of the electrocyclization, since
bond p(2–3) no longer needs to rotate and the H atoms of
C7 are practically in their final position already. Thus, basi-


cally, reaction 6 consists only of bringing together O1 with
C2, which takes place by attack of the O1 LP on positively
charged C2. Figure 11 shows that the rotation of the H
atoms of C7 along the reaction coordinate is very smooth,
but this rotation is much more noticeable for reaction 5.


Conclusion


According to previous calculations, the electrocyclization of
(2Z)-2,4,5-hexatrienal (reaction 2) is a pericyclic disrotatory
process favored by the assistance of an electron lone
pair.[20, 22,24] Although the evidence reported is suggestive of
an essentially pericyclic mechanism, its features are in-be-
tween those of a prototypical pericyclic reaction and a pro-
totypical pseudopericyclic reaction. We investigated how we
could modify reactant 2 to achieve a pseudopericyclic pro-
cess. To this purpose, electronegative atoms (N and F) were


Figure 9. Optimized geometry of reactant 6 in its “reactive” conformation
cZc. The dots correspond to an isosurface (�0.035 a.u.) of molecular
electrostatic potential (MEP).


Figure 10. NBOs. a) p(4–5), p(1–6) and LP(N3) for reactant 6. b) p(2–3)
for reactant 6. c) p(2–3), p(4–5) and p(1–6) for reactant 5.
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added to favor the electrophilic character of carbon atom
C2 and hence attack of the electron lone pair of O1 (reac-
tions 3–6).
We used the variation of energy, structural and magnetic


parameters along the reaction pathway with a view to exam-
ining all the reactions. Based on the results, reactions 3 and
4 behave similarly to pericyclic reaction 2. In these two reac-
tions, substitution by fluorine atoms does not achieve the
purpose of increasing the positive charge on C2, probably
because the F atoms are not located contiguously with C2.
On the contrary, for reactants 5 and 6 the N atom can with-
draw charge from C2. The examination of structural and
magnetic parameters along the reaction pathway allows us
to conclude that reaction 6 follows a pseudopericyclic mech-
anism. The classification of reaction 5 as pericyclic or pseu-
dopericyclic is a very challenging task. All the results indi-
cate that this reaction is a borderline case; its behavior is far
from those of the other pericyclic reactions, but it retains
some features typical of the pericyclic pattern (albeit in an
almost imperceptible manner). Thus, minima appear in the
plots of susceptibility c, anisotropy of susceptibility canis and
NICS, but these minima are very smooth, virtually nonexis-
tent. Something similar happens with ACID results: al-
though the behavior of TS5 is very different from those of
pericyclic TS1–4, an ACID plot with a small isovalue reveals
a small diatropic ring current flowing around the loop (typi-
cal of a pericyclic TS). For TS6, under no circumstances does
the ring current appear.
In conclusion, reaction 6 can definitely be classified as


pseudopericyclic. However, reaction 5, although it possesses
features of pseudopericyclic nature, is preferably designated
as very weakly pericyclic. However, this is a borderline case
and perhaps only a nomenclature issue. More important is
why reaction 5 is less pseudopericyclic than reaction 6 al-
though in both cases the electrophilic character of C2 of the
reactants is similar (even higher for reactant 5). A detailed
examination of reactant 6 allows us to explain this: the ge-


ometry is not as expected, due to the “anomalous” position
of the nitrogen LP. According to NBO calculations this LP
has a high p character and conjugates with two p bonds. The
peculiar structure of reactant 6 favors the pseudopericyclic
character of the electrocyclization, since an important por-
tion of the molecule is nearly in its final position already,
and rotation of the allene part is unnecessary.
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atom adopts the expected geometry: absolutely normal to the allene
moiety. However, in the reactive conformation (cZc) the H atom
loses this geometry and has already substantially moved towards the
ring oxygen atom: the C1-C2-N7-H dihedral is �62.18, very close to
�48.28 in TS5.


[51] R. F. W. Bader, Atoms in Molecules. A Quantum Theory, Clarendon
Press, Oxford, 1990.
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Gas-Phase Dehydrogenation of Methanol with Mononuclear Vanadium-
Oxide Cations


Marianne Engeser,[a, b] Detlef Schrçder,*[a] and Helmut Schwarz[a]


Introduction


Transition-metal oxides play a tremendous role in heteroge-
neous catalysis. One major application is their use in oxida-
tion reactions. Two important examples of oxidation cataly-
sis using vanadium oxides are the oxidation of SO2 to SO3


for the production of sulfuric acid and that of butane to
afford maleic anhydride.[1–23] It has been proposed that the
alkane oxidation by transition-metal-oxide catalysts pro-
ceeds via alcohols and alkoxides as intermediates.[1,2,4] Fur-
thermore, methanol oxidation itself yields valuable products
such as formaldehyde and formic acid.[1,5] Like in many
complicated heterogeneously catalyzed oxidation reactions,
there are still a lot of mechanistic puzzles to be solved—also
in vanadium-oxide-mediated catalysis.[1a,6] In particular, the
roles of formal oxidation states and functional groups that
form the “active sites” of a catalyst are of interest. In that
respect, some fundamental insight might be gained by study-
ing the reactivity of small model systems.[7] In the extreme
case, these may be isolated molecules—if not atoms—in the


gas phase.[8,9] By this approach, the reaction conditions can
be controlled very accurately, and obscuring effects such as
surface defects, aggregation phenomena, fast subsequent re-
actions, solvent and others are avoided. This reductionistic
approach, down to the most simple model system, facilitates
an understanding of the role of electronic structures on
mechanistic details at a molecular level, but also entails that
a direct extrapolation of the findings to applied catalysis
may well be impossible.[10]


The present work describes the ion–molecule reactions of
the mass-selected vanadium cations V+ , VO+ , VOH+ , and
VO2


+ with methanol. The aim is to investigate the influence
of the metal7s formal oxidation state and the reactivity of
isolated functional groups (i.e. , V=O, V�OH). The experi-
mental results are complemented by some theoretical work
on the VO+-mediated dehydrogenation of methanol to clar-
ify the roles of the oxo ligand and the metal. Our investiga-
tion is part of collaborative experimental and theoretical ef-
forts in the Berlin area[11] on the mechanisms of oxidation
reactions catalyzed by transition-metal oxides with a partic-
ular focus on the industrially important vanadium oxide cat-
alysts. In addition, this investigation constitutes an extension
of our previous work on the ion chemistry of vanadium alk-
oxides[12–14] and the mechanisms of alkane oxidation by va-
nadium oxides.[15,16] Recently, the reactions of methanol with
mass-selected V+ and VO+ have been investigated by Cao
et al. using ion-cyclotron-resonance (ICR) mass spectrome-
try as well as theoretical methods.[17] Moreover, Castleman
and co-workers described the reactions of methanol with
MxOy


+ clusters (M=V, Nb) and included the mononuclear
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ions VO+ and VO2
+ for comparison.[18] These results will be


discussed in the context of our findings described herein.


Methods


Ion–molecule reactions were examined with a Spectrospin CMS 47X
FTICR mass spectrometer equipped with an external ion source as de-
scribed elsewhere.[19,20] In brief, V+ was generated by laser ablation of a
vanadium target by using a Nd/YAG laser operating at 1064 nm. A series
of potentials and ion lenses was used to transfer the ions to the ICR cell,
which was positioned in the bore of a 7.05 T superconducting magnet.
Mass-selected 51V+ was then subjected to a pulse of argon or converted
to VO+ by reaction with pulsed-in O2, respectively.[21] VO2


+ was pre-
pared by using a pulse of N2O.[15] During the gas pulses, the ions undergo
several hundreds of collisions so that the product ions were assumed to
be thermalized.[22] The reactivity of the subsequently mass-selected ion of
interest was studied by introducing methanol by a leak valve at stationary
pressures in the order of 10�8 mbar. The experimental second-order rate
constants were evaluated assuming the pseudo first-order kinetic approxi-
mation after calibration of the measured pressures and acknowledgement
of the ion gauge sensitivities.[23] The error of the absolute rate constants
is �30%, while the error for the relative rate constants amounts to only
10%. To study the reactivity of VOH+ , the product ion VOH+ formed
in the reaction of V+ with methanol was thermalized with another pulse
of argon and mass-selected before its reactivity was monitored as de-
scribed above.


All calculations employed the hybrid density functional theory (DFT)
B3LYP method[24] as implemented in the Gaussian 98 program pack-
age.[25] After a preliminary scan of the potential-energy surfaces with the
Lanl2DZ basis sets,[26] the relevant structures were re-optimized with the
Ahlrichs valence triple-z basis sets with polarization functions on all
atoms,[27] which was used in a previous benchmark study for vanadium
alkoxides.[12] For all stationary points obtained, vibrational frequencies
were computed at the same level of theory in order to confirm that these
correspond to local minima (no imaginary frequency) or transition struc-
tures (one imaginary frequency) or higher-order saddle points. All ener-
gies given below refer to 0 K and include zero-point energy (ZPE).


Results and Discussion


This section is organized as follows: A description and dis-
cussion of the primary ion–molecule reactions of the four
selected cations, in conjunction with a comparison to previ-
ous measurements,[17, 18] is followed by a presentation of the-
oretical results of one of these reactions, that is, the dehy-
drogenation of methanol by VO+ . The subsequent reactions
of the products formed in the primary ion–molecule reac-
tions are then described. The section closes with a discussion
of the results in the context of previous studies on vanadium
alkoxides,[12] and the reactivity of other transition-metal
oxides in the gas phase.[28,29,30]


Primary ion–molecule reactions : Four different cationic va-
nadium species have been selected for this work. The two
plain vanadium oxides VO+ and VO2


+ cover the oxidation
states + iii and +v, respectively. For comparison, the hy-
droxide VOH+ (+ ii) and atomic V+ (+ i) ions were also
studied. The measured rate constants, reaction efficiencies
and primary branching ratios for the reactions with metha-


nol are summarized in Table 1. For all cases, except VOH+ ,
reaction efficiencies in the order of only f=10% are ob-
served, which indicate thermochemical restrictions for prod-
uct formation and/or the existence of substantial kinetic bar-


riers; here, the reaction efficiency is defined as f=kR/kC


where kR is the experimentally measured rate constant and
kC corresponds to the gas-kinetic collision rate.[31]


The reaction of V+ with methanol is dominated by the
formation of VO+ concomitant with the liberation of meth-
ane. The abstraction of the oxygen atom from methanol is
strongly exothermic (DrH=�204 kJmol�1, Table 2). As a


minor channel, the loss of a methyl radical by OH abstrac-
tion is observed as well (DrH=�46 kJmol�1) and provides
access to the VOH+ cation for further reactivity studies.
These results qualitatively agree with the experimental data
of Cao et al.[17] who, however, did not report branching
ratios. The abundance of VOH+ exceeds that of VO+ in
their experiments, which might be explained by the omission
of an efficient thermalization step prior to the reactivity
studies, of which we took particular care.[21]


Oxygen atom and OH abstraction are also observed when
VOH+ interacts with methanol, but only in very low levels.
A new channel, the formation of [VCH3O]+ , dominates the
product pattern by far. Formally, this pathway corresponds
to a condensation reaction forming VOCH3


+ and a neutral
water molecule and can hence be regarded as a replacement


Table 1. Experimental second-order rate constants (k), reaction efficien-
cies (f)[a] and primary neutral products[b] for the ion–molecule reactions
of methanol with cationic vanadium species in different oxidation states.


Ion V+ VOH+ VO+ VO2
+


Oxidation state i ii iii v


k[c] 2.5 14.0 1.2 2.0
f 10 70 6 10
�H2 95
�H2O >90 28
�CH2O 72
�CH4 70 <5 5
�CH3 30 <5


[a] Efficiency relative to the gas-kinetic collision rate calculated accord-
ing to ref. [31c]. [b] Intensities are normalized to a sum of 100%.
[c] Given in 10�10 cm3 molecule�1 s�1. The error is assumed to be �30%.


Table 2. Heats of formation [kJmol�1][a] of species used in the data anal-
ysis.


DfH DfH


V+ 1162 � 8[b] CH3C 146.5 � 0.5[f]


VO+ 832 � 12[c] CH4 �74.9 � 0.3[g]


VOH+ 768 � 15[d] CH2O �108.6 � 0.5[b]


VO2
+ 716 � 16[e] CH3OC 17 � 4[f]


O 249.2 � 0.1[b] CH3OH �201.1 � 0.2[g]


OH 39.3 � 0.2[f] H2O �241.8 � 0.1[g]


[a] Values for gaseous species at 298 K. [b] Ref. [68]. [c] Derived using
D0(V


+�O)=5.99 � 0.1 eV (ref. [66]). [d] Derived using D0(V
+�OH)=


4.50 � 0.15 eV (ref. [66]). [e] This work, see text. [f] Ref. [69]. [g]
Ref. [59].
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of the hydroxy ligand in VOH+ by a methoxy group. The
enhanced reaction rate, compared with the atomic or higher
oxide cations of vanadium, can be ascribed to the presence
of the hydroxyl group, which opens up a new and strongly
favored reaction channel during which no redox reaction is
involved. No thermochemical data for the product ion
VOCH3


+ is available in the literature so far. Its formation
from VOH+ and methanol in an ICR experiment implies
DfH(VOCH3


+)�809�20 kJmol�1 and thus a lower limit of
D(V+�OCH3)=370�25 kJmol�1.[32, 33] Given the absence of
V(OCH3)


+ as a product in the reaction of V+ with CH3OH,
we may furthermore cautiously propose an upper limit of D-
(V+�OCH3)<D(H�OCH3) = 435�4 kJmol�1. The free re-
action enthalpy of the reaction 4VOH+ +CH3OH!
4VOCH3


+ +H2O, calculated at the same B3LYP-TZVP level
as used in the computational studies described below,
amounts to DG298=�41 kJmol�1.[34] A slight exothermicity
of the OH/OCH3 exchange is consistent with the occurrence
of this reaction under ICR conditions as well as previous
findings for the analogous ions of iron.[35] Accordingly, for a
thermochemical estimate we combine the experimental data
of VOH+ , CH3OH, and H2O with the computed exother-
micity, which leads to a bond energy in the range of D(V+�
OCH3) = 410�40 kJmol�1. A comparison of the bond
strengths in VOCH3


+ and VOH+ reveals strong similarities;
this suggests that the V�O bond is not largely affected by
the VOH+!VOCH3


+ conversion. Interestingly, however,
D(V+�OCH3)=410�40 kJmol�1 implies that D(VO+�
CH3)=210�20 kJmol�1 and thus points to an unusually
weak C�O bond in VOCH3


+ compared with the typical C�
O bond strengths, for example, D(H3C�OH)=387�
1 kJmol�1 (Table 2).


The main pathway (95%) in the reaction of VO+ with
methanol gives rise to the elimination of molecular hydro-
gen. The intuitive assignment of the product ion [VCH2O2]


+


as the formaldehyde complex OV(OCH2)
+ , formed by a se-


lective 1,2-dehydrogenation, is corroborated by the exclusive
loss of HD when reacting CD3OH with VO+ . D2 loss, corre-
sponding to a 1,1-elimination, is not observed. Furthermore,
the presence of a formaldehyde unit in [VCH2O2]


+ is indi-
cated by the rapid consecutive reaction of this ion with
methanol to afford [VCH4O2]


+ , which implies an exchange
of a CH2O ligand by CH3OH (see below). Given the forma-
tion of OV(OCH2)


+ , the dehydrogenation of methanol by
VO+ therefore is not associated with a change in the oxida-
tion state of the metal. Somewhat intriguing is the finding
that VO2


+ is also formed from methanol/VO+ in low, but
reproducible yields of about 5%, since methane formation
indicates D(OV+�O)�DfH(CH3OH)-DfH(O)-DfH(CH4)=
375�20 kJmol�1, where the margin of error acknowledges
the uncertainty associated with thermal contributions in the
measurements conducted at 298 K.[32] This value is higher
than the one reported from guided-ion-beam (GIB) experi-
ments of D0(OV+�O)=295�39 kJmol�1.[36] Even though
the GIB technique usually provides reliable thermochemical
data, this particular value might have been underestimated,
because it was derived from the apparent threshold of the


very endothermic reaction VO+ + CO!VO2
+ + C that has


to compete with the less endothermic and therefore favored
formation of V+ + CO2. In fact, more recent collision-in-
duced dissociation experiments yield D0(OV+�O)=339�
35 kJmol�1,[37] which is in good agreement with the broader
range of D0(OV+�O)=333�43 kJmol�1 obtained by ICR
bracketing.[15] Furthermore, theoretical values such as D0-
(OV+�O)=377 kJmol�1 and 423 kJmol�1 have been report-
ed.[15,38] As indicated by the formation of VO2


+ by reduction
of methanol to methane, the bond-dissociation energy
should lie closer to the upper end of the reported experi-
mental error bars. In combining the values D0(OV+�O)=
339�35 kJmol�1, D0(OV+�O)=333�43 kJmol�1, and D-
(OV+�O) �375�20 kJmol�1, we arrive at D(OV+�O)=
365�10 kJmol�1 and hence DfH(VO2


+)=716�16 kJmol�1,
which is used in the following. The efficiency of the reaction
of methanol with VO+ (f=6%) is even lower than for V+


and VO2
+ (Table 1). As both the reactants and the products


exhibit triplet ground states (see below), a kinetic barrier
caused by a transition structure located energetically close
to the entrance channel may provide an explanation for the
low reaction efficiency. Alternatively, a spin-induced kinetic
bottleneck in terms of two-state reactivity[39] is also conceiv-
able. While our experimental findings in the VO+/CH3OH
system are consistent with the qualitative studies of Cao
et al. ,[17] some disagreement evolves in comparison with the
work of Justes et al.[18] . They reported the formation of
VOCH3


+ , which could neither be observed in the ICR ex-
periments of Cao et al., nor in the present ICR study, nor in
independent experiments obtained using a multipole instru-
ment.[14] In addition, the estimate D(VO+�CH3)=210�
20 kJmol�1 derived above contradicts an exothermic methyl
transfer from methanol to VO+ as D(CH3�OH)=386�
1 kJmol�1. Among others, a possible rationale is that the
mode of mass selection of VO+ in the experiments de-
scribed by Justes et al.[18] was not perfect in that some
VOH+ was present in the mass-selected beam. In view of
the fact that the reaction of VOH+ with methanol is an
order of magnitude faster than that of VO+ (Table 1), signif-
icant amounts of VOCH3


+ could in fact be expected in this
case. Furthermore, both previous studies mention the gener-
ation of the formal adduct complex [VCH4O2]


+ as an ionic
product.[17,18] We also observe [VCH4O2]


+ in the ICR ex-
periments described here, but can clearly attribute it to a
secondary reaction of initially formed OV(OCH2)


+ with
methanol (see below). It is possible, however, that the differ-
ences reported with respect to [VCH4O2]


+ are associated
with the different pressure regimes of the experiments. The
ICR studies conducted at extremely low pressure (typically,
10�8 mbar) disfavor association reactions, whereas termolec-
ular stabilization may play a significant role in the experi-
ments of Justes et al., which were conducted at significantly
higher pressures (typically, 10�4 mbar).[18]


The reaction of methanol with VO2
+ , the oxide in the


highest oxidation state possible for a vanadium compound,
is associated with the reduction to VIII in all reaction chan-
nels observed. These include the loss of water to yield the
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same ionic product OV(OCH2)
+ as in the methanol/VO+


case. In addition to the expulsion of H2O, a formaldehyde
molecule can be released. The latter route is approximately
three times more favored than the expulsion of H2O. The
preference for the second reaction pathway may be ascribed
to the formation of relatively stable VO2H2


+ species for
which two isomers are conceivable, that is, the water com-
plex OV(OH2)


+ and the thermochemically more stable di-
hydroxide cation V(OH)2


+ .[21,40] Similar to the findings re-
ported earlier for a related system, both isomers are expect-
ed to be accessible, as the energies needed for the second
hydrogen shift either to the OH or to the O ligand should
be comparable. Thus, the energetic difference of the barrier
height (DE) associated with hydrogen shift from OV-
(OCH3)3


+ to form HOV(OCH3)2(OCH2)
+ (DE=0.82 eV)


and the one to produce OV(OCH3)(OCH2)(CH3OH)+


(DE=0.83 eV) is only marginal according to DFT calcula-
tions with a TZVP basis set.[12] Irrespective of the actual
isomer formed initially, the reaction is very exothermic al-
lowing for a subsequent isomerization from VO(OH)2


+ to
VO(H2O)+ ; in addition, a second methanol molecule might
catalyze the transformation by a proton-shuttle mecha-
nism.[21,40,41] Finally, VO+ is found in the methanol/VO2


+ ex-
periment in traces of maximum 1%. Even though it is there-
fore difficult to decide with certainty whether this is really a
primary product, its formation by loss of both ligands from
the postulated intermediate OV(OCH2)(H2O)+ is feasible
and thermochemically possible (DrH=�33 kJmol�1). There
is again some deviation compared with the data of Justes
et al.[18] They observe the VO2H2


+ product as well, but also
report the formation of VO2CH3


+ , whereas we observe OV-
(OCH2)


+ under ICR conditions. The present results agree
with the formation of VO2C2H6O


+ (m/z 129) reported by
Justes et al., which can be ascribed to a consecutive reaction
of the OV(OCH2)


+ product with neutral methanol (see
below).


In conclusion, the oxidation state of the metal and the oxo-
philicity of vanadium dictate the reactivity of the corre-
sponding cation. In the case of atomic V+ (VI), the oxygen
atom is transferred to the metal and methanol is reduced to
methane or methyl. A reduction of methanol is also possible
with the VII species VOH+ , but cannot compete efficiently
with the formation of V(OCH3)


+ , because the hydroxyl
group allows for a formal ligand substitution reaction with-
out involvement of redox processes. The monoxide cation
VO+ (VIII) mediates dehydrogenation of methanol to form-
aldehyde without changing the oxidation state of the metal.
In contrast, the reaction of VO2


+ (VV) with methanol also
leads to formaldehyde, either as a ligand or as a free mole-
cule, but here the metal is reduced to VIII. The reaction can
therefore be classified as an oxidative dehydrogenation.


Even though V+ does not dehydrogenate methanol, it is
able to dehydrogenate nonactivated alkanes.[42] In fact, the
product patterns in the reactions of V+ and VO+ with hy-
drocarbons are very much alike, except that VO+ is much
less reactive.[42] The pronounced difference of the reactivities
of the two ions towards methanol reported here can be as-


cribed to the strong oxophilicity of the early transition metal
vanadium. Thus, the abstraction of an oxygen atom from
oxygen-containing compounds such as methanol is favored,
similar to what has already been reported for butanone.[43]


However, the presence of an oxo ligand reduces the oxophi-
licity in that VO+ only forms methane from methanol in
very small amounts. Instead, another reaction channel (de-
hydrogenation) is strongly favored. The second oxygen
ligand in VO2


+ finally makes the cation a stronger oxidant,
not promoting simple dehydrogenation (as does VO+), but
rather oxidative dehydrogenation. All of these observations
are very much in accordance with the oxidation state VIII


being more stable than VI, VII and VV, as expected in analo-
gy to solution-phase chemistry.[44]


Computational aspects—Mechanism of methanol dehydro-
genation by VO+ : It has often been demonstrated in recent
years that applied computational chemistry is essential for
the fruitful interplay of experiment and theory in gas-phase
chemistry.[45–47] Improvements in density functional theory,
particularly hybrid methods, have very much extended the
scope of theoretical studies as far as size and complexity are
concerned.[48] Nowadays, even reactions of transition-metal
compounds can be studied theoretically with reasonable ac-
curacy and reliability. Nevertheless, computational studies of
coordinatively unsaturated transition-metal complexes still
remain quite demanding, both in terms of computing resour-
ces as well as intellectual input. Hence, instead of an ex-
haustive theoretical investigation of all reactions described
here, we decided for a more selective approach. Specifically,
the dehydrogenation of methanol by VO+ was chosen on
the following grounds.


The reaction of VO+ + CH4 ! V+ + CH3OH had been
studied previously,[49] and the results are fully consistent
with the present experimental findings as well as those of
Cao et al.[17] and their theoretical work. Furthermore, the re-
action of VOH+ with methanol is dominated by a formal
OH/OCH3 exchange, a condensation process which is con-
sidered of remote interest in the context of oxidation cataly-
sis. The product pattern for VO2


+ + CH3OH suggests an ox-
idative dehydrogenation of methanol. While this process is
of interest, previous theoretical investigations of the reac-
tions of VO2


+ with ethene,[15,50] ethane,[15,40] and propane[16]


are considered to have provided a general insight into the
mechanisms of oxidative dehydrogenation by VO2


+ in the
gas phase. In distinct contrast, the VO+-mediated dehydro-
genation of methanol poses several questions concerning the
details of the reaction mechanism. Although the experimen-
tal results for the dehydrogenation of methanol by VO+


clearly prove the operation of a 1,2-elimination to produce
formaldehyde, it is feasible for several structural types of in-
termediates to play a role in this process, that is, alkoxides,
metal hydrides, carbenes and others. Density functional
theory is used as a theoretical tool to further investigate this
reaction, because it allows satisfactory results with reasona-
ble costs in many cases.[51] Yet, verification by ab initio stud-
ies is necessary. The results obtained so far for related sys-
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tems do not contradict the suitability of DFT to describe the
reactivity of small vanadium oxides with sufficient accura-
cy.[12,14,52, 53] For the problem studied here, one has to consid-
er another point though. For similar systems, it has been
shown that the reaction of a cationic metal oxide with alco-
hols can proceed through OH abstraction and formation of
charge-transfer complexes.[29] While such two-component in-
termediates, with methanol as a model substrate, are surely
difficult to describe by quantum-chemical methods, these
problems should not play a role here, since these mecha-
nisms are expected to dominate in bigger systems only, in
which carbocations significantly more stable than CH3


+


might form.
Three scenarios are conceivable for the chemical activa-


tion of methanol: i) breakage of the O�H bond, ii) activa-
tion of a C�H bond, and iii) cleavage of the C�O bond.[54]


In all three cases, the new bond in a reaction with diatomic
MO+ (Scheme 1, M = V) can be formed a) to the metal or


b) to the oxygen atom. Cases i-b) and iii-b) both result in
the formation of the intermediate CH3OMOH+ . For all hy-
pothetical intermediates de-
picted in Scheme 1, their fur-
ther reactions leading to OM-
(OCH2)


+ are easily conceiva-
ble; maybe with the exception
of iii-a). Experimental results
for the reaction of FeO+ with
methanol were interpreted in
terms of a direct activation of
the O�H bond leading to
CH3OFeOH+ , which can be
attributed to mechanism i-
b).[29] In contrast, it was postu-
lated for MoO+ that CH2O
formation from methanol is in-
itiated by C�H bond activation
and proceeds via a molybde-
num hydride species (case ii-
a).[30] For molybdenum, the in-
sertion in the C�O bond is
only observed with larger alco-
hols and leads to dehydration.


In this scenario, molybdenum–alkyl intermediates are as-
sumed to play a major role (case iii-a). For the specific reac-
tion discussed here, route iii) is not considered in detail, be-
cause a reaction leading to OV(OCH2)


+ , after breaking the
C�O bond, has to return to one of the intermediates dis-
cussed for pathways i) and ii).[55]


In the following, the main stationary points found on the
B3LYP/TZVP level for the conceivable reactions of metha-
nol with VO+ are presented according to the classification
given in Scheme 1. As the reactant VO+ possesses a triplet
ground state, both the triplet and singlet potential-energy
surfaces have been considered.


The reaction of VO+ with methanol commences with the
formation of adduct complex 1 (Figure 1) with geometric
features similar to the separated reactants, except that the
C�O bond is slightly elongated to 148 pm compared with
142 pm in free methanol (Figure 2). For the activation of the
O�H bond, a triplet transition structure TS1/3 has been
found 34 kJmol�1 below the entrance channel VO+ +


CH3OH. It connects the adduct complex VO(CH3OH)+ (1)
directly with the inserted species CH3OVOH+ (3); similar
energetics were reported in reference [17]. In TS1/3, the
atoms OVOH form a nearly planar four-membered ring.
The distance from the metal to the transferred hydrogen
atom (d(V�H)=193 pm) is significantly longer than in the
hydride structure 2 located on the singlet surface only (d-
(V�H)=155 pm, Figure 2). A transition structure corre-
sponding to TS1/3 was also found on the singlet surface; but
with 67 kJmol�1 above the entrance channel it is much too
high in energy to play a role in a gas-phase experiment con-
ducted at thermal energy. In contrast, the (singlet) transition
structures TS1/2 and TS2/3 for two subsequent 1,2-hydrogen
transfers are situated energetically close to the entrance
channel (+22 kJmol�1 and �1 kJmol�1, respectively).
Therefore, the inserted species 3 might also be reached


Scheme 1. Mechanistic scenarios for the initial bond-activation steps in
the dehydrogenation of methanol by VO+ .


Figure 1. Energy diagram for the dehydrogenation of methanol with VO+ initiated by activation of the O�H
bond, calculated at the B3LYP/TZVP level. Energies include ZPE and are given in kJmol�1 relative to the en-
trance channel 3VO+ + CH3OH (Eabs=1018.964283 + (�115.719947)=�1134.68423 Hartree). Solid line:
triplet surface; dashed line: singlet surface.
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through a double spin-state change, provided the spin inver-
sion is sufficiently effective and the crossing points are ap-
propriately positioned.[39b] The latter pathway, with partici-
pation of the singlet intermediate 2, could be classified as
case i-a), whereas the direct formation of 3 via TS1/3 corre-
sponds to case i-b).


As expected, the linear product CH3OVOH+ (3) forms
the global minimum of the potential-energy surface
(�269 kJmol�1). Starting from 3, the exit channel
(CH2O)VO+ + H2 may be reached directly via TS3/P. This
route does not include a complex (CH2O)VO+ ·(H2) with a
coordinated hydrogen molecule.[56] However, as its barrier
lies 49 kJmol�1 above the entrance channel, this pathway
cannot play a role in the ICR experiments described above.
During the pre-optimization on the B3LYP/Lanl2DZ level,
some other transition structures have been found which con-
nect the metal hydride 2 to the complex 6 (see below) or
the exit channel. Nevertheless, all these saddle points are so
high in energy that they were not considered any further
(+125 kJmol�1 above the separated reactants for the singlet
and +100 kJmol�1 for the triplet surface). Although it
cannot be excluded with certainty that an energetically ac-
cessible transition structure leading from 3 to the exit chan-
nel or a complex (CH2O)VO+ ·(H2) has escaped our inten-
sive search, we conclude that a reaction pathway commenc-
ing with O�H bond activation (case i) is not involved in the
VO+-mediated dehydrogenation of methanol.


The initial activation of a C�H bond in the adduct com-
plex 1 (case ii in Scheme 1) can proceed via TS1/4 which is
still energetically accessible (Figure 3). It represents a hy-
drogen-atom transfer from the carbon atom to the vanadyl
oxygen atom in a single step. The V�H bond length is rela-
tively short (d(V�H)=172 pm) in TS1/4, which indicates a
metal–hydrogen interaction, even though there are no V�H
bonds in either 1 or 4 (Figure 4). Note that the structure of
product 4 does not correspond to a VOH complex of pro-
tonated formaldehyde, but rather to a three-membered oxo-
metallacycle with largely equivalent V�O and V�C bonds
(Mulliken charge analysis: q(VOH)=++0.85, q(HOCH2)=
+0.15). The second step in methanol dehydrogenation, ac-
cording to this route, consists of a hydrogen migration from
the hydroxyl group of the former methanol moiety to the
metal (TS4/5), which results in the intermediate (CH2O)-
V(OH)(H)+ (5). As TS4/5 lies energetically close to the en-
trance channel, the entire internal energy of the system is
needed for this step.[57] The last hydrogen transfer via TS 5/6
is less energy demanding (�52 kJmol�1) and forms the hy-
drogen complex 6 which easily dissociates to the products
(CH2O)VO+ +H2. Hence, the whole reaction can proceed
on the triplet surface after initial C�H bond activation (case
ii). The singlet potential-energy surface is situated about
90 kJmol�1 higher in energy and does not cross the triplet
surface. The overall reaction pathway described here can be
classified to case ii-b) in Scheme 1. The involvement of an


Figure 2. Relevant geometric data for the species involved in the reaction pathways shown in Figure 1; bond lengths are given in pm.
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intermediate HV(O)(CH2OH)+ , expected according to
route ii-a), could already be ruled out during the pre-optimi-
zation process, in which the corresponding minimum was
found 52 kJmol�1 above the entrance channel.


In comparison, the theoretical results are in good agree-
ment with the experimental observations. The reaction is
exothermic with a calculated reaction energy of DE=


�113 kJmol�1. It does not proceed via an initial O�H bond
activation along path i), because the dehydrogenation of the
readily accessible intermediate 3 is prevented by an insur-
mountable barrier (Figure 1). In contrast, dehydrogenation


of methanol is possible through
an initial C�H bond activation
along path ii-b): all barriers
can be overcome starting from
the entrance channel
(Figure 3). Furthermore, spin
restrictions do not play a role
here because the energetically
lowest pathway only proceeds
on the triplet potential-energy
surface. First, the vanada–oxi-
rane structure 4 is formed,
then the hydrogen atom of the
hydroxyl group is transferred
to the metal, and finally neu-
tral H2 is eliminated. Passing
the first two barriers needs all
the energy of the system, in ac-
cordance with the small reac-
tion efficiency observed in the
experiment. Note that the
mechanism reported here
cannot be considered as an
VO-induced rearrangement of


a methanol cation,[58] because an electron transfer in the
adduct (CH3OH)VO+ (1) from the methanol moiety to
VO+ does not occur to a notable extent (Mulliken charge
analysis: q(VO)=++0.83, q(CH3OH)=++0.17), which is in
accordance with the ionization energies of the separated en-
tities, IE(VO)=7.24 eV versus IE(CH3OH)=10.84 eV.[59]


Subsequent reactions : In the system methanol/VO+ , the ini-
tially formed dehydrogenation product (CH2O)VO+ reacts
with another methanol molecule to form [VCH4O2]


+ . Tenta-
tively, this product is assigned to the adduct complex


Figure 3. Energy diagram for the dehydrogenation of methanol with VO+ initiated by activation of a C�H
bond, calculated at the B3LYP/TZVP level. Energies include ZPE and are given in kJmol�1 relative to the en-
trance channel 3VO+ + CH3OH (Eabs=1018.964283 + (�115.719947)=�1134.68423 Hartree). Solid line:
triplet surface; dashed line: singlet surface.


Figure 4. Relevant geometric data for the species involved in the reaction pathways shown in Figure 3; bond lengths are given in pm.
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(CH3OH)VO+ (1), which can be formed by ligand exchange
of formaldehyde against methanol. Other structures are fea-
sible as well, that is, the insertion species CH3OVOH+ (3),
as this isomer is more stable than the adduct 1. The further
reaction of [VCH4O2]


+ with methanol initiates a reaction
cascade comprising a whole series of intermediates and
branches, which all lead to [VC3H10O3]


+ as the major final
product (Figure 5). This observation is explained when con-


sidering the intermediate species LVOH+ (L might be a me-
thoxy group, for example) and subsequent condensation re-
actions in which the ions bearing a hydroxyl group react to
yield vanadium alkoxides LVOCH3


+ and neutral water. A
good fit of the experimental data has been achieved for the
reaction scheme shown in Scheme 2 in which the structure
V(OCH3)2(CH3OH)+ is assigned to the final [VC3H10O3]


+


product. Note that other models, including the mere coordi-
nation of methanol for example (grey arrows in
Scheme 2),[60] allow an equally good approximation of the
observed intensities, in particular due to the low intensity of
the intermediates [VC2H6O3]


+ (m/z 129) and [VC3H8O3]
+


(m/z 143). Nevertheless, involvement of LVOH+ ions as key
intermediates in such a scenario contradicts the structure
(CH3OH)VO+ assigned to the [VCH4O2]


+ product above.
The barrier associated with the direct isomerization of
(CH3OH)VO+ (1) to the more stable CH3OVOH+ (3) may
even be lowered further by catalysis of another protic, polar
molecule (i.e. , water or methanol)[21,40] in analogy to the in-


terconversion of the isomers OV(OH2)
+ and V(OH)2


+ ,
which can be regarded as lower homologues of 1 and 3.


Interestingly, the reaction sequence of the methanol/VO+


system begins and ends with a VIII species. Furthermore, all
abundant intermediates can also be interpreted as formal
VIII compounds (Scheme 2). In the major reaction pathways
of the methanol/VO+ system, a change in oxidation state is
not involved throughout the whole sequence. Ligand ex-
change and condensation reactions obviously do not require
a change of the oxidation state of the metal center. The de-
hydrogenation occurs in such a way that only the organic
ligand is oxidized, but not the metal. Under the low-pres-
sure conditions of the present ICR experiments, the reaction
cascade ends with the probably sufficiently saturated coordi-
nation complex V(OCH3)2(CH3OH)+ .


In a side reaction of the first step in the methanol/VO+


system, formation of VO2
+ occurs by methane elimination.


The further reactions of this ion with methanol do not lead
to other products than those already discussed, except for
the ion VO2H2


+ (Table 1). Indeed, VO2H2
+ is observed


during the methanol/VO+ cascade in the expected small
amounts (Figure 5, inset). Even though the side reaction of
the very first step does not initiate significant pathways, it
indicates the possibility of methane eliminations in the later
steps of the reaction cascade to produce VV species. For ex-
ample, V(OCH3)2


+ (m/z 113) might react with methanol


Figure 5. Intensities (normalized to �=100) for the reaction of VO+ with
methanol at p=1.8 ·10�8 mbar. Ions with intensities lower than 1% at all
reaction times are not shown. The legend gives the masses of the ob-
served ions (67: VO+ , 83: VO2


+ , 85: VO2H2
+ , 97: [VCH2O2]


+ , 99:
[VCH4O2]


+ , 113: [VC2H6O2]
+ , 129: [VC2H6O3]


+ , 131: [VC2H8O3]
+ , 143:


[VC3H8O3]
+ , 144: [VC3H9O3]


+ , 145: [VC3H10O3]
+). The inset shows a


part of an enlarged view of the same diagram to clarify the progression
of the less intense ions (m/z 83, 85, 143).


Scheme 2. Scheme of a reaction cascade leading from VO+ to V(OCH3)2-
(CH3OH)+ . A best fit of the experimental data shown in Figure 5 is ob-
tained with the relative rate constants: k1=1, k2=5.4, k3=0.46, k4=2.7,
k5=0.58, k6=0.92, k7=1.42, k8=11.5, k9=1.12. Grey arrows: adduct for-
mation, dashed arrow: methane elimination; for explanations and k9 see
text.
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under loss of methane to
afford the VO(OCH3)2


+ ion
(m/z 129). An ion of this mass
is indeed observed experimen-
tally (Figure 5). Nevertheless,
like in the first step, these oxi-
dations may not compete ef-
fectively with the alternative
eliminations of hydrogen and
water. Therefore, formal VV


compounds are expected to ac-
count only for a very minor
part of the product spectrum.
In the example explicitly given
above, the exact amount
cannot be determined because
[VC2H6O3]


+ is also formed by
another reaction channel
(dashed arrow in Scheme 2).
In conclusion, the observed
ions are expected to be mix-
tures of isomers, in which the
structures shown in Scheme 2
are assumed to prevail. Fur-
thermore, very small amounts
of other species like
[VC2H7O2]


+ are formed, which
are not included in Figure 5 and Scheme 2 for the sake of
clarity. Another much more abundant VIV species is
[VC3H9O3]


+ (m/z 144), presumably V(OCH3)3
+ , which


seems to evolve as a second terminal product under ICR
conditions and is only observed at very long reaction times.
As the intensity of [VC3H9O3]


+ is not negligibly small, it is
accounted for in the above-mentioned modeling by the for-
mation of m/z 144 from m/z 143 (k9).


The product-ion pattern that evolves in the case of the
methanol/VOH+ system is even more complex than that ob-
served for methanol/VO+ . The condensation product
VOCH3


+ (m/z 82) of the very first step reacts with a second
methanol molecule to yield [VCH3O2]


+ (m/z 98), concomi-
tant with the loss of methane. The further reaction cascade
comprises at least three subsequent steps and leads to the
final product [VC3H9O3]


+ (Figure 6). During this process,
oxidation from VII to VIV has to occur, because the sequence


starts with VII species (VOH+ , VOCH3
+), whereas the final


product V(OCH3)3
+ contains vanadium in the oxidation


state + iv. For the intermediates [VCH3O2]
+ (m/z 98) and


[VC2H5O3]
+ (m/z 128), both oxidation states are conceiva-


ble (Figure 7). Thus, the formation of [VCH3O2]
+ from


methanol and VOCH3
+ can be interpreted as an oxidation


to the VIV species OV(OCH3)
+ concomitant with the elimi-


nation of methane. The isomeric VII compound VOH-
(OCH2)


+ might also be present, because the subsequently
formed cations VOCH3(OCH2)


+ (m/z 112) and VOCH3-
(CH3OH)+ (m/z 114) could be regarded as products of this
isomer by condensation and ligand exchange with methanol.
Particular stability of [VC2H7O2]


+ (m/z 114) under the pres-
ent conditions is implied by the very slow depletion of its in-
tensity (Figure 3). Its further reaction with methanol most
probably leads directly to V(OCH3)3


+ by loss of H2. The
structural ambivalence discussed for [VCH3O2]


+ also holds


Figure 6. Intensities (normalized to �=100) for the reaction of methanol with VOH+ . Ions also observed in
the methanol/VO+-system are marked with dashed lines, ions with intensities lower than 1% at all reaction
times are not shown. The legend gives the masses of the observed ions (68: VOH+ , 82: VOCH3


+ , 84: VO2H
+ ,


85: VO2H2
+ , 98: [VCH3O2]


+ , 99: [VCH4O2]
+ , 112: [VC2H5O2]


+ , 113: [VC2H6O2]
+ , 114a: [VCH3O3]


+ , 114b:
[VC2H7O2]


+ , 128: [VC2H5O3]
+ , 130: [VC2H7O3]


+ , 131: [VC2H8O3]
+ , 144: [VC3H9O3]


+ , 145: [VC3H10O3]
+).


The intensities of the ions VO2H
+ (m/z 84) and VO2H2


+ (m/z 85) are so similar throughout the whole reaction
time that the two symbols cannot be distinguished; thus, only VO2H


+ is marked.[61]


Figure 7. Possible structures of the even-mass ions mentioned in Figure 6.
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true for [VC2H5O3]
+ (m/z 128), which formally bears an ad-


ditional formaldehyde unit. In this case it is even more prob-
able that oxidation to VIV has already occurred because the
ion is formed at a later stage of the reaction cascade. Unlike
for the main final product V(OCH3)3


+ (m/z 144), there are
two probable structures with formal VIV for the intermediate
[VC2H7O3]


+ (m/z 130): the hydroxide HOV(OCH3)2
+ and


the vanadyl complex OV(OCH3)(CH3OH)+ . As only con-
densation to V(OCH3)3


+ is observed as a further reaction,
but no ions with m/z 159, 160 or 161 (which would be ex-
pected as products of the reaction of the vanadyl complex
with methanol), the hydroxide structure HOV(OCH3)2


+


may prevail. Note again that theoretical results indicate a
facile isomerization of complexes of this type.[12]


A closer inspection of Figure 6 reveals another important
aspect: all reactions discussed so far belong to closed-shell
reaction pathways. Yet, the loss of a methyl radical plays a
major role in the VOH+ system as, for example, indicated
by the formation of [VC2H8O3]


+ from [VC2H7O2]
+ and


methanol. According to the elemental composition, the VIII


and VV species that result from radical loss (broken line in
Figure 6) are already known from the methanol/VO+-cas-
cade (see above).[61] Loss of a methyl radical is not limited
to the later steps of the reaction cascade: the formation of
VO2H2


+ from VOH+ and methanol is already observed in
the very first step, albeit only with less than 5% probabili-
ty.[62] Even though generated by different reaction pathways,
the VIII and VV ions in the methanol/VOH+ system react as
described above for the methanol/VO+ system, resulting in
a second parallel reaction cascade finally leading to V-
(OCH3)2(CH3OH)+ . Furthermore, the continuous rise in in-
tensity of [VC3H10O3]


+ , even after a reaction time of 50 s,
suggests its direct formation from V(OCH3)3


+ , the final
product of the VOH+ cascade, by abstraction of a hydrogen
atom from methanol (Scheme 3).


The complete reaction network, starting from VOH+ and
methanol, can therefore be understood as a superposition of
two reaction cascades. In addition to ligand-exchange reac-
tions, condensations, and dehydrogenation of methanol to
formaldehyde, in all of which the oxidation state of the
metal does not change, losses of methane and methyl as
well as methoxy radicals are observed. The former induces
the oxidation of VII to VIV and gives access to the final prod-
uct V(OCH3)3


+ . The loss of radicals provide access to VIII


and VV species of the methanol/VO+ cascade, which finally
leads to V(OCH3)2(CH3OH)+ (Scheme 3).[63]


In the methanol/VO2
+ system, the two main products


(CH2O)VO+ and V(OH)2
+ both react with a second metha-


nol molecule to yield [VCH4O2]
+ . This product can there-


fore be regarded as a mixture of the complex (CH3OH)VO+


(by ligand exchange of CH2O for methanol) and the insert-
ed species CH3OVOH+ (by condensation of V(OH)2


+ and
methanol in analogy to the reaction VOH+ ! VOCH3


+ de-
scribed above). Both ions are intermediates in the metha-
nol/VO+ reaction cascade and their consecutive reactions
have already been discussed for the VO+ case. The main
difference between the VO+ and the VO2


+ systems there-
fore concerns the very first step, mere dehydrogenation
versus oxidative dehydrogenation. During the subsequent
reactions identical products are nonetheless reached on both
pathways. Note that one of the product ions of the reaction
cascade is the VO2C2H6O


+ species reported by Justes et al.
for the reaction of VO2


+ with methanol.[18]


Several of the ions discussed here show similar behaviour
to the fragmentation reactions of OV(OCH3)3


+ , which have
previously been studied in detail.[12] At low internal energy,
the molecular ion OV(OCH3)3


+ consecutively loses CH2O,
H2 or methanol, respectively, so that first VIV and then VII


species are formed. Losses of HC and CH3OC are only possi-
ble if more energy is available, and provide access to VV and
VIII ions. Again, a series of subsequent eliminations of
CH2O, H2, and CH3OH take place. This degradation of OV-
(OCH3)3


+ (m/z 160) can be seen as a complementary ex-
periment to the cascade of ion–molecule reactions in the
FTICR-MS of this work. The two intermediates with m/z 97
and 129 are common in both experimental approaches with
respect to the methanol–VO+ system. However, an oxida-
tion to the VV species OV(OCH3)2(OCH2)


+ is not observed
in the ion–molecule reactions due to the high oxidation
power of VV species when compared with methanol. During
the degradation experiment, which starts with a VIV ion, loss
of closed-shell neutral species lead to VII and VIV ions. Such
ions are difficult to obtain via VO+ , but readily accessible
when starting from VOH+ . Three ions can be found in the
fragmentation patterns that are also abundant intermediates
in the methanol–VOH+ system (m/z 68, 98 and 130).
[VC3H9O4]


+ (m/z 160) is not observed as a product of ion–
molecule reactions starting from VOH+ and methanol, even
though a change of oxidation state is not necessary when
forming this ion from the observed [VC2H7O3]


+ (m/z 130,
VIV) and methanol. Obviously, the condensation reaction of
a VOH to a VOCH3 group (resulting in [VC3H9O3]


+ (m/z
144) in this case) is again much faster than the dehydrogena-
tion of a methanol molecule (which would lead to
[VC3H9O4]


+ (m/z 160)).


Comparison with other metal-oxide ions : It has been shown
that the early transition metal oxide ScO+ reacts with meth-
anol to yield OSc(OCH2)


+, CH3OScOH+, and Sc(OCH3)2
+.[28]


Hence, not only the primary product, but also the subse-
quent products corroborate the analogy to the methanol–
VO+ system. Admittedly, the corresponding products
CH3OYOH+ and Y(OCH3)2


+ are generated in the meth-


Scheme 3. Reaction sequence in the methanol/VOH+-system as an exam-
ple for changes of oxidation state: VII ! VIV ! VIII.


www.chemeurj.org K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5975 – 59875984


D. Schrçder et al.



www.chemeurj.org





anol/YO+ system as well, even though the primary product
is HYOH+ instead of OY(OCH2)


+ . The reactions of MOH+


and MOCH3
+ (M = Sc, Y) with methanol were described


in the same publication. Like for vanadium, an oxidation to
MIII species by the elimination of CH3C or HC is observed in
these cases. Similar results have recently been reported for
lanthanide cations.[64]


The situation is quite different in the reaction of the late
transition-metal-oxide cation FeO+ with methanol.[29, 65]


Firstly, the higher selectivity of VO+ compared with FeO+


is obvious. For example, the loss of HC is not observed in the
reaction of VO+ with methanol, whereas it is one of the
most abundant channels in the case of FeO+ . Secondly, the
oxidation of methanol by FeO+ is an oxidative dehydrogen-
ation, because Fe(OCH2)


+ is formed by loss of H2O. In con-
trast, the very strong V�O bond prevents water formation
and, in the reaction of VO+ , H2 is lost instead. This is
another example of the effect of the high oxophilicity of the
early transition metal vanadium (D0(V


+�O)=578 �
10 kJmol�1)[66] compared with the late transition metal iron
(D0(Fe


+�O)=341 � 6 kJmol�1).[67]


Further, MoO+ has been studied with methanol in an
ICR mass spectrometer.[30] It is to be expected that MoO+


should behave more like VO+ than FeO+ because of its
proximity in the periodic table. Indeed, the strong Mo�O
bond with MoO+ is also not cleaved upon reaction with
methanol. Furthermore, the observed reaction is selective
and can also be interpreted as an a oxidation to formalde-
hyde. Yet, its reactivity is still quite different to that of VO+:
whereas with VO+ the loss of H2 is observed, formaldehyde
is lost in the reaction of methanol with MoO+ . Like in the
above-mentioned transition of ScO+ ! YO+ , going
one row down in the periodic table changes the observed
reactivity pattern: the strong M�O bonds which are unlikely
to be cleaved for first row elements have to give way to
the stronger M�C and M�H bonds possible in the second
row.


Conclusion


A comparison of the primary and subsequent ion–molecule
reactions of atomic V+ , the hydroxide VOH+ and the
oxides VO+ and VO2


+ with methanol reveals that the oxi-
dation state of the metal is a key factor which determines
the reactivity of the respective compound. Cations in low
oxidation states (i.e., V+ and VOH+) reduce methanol,
whereas VO2


+ (VV) mediates an oxidative dehydrogenation
to formaldehyde. VO+ (VIII) also dehydrogenates methanol,
but it does not change its oxidation state during this process.
The stability of VIII under the ion–molecule reaction condi-
tions studied here is further supported by its formation in
each major reaction studied in this work, irrespective of the
initial oxidation state of the cation. The transitions + i !
+ iii and +v ! + iii proceed via oxygen-atom transfer, the
transitions + ii ! + iii and + iv ! + iii via loss of methyl
and methoxy radicals, respectively.


Not unexpectedly, simple ligand-exchange reactions (M-
(OCH2)


+ ! M(CH3OH)+) are faster than the bond activa-
tions, which lead to dehydrogenation or oxygen-atom trans-
fer. Yet, condensation reactions (MOH+ ! MOCH3


+) are
also strongly favored. The process may be seen as a formal
ligand exchange of hydroxy and methoxy ligands, but the
mechanism must include an additional hydrogen atom trans-
fer. This selectivity for the condensation observed with va-
nadium hydroxides is worth emphasizing, because condensa-
tion reactions are not favored to such an extent with iron or
lanthanide hydroxide cations.[64]


The insertion compound CH3OVOH+ (3) is the most
stable species on the potential-energy surface of VO+/
CH3OH en route to the dehydrogenation of methanol. Its
formation can occur via a four-centered transition structure
which formally corresponds to an addition of the O�H bond
to the vanadyl unit. Elimination of dihydrogen from the in-
sertion intermediate is, however, associated with a consider-
able barrier, which is located above the energy of the sepa-
rated reactants. Therefore, this route cannot account for the
experimentally observed 1,2-dehydrogenation of methanol
mediated by VO+ . Instead, an alternative mechanism for
the dehydrogenation of methanol by VO+ is proposed,
which proceeds via an initial C�H bond activation of metha-
nol and involves energy barriers which are consistent with
the experimental observations.
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Introduction


Nowadays Fischer carbene complexes are reagents of gener-
al use in organic and organometallic chemistry.[1] The scope
of the extremely rich thermal reactivity of these complexes


has been recently widened by report from ourselves[2] and
from other groups[3] on the possibility to effect the catalytic
transmetalation from Group 6 metal–carbene complexes to
other transition metals, opening opportunities to explore
new reactivity based on these compounds. Our recently re-
ported[4] photochemically induced dyotropic rearrangements
of chromium(0) aminocarbene complexes, unambiguously
demonstrate that there are also opportunities to discover
new photo-processes of these complexes. However, despite
the enormous amount of work dedicated to the chemistry of
these complexes, their reaction mechanisms have received
little attention. This is an important point, since even appa-
rently simple processes such as the addition of nucleophiles
to a,b-unsaturated carbene complexes have been recently
shown to occur by pathways more complex than a simple
addition to the metal.[1k,n, 5]


The initial proposal by Hegedus and co-workers in 1988
that the irradiation of chromium(0) carbene complexes pro-
motes a carbonylation process to produce ketene-like spe-
cies,[6] systematized the photochemistry of Group 6 carbene
complexes in the presence of nucleophiles, and opened gates
to a varied and efficient entry to ketene-derived pro-


Abstract: The photocarbonylation re-
action of Group 6 Fischer carbene
complexes has been studied by DFT
and experimental procedures. The pro-
cess occurs by intersystem crossing
(ISC) from the lowest excited singlet
state (S1) to the lowest triplet state
(T1), the latter structure being decisive
for the outcome of the reaction. Meth-
ylenepentacarbonylchromium(0) com-
plexes, alkoxypentacarbonylchro-
mium(0)carbene complexes, and alkoxy-
phosphinetetracarbonylchromium(0)
carbene complexes have coordinatively


unsaturated chromacyclopropanone T1


structures with a biradical character.
The evolution of the metallacyclopro-
panone species occurs by a jump (spin
inversion) to the S0 hypersurface by co-
ordination of a molecule of the solvent,
leading to ketene-derived products in
the presence of ketenophiles or revert-


ing to the starting carbene complex in
their absence. The T1 excited states ob-
tained from methylenephosphinetetra-
carbonylchromium(0) complexes and
pentacarbonyltungsten(0)carbene com-
plexes are unable to produce the car-
bonylation. The reaction with keteno-
philes is favored in coordinating sol-
vents, which has been tested experi-
mentally in the reaction of alkoxypen-
tacarbonylchromium(0) complexes and
imines.
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ducts.[1d,h,j] In spite of the synthetic efficiency of these reac-
tions, very little is still known about the intimacies of the
mechanism of the main photochemical process. In this work,
some light will be shed about this fundamental process of
Group 6 metal–carbene complexes.


The UV/Vis spectra of Fischer metal–carbene complexes[7]


show three well-defined absorptions: a forbidden metal–
ligand charge transfer (MLCT) absorption around 500 nm,
the allowed low-energy ligand-field (LF) absorption in the
range of 350–450 nm, and the high-energy LF absorption in
the range of 300–450 nm. The two LF absorptions generally
overlap. These absorptions are attributable to electronic
transitions from the higher nonbonding metal-centered b2-
occupied orbital to the empty carbene-centered 2b1


(MLCT), 2a1 (low energy LF), and 3a1 (high energy LF) or-
bitals, respectively (Figure 1).


Most of the mechanistic photochemical studies carried
out on this kind of complexes focused on the irradiation on
LF bands. These photo-processes usually result in the extru-
sion of a CO ligand. Thus, activation of the high-energy LF
band of [(CO)5W=C(OMe)Ph] results in the dissociation of
one of the four cis-CO ligands,[7] whereas the irradiation of
the low-energy LF band provokes the loss of the trans-CO
ligand.[8] CO-photoextrusion leads to a long-life intermedi-
ate having a tetracarbonylcarbene structure (Scheme 1,
Equation (a)). It has been proposed that the free coordina-
tion site of these species is blocked by an agostic interaction
with a C�H bond of the neighboring alkoxy group (curved
arrow in Equation (a) in Scheme 1).[9] Matrix photolysis
studies on the MLCT band of chromium and tungsten Fisch-
er carbene complexes revealed the isomerization from the
most stable anti isomer to the less stable syn isomer


(Scheme 1, Equation (b)).[10] To date, none of these process-
es have found application in the chemical synthesis of rele-
vant compounds.


The seminal finding by McGuire and Hegedus[11] that Cr
and Mo (but not W) Fischer carbene complexes when ex-
posed to sunlight in the presence of an imine formed a b-
lactam in almost quantitative yield, turned out to be a gen-
eral reaction. As stated above the intermediacy of ketene-
like species formed by the reversible insertion of a cis-CO
ligand into the M=C bond was postulated by Hegedus and
co-workers in 1988 on the basis of indirect evidence.[6] This
hypothesis is reasonable, since irradiation of the MLCT
band should promote the transition of one electron from the
metal-centered HOMO orbital to the carbene-carbon-cen-
tered LUMO orbital. Formally, this is a one-electron oxida-
tion of the metal, which is known to facilitate the CO-inser-
tion in M�C bonds.[12] However, and in spite of the synthetic
usefulness of this process, many efforts directed to experi-
mentally detect these ketene-like species have been fruitless
up to date.[13] Strikingly, the reverse isomerization of metal-
bonded ketene to carbene complex has been reported by
Grotjahn and co-workers at an Ir nucleus (Scheme 2).[14]


Abstract in Spanish: La reacci n de fotocarbonilaci n de
complejos de tipo Fischer del grupo 6 se ha estudiado me-
diante DFT y procedimientos experimentales. El proceso
ocurre por cruce intersist)mico (ISC) desde el estado excitado
singlete (S1) al estado triplete de m.s baja energ/a (T1). La es-
tructura de este triplete es decisiva para el resultado de la
reacci n. Los tripletes T1 de los complejos metilenopentacar-
bonilcromo(0), alcoxipentacarbonilcromo(0)carbeno y alco-
xifosfinotetracarbonilcromo(0)carbeno tienen estructuras de
cromaciclopropanona coordinativamente insaturadas con un
car.cter birradic.lico. La evoluci n de estas especies metalo-
ciclopropan nicas ocurre mediante el salto (inversi n de
espin) a la hipersuperficie S0 por coordinaci n con una mol)-
cula de disolvente, produciendo productos derivados de cete-
nas, en presencia de ceten filos o revertiendo al complejo
metal-carbeno de partida en la ausencia de estos. Los estados
excitados T1 derivados de complejos metilenfosfinotetracar-
bonilcromo(0) y pentacarbonilwolframio(0) no carbonilan.
La reacci n con ceten filos se favorece en disolventes coordi-
nantes. Este hecho se ha comprobado experimentalmente en
la reacci n de complejos alcoxypentacarbonilcromo(0) e
iminas.


Figure 1. Canonical molecular orbitals corresponding to the octahedral
structure of Fischer carbenes in the ground state.


Scheme 1.
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Our preliminary contribution to understand the mecha-
nisms associated with the photochemical reactivity of chro-
mium(0)carbene complexes and imines by using a combina-
tion of experimental and theoretical methods,[15] assumed as
the starting point of the reaction to be a preformed metalla-
ketene. DFT calculations carried out on three different
model carbenes (methylene-, dihydroxymethylenepentacar-
bonyl-, and methylenephosphinetetracarbonylchromium(0)
complexes) show that the effect of the ligands on the car-
bonylation process is a reasonable probe to study this funda-
mental organometallic reaction. Reported herein is a DFT
study on the carbonylation of Group 6 metal–carbene com-
plexes promoted by light. Experimental support for the
main conclusions is presented, together with theoretical ar-
guments that explain the difficulties in the experimental de-
tection of the photogenerated intermediates.


Computational Details


All the calculations reported herein were carried out with
the Gaussian 98 suite of programs.[16] Electron correlation
was partially taken into account using the hybrid functional
usually denoted as B3LYP[17] and the standard 6–31G* or 6-
31+G* basis sets[18] for hydrogen, carbon, oxygen, and ni-
trogen, and the Hay–Wadt small-core effective core poten-
tial (ECP) including a double-x valence basis set[19] for chro-
mium or tungsten (LANL2DZ keyword). We denote these
basis sets schemes as LANL2DZ&6–31G(d) and
LANL2DZ&6-31+G(d), respectively. Zero-point vibration-
al energy (ZPVE) corrections were computed at the same
level and were not corrected. Excited states were located at
the CIS level[20] and triplets were optimized at the uB3LYP
level. Stationary points were characterized by frequency cal-
culations[21] and have positive definite Hessian matrices.
Transition structures (TSs) show only one negative eigenval-
ue in their diagonalized force constant matrices, and their
associated eigenvectors were confirmed to correspond to the
motion along the reaction coordinate under consideration.
Bond orders and atomic charges were computed by using
the natural bond order (NBO)[22] method.


Results and Discussion


Model complex 1a was used to tune our theoretical model.
The different excited states of complex 1a were computed
by using the configuration interaction method at the CIS
level. The S0 geometry of complex 1a was optimized at the
B3LYP/LANL2DZ&6-31+G(d) level. The most stable ex-


cited state of complex 1a is a triplet (T1) that has a vertical
excitation energy of 24.4 kcalmol�1, with the first singlet
(S1) resting 32.7 kcalmol�1 above T1. The structure of this
first triplet was optimized at the UB3LYP/LANL2DZ&6-
31+G(d) level, leading to the structure 2a which lies
21.9 kcalmol�1 above S0. An additional S0 stationary point
denoted as 1a’ was also optimized. In this case the methyl-
ene moiety is coplanar with two colinear equatorial CO
groups, whilst 1a has the CH2 moiety bisecting the plane de-
fined by two adjacent equatorial CO groups. According to
our results, 1a’ has an imaginary frequency associated with
the rotation of the CH2 fragment around the Cr�C bond,
and lies only 0.3 kcalmol�1 above 1a. Distortion of the sym-
metry group of 1a’ coupled to the optimization of the result-
ing triplet state, produced structure 3a. Triplet 3a is
17.4 kcalmol�1 more stable than 2a (the triplet derived from
1a) and is only 4.6 kcalmol�1 above the S0 state of 1a
(Figure 2). It is worth noting that the triplet 3a corresponds


with the chromacyclopropanone (or chromium-coordinated
ketene) proposed by Hegedus and co-workers to explain the
reaction products obtained in the photochemical reaction of
chromium(0) carbene complexes.[6]


The results obtained with the model compound 1a en-
couraged us to study complex 1b. A theoretical study of the
structure and conformational behavior of this complex was
recently reported by us.[10c] According to our results, com-
pound 1b may exist in two conformers anti-1b and syn-1b,


Scheme 2.


Figure 2. Ball-and-stick representations of complexes 1a,a’–3a. S0 and T1


denote the ground and first triplet states, respectively. All S0 and T1 struc-
tures (bond lengths [E] and angles [8]) correspond to fully optimized
B3LYP/LANL2DZ&6-31+G(d) and UB3LYP/LANL2DZ&6-31+G(d)
geometries, respectively.
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anti-1b being 1.8 kcalmol�1 more stable than the syn con-
former. Both isomers have the [C(OMe)Me] moiety bisect-
ing the plane defined by two contiguous equatorial CO li-
gands. The CIS method was again used to determine the dif-
ferent excited states of both isomers of 1b. The most stable
excited state of anti-1b is a triplet with a vertical excitation
energy of 65.7 kcalmol�1, whilst the first singlet S1 is
27.0 kcalmol�1 above this T1 state. These results agree with
the order of energy levels that is characteristic of a d6 metal
in a strong ligand field.[23] The geometry of the triplets de-
rived from both isomers of 1b was computed again at the
UB3LYP/LANL2DZ&6–31G(d) level and converged to the
corresponding cyclopropanone chromium complexes 3b
(from anti -1b) and 3c (from syn-1b) (Figure 3). The species
3c is 37.9 kcalmol�1 higher in energy than syn-1b, whereas
the species 3b is 41.8 kcalmol�1 higher in energy than anti-
1b. Therefore, 3c is 2.1 kcalmol�1 more stable than 3b,
which is the opposite order of stability found for both iso-
mers in the S0 state.


It can be reasoned from the above results that the irradia-
tion of alkoxychromium(0) carbene complexes, either in the
LF band followed by relaxation to the MLCT band,[23] or di-
rectly in the MLCT band, results in the excitation of these
complexes to the S1 state, which readily decays to T1 by in-
tersystem crossing (ISC) due to spin-orbit coupling. This is a
general phenomenon in Group 6 metal carbonyl com-
plexes.[24] The calculated spin densities for Cr are 0.95 au for
3b and 0.96 au for 3c, whereas the calculated spin densities
for the carbene-C atom are 0.43 au for 3b and 0.46 au for
3c, respectively. These values indicate that the chromacyclo-
propanone triplet species 3b and 3c have biradical charac-
ter.


We have previously proposed[15] that the reaction of pho-
togenerated chromacyclopropanone species and nucleo-
philes to form ketene-derived products occurs on the S0 hy-
persurface. Therefore, species 3 should change their multi-
plicity prior to evolving to the ketene-derived products. This
may be accomplished by filling the free coordination site of
species 3 with a molecule of solvent (water in our model, as


a computational equivalent of a coordinating solvent such as
diethyl ether) in the apical position. The optimization of the
geometry of this new structure in its S0 state was effected
from 3b and 3c, leading in both cases to the structure 4, in
which the methoxy group is outside the carbonyl plane
(Figure 4).


To gain insight into the mechanism of the solvent-induced
T1–S0 crossing of chromoketene 3a, we have performed re-
laxed scans of this complex at different Cr–OH2 distances.


[25]


The results obtained at the (U)B3LYP/LANL2DZ&6–
31G(d) S0 and T1 potential energy surfaces are summarized


Figure 3. Fully optimized structures (UB3LYP/LANL2DZ&6–31G(d)
level of theory, see text) of the first excited triplet states of Fischer car-
benes anti- and syn-1b (Structures 3b and 3c, respectively). See Figure 2
caption for additional details.


Figure 4. Fully optimized geometries (B3LYP/LANL2DZ&6–31G(d) level, see text) for the stationary points associated with the 4 !syn-1b transforma-
tion on the S0 energy hypersurface. See Figure 2 caption for additional details. Structural data for syn-1b were taken from reference [10c] .
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in Figure 5. According to our results, the T1 state of 3a ex-
hibits a very shallow Morse-like curve whose minimum is lo-
cated at r=3.746 E, r being the Cr�OH2 distance (Figure 5).


This structure is almost identical to that shown in Figure 2
and does not show any significant interaction between the
chromium atom and the oxygen atom of the model solvent.
The harmonic analysis of this structure shows two low-fre-
quency vibrations associated with the stretching of the Cr�
O interaction and the symmetrical bending of two carbonyl
groups to achieve the octahedral coordination. The energies
corresponding to these vibrations are only 8.7Q10�2 kcal
mol�1 and 12.6Q10�2 kcalmol�1, respectively. This result, to-
gether with the negligible energy difference between both
states at large Cr�OH2 distances, indicates that the available
thermal energy is sufficient for the molecule to pass from
the T1 to the S0 potential energy surface. This radiationless
intersystem crossing does not take place through a narrow
conical intersection[26] but occurs at r values larger than
4.0 E along a large energy plateau shared by both spin
states.


From 4, ketene-derived products can now be formed in
the presence of ketenophiles, while in their absence, species
4 should revert to the starting complex 1b. It is well known
that alkoxychromium(0) complexes are photochemically
stable for days in the absence of nucleophiles. Furthermore,
this ketene-chromium to carbene-chromium complex rever-
sion[27] has to occur on the S0 hypersurface. The reversion of
4 to syn-1b is strongly exothermic[28] (DE=�30.6 kcalmol�1)
on this hypersurface and occurs through the 16-electron in-
termediate 5 formed by elimination of the solvent molecule
(in this case H2O). Intermediate 5 evolves to give complex


syn-1b by breaking of the carbene�CO bond (Figure 4). So
far we have been unable to find a transition state connecting
4 to 5 or 5 to 1b. Therefore, it is likely that this process
occurs without any measurable energy of activation, which
is in agreement with the computed exothermicity of the re-
action.


The structures of the metallacyclopropanone species 3
and 4 deserve further analysis. The T1 species 3a–c have
elongated Cr�Ccarbene bonds (up to 0.12 E) compared to
those in the starting carbene complex 1b. The [Cr�C]=O
bond lengths are around 1.9 E, and the C=O bond of the in-
serted CO ligand is about 0.03 E longer than the CO bond
in 1b, which makes this a true C=O bond. The new bond
formed between the former carbene-carbon atom and the
inserted CO group is approximately 1.65 E, which makes
the species 3 true metallacyclopropanones. However, in the
S0 complex 4 the distance between Cr and the former car-
bene-carbon atom and the [Cr�C]=O moiety is elongated
with respect to those in their corresponding T1 structures
3b,c. Similarly, in 4 the [C�C]=O distance has a value of
1.414 E, which is considerably shorter than those in 3b or
3c. Therefore, the structure of the S0 ketene complexes of
chromium corresponds to a ketene species coordinated to
chromium with a highly polarized Cr�C (former carbene-C)
bond. NBO calculated bond orders for complexes 3b,c and
4 validate the above discussion (Table 1). In fact, NBO anal-


yses carried out on 4 give a charge value of �0.962 au for
the chromium atom and +0.158 au for the carbene-C atom.
Therefore, the S0 saturated species 4 has, as expected, a sig-
nificant acylchromate character, whereas 3b and 3c are
more likely metallacyclopropanones (Table 1).


According to the theoretical model developed above, the
reaction of complex 6 (Scheme 3) with imines in different
solvents would be a good probe to test the sequence carbene
complex (S0)!chromacyclopropanone (T1)!acylchromate
(S0). In fact, de-insertion of CO from ketene complexes 4
(through unsaturated complexes 5) is disfavored by strongly
coordinating ligands. Furthermore, these strongly coordinat-
ing ligands favor the decay of the T1 species 3 to S0 species
4, which is necessary for the subsequent reaction with nucle-
ophiles. Therefore, the yield of the reaction between a car-


Figure 5. Fully relaxed scans for the chromoketene 3a coordinated with a
water molecule as a model for a coordinating ethereal solvent. The ener-
gies and geometries were computed at different Cr�OH2 distances, de-
noted as r. Open and black circles indicate calculations for T1 and S0


states, respectively. Arrows indicate the stretching and bending vibrations
associated with the T1–S0 radiation-less intersystem crossing, represented
by the bold arrows. Wavenumbers associated with these vibrations are
given in cm�1.


Table 1. Selected bond lengths (r(X�Y)), angles, and bond orders (B(X�
Y), in a.u., in parentheses) for complexes 1b and intermediates 3b,c and
4.


anti-1b[a] syn-1b[a] 3b (T1) 3c (T1) 4 (S0)


r(Cr�C) [E] 2.060 2.017 2.179 2.136 2.254
(0.38) (0.40) (0.40)


r(Cr�C=O) [E] 1.904 1.900 1.897 1.900 2.071
(0.68) (0.66) (0.52)


r(C�C=O) [E] 2.739 2.753 1.651 1.671 1.414
(0.75) (0.71) (1.22)


r(C=O) [E] 1.153 1.155 1.191 1.189 1.206
(1.87) (1.88) (1.85)


C�Cr�C(=O) [8] 87.3 89.3 47.2 48.5 37.9


[a] See reference [10c].
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bene complex such as 6 and imine 7 (Scheme 3) must be de-
pendent on the nucleophilicity of the solvent used. A series
of experiments were carried out using a variety of solvents
ranging in polarity from hexane to MeCN. A clear relation-
ship between the donor number (DN) of the solvent and the
yield of the reaction was found, as predicted by our model.
Thus, good coordinating solvents such as THF or MeCN
gave very high yields of the mixture of cis- and trans-b-lac-
tams 8, but the yields are poorer in noncoordinating solvents
such as hexane or benzene (Table 2, Scheme 3). Formation
of b-lactams 8 in noncoordinating solvents may be explained
by deactivation of the T1 chromacyclopropanone 3 by coor-
dination with the lone pair of the imine nitrogen atom.[29]


As stated above, we have
previously reported on the
effect of the substitution of
one or two CO ligands of the
pentacarbonylchromium(0)
carbene complexes by phos-
phines on the photochemical
reaction with imines.[15] With a
model for the carbonylation of
alkoxypentacarbonylchromi-
um(0) carbene complexes in
hand, we studied the far more
complicated situation of PH3-
substituted complexes. In this
case, the number of possible
starting situations for a deter-
mined complex is higher, since


the PH3 ligand can be either cis or trans to the carbene
ligand, and for each isomer two possible syn and anti iso-
mers of the carbene ligands are also likely (Scheme 4).


Calculations were pursued with the two more stable
forms of both complexes, namely the cis-syn-9 and trans-
anti-9 isomers (in both cases the [C(OMe)Me] fragment bi-
sects the plane defined by the two equatorial CO ligands,
like their analogous complexes 1b). The optimization of the
corresponding T1 structures on the respective hypersurfaces
was effected at the UB3LYP/LANL2DZ&6–31G(d) level as
described above, and the structures 10 and 11 were obtained
in both cases. The species 10 is 36.9 kcalmol�1 higher in
energy than trans-anti-9, while 11 is 33.8 kcalmol�1 higher in
energy than cis-syn-9. Both T1 species show the chromacy-
clopropanone structure analogous to 3 (Figure 6). As for
species 3, the calculated spin density for the Cr atom in 10 is
1.02 au and for the former carbene-carbon atom is 0.42 au
(the spin density values for 11 are 1.06 au and 0.52 au, re-
spectively). Therefore, both 10 and 11 have biradical charac-
ter.


Geometric data for complexes 9–12 are collected in
Table 3. The presence of a PH3 ligand in alkoxychromium(0)
carbene complexes has no effect on the nature of the struc-
tures on the T1 hypersurface, with the exception of the nar-


Scheme 3.


Table 2. Photochemical reactions of complex 6 and imine 7 in different
solvents.


Entry[a] Solvent[b] DN[c] Conversion[d] cis-8/trans-8[e]


1 hexanes – 32 7.3:1
2 benzene – 55 3.2:1
3 CH2Cl2 0.00 69 4.4:1
4 THF 0.52 85 1:1
5 MeCN 0.36 90 6.3:1


[a] All the experiments were carried out using a 10�2
m concentration of


solvent. [b] The temperature inside of the light box (monitored by using
an external probe) was in the range of 26–30 8C for each case. [c] Values
for donor number (DN)[30] are referenced to 1,2-dichloroethane. [d] The
value of conversion is calculated based on the amount of unreacted
imine observed after irradiation for 8 h (monitored by 1H NMR spectros-
copy). All the experiments were effected simultaneously to ensure identi-
cal reaction conditions, and repeated twice. The given values are the
average of both experiments. [e] Determined by integration of the signals
corresponding to H4 in the NMR spectra of the crude reaction mixtures.


Scheme 4.


Figure 6. Fully optimized triplet structures 10 and 11 (UB3LYP/LANL2DZ&6–31G(d) level) and fully opti-
mized structure 12 for the S0 state (B3LYP/LANL2DZ&6–31G(d) level). See Figure 2 captions for additional
details.
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rowing of the S0–T1 gap. Both T1 structures 10 and 11 were
deactivated to the S0 hypersurface by coordination with a
molecule of water as a model for an ethereal solvent. The S0


active species 12 (Figure 6) is analogous to that obtained
from pentacarbonylchromium(0) carbene complexes 4.
NBO analysis of 12 gives values of �0.881 au for Cr and
+0.194 au for the former carbene-carbon atom. Again, 12 is
a highly polarized species with significant acylchromate
character. The Cr�C (former carbene) distance is larger
than that of its analogue 4 due to the donor effect of the
phosphine ligand, which makes the metal less prone to
accept charge from the ketene ligand (Table 3, Figure 6).[31]


Finally, our model was tested against alkoxytungsten(0)
carbene complexes that, until today, have proven inert to-
wards photocarbonylation. We carried out calculations on
pentacarbonyl(methoxymethylcarbene)tungsten(0) 13. The
geometry and conformational behavior of this complex have
been previously calculated by us.[10c] Calculations carried out
at the CIS level on the more stable anti-13 conformer re-
vealed a stable triplet state having a vertical excitation
energy of 83.0 kcalmol�1. However, in this case, S1 is located
only 5.3 kcalmol�1 higher in energy than T1. The geometry
of both triplets derived from anti-13 and its isomer syn-13
were optimized at the UB3LYP/LANL2DZ&6–31G(d)
level. The optimization resulted in complexes 14 and 15, re-
spectively. Complex 14 is 54.0 kcalmol�1 higher in energy
than anti-13, whereas syn-13 is 51.3 kcalmol�1 lower in
energy than 15. Both triplets 14 and 15 differ only by
0.1 kcalmol�1. Contrary to the behavior of their chromium
counterparts 3b and 3c, neither 14 nor 15 have a tungsten-
acyclopropanone structure. Thus, the bond lengths between
carbene-C atoms and the closest CO groups are 2.716 E and
2.567 E, respectively, without any measurable bond order
between both atom pairs. Therefore, no ketene-like species
are formed by excitation of an alkoxypentacarbonyltung-
sten(0) carbene complex (Figure 7). Hence, our model is in
good accord with the experimentally observed lack of pho-
tochemical reactivity tungsten(0) carbenes.


Based on the calculations effected above we can attribute
the inertia of tungsten(0)–carbene complexes to a stronger
W�C(=O) bonding with respect to Cr�C(=O), together with
a decrease in the nucleophilicity of the carbene-carbon atom


in the excited state. Thus, NBO calculated bond orders
range from 0.81–0.82 for cis-[W�C(=O)] in complexes 13
and from 0.71–0.74 for cis-[Cr�C(=O)] in complexes 1b.


Conclusion


The photocarbonylation reaction of Group 6 Fischer car-
bene complexes was studied by DFT and experimental pro-
cedures. The process occurs by ISC from the lowest excited
singlet state (S1) to the lowest triplet state (T1). The struc-
ture of the triplet is decisive for the outcome of the reaction.
Methylenepentacarbonylchromium(0) complexes, alkoxy-
pentacarbonylchromium(0) carbene complexes, and alkoxy-
phosphinetetracarbonylchromium(0) carbene complexes
have coordinatively unsaturated chromacyclopropanone T1


structures with significant biradical character. The evolution
of these species takes place by an additional ISC to the S0


hypersurface (spin inversion) by coordination of a molecule
of the solvent. In the presence of ketenophiles, ketene-der-
ived products are formed, however, in their absence, the re-
version to the carbene complex takes place. This step is
highly exothermic and is responsible for the experimentally


Table 3. Selected bond lengths (r(X�Y)), angles, and bond orders (B(X�
Y), in a.u., in parentheses) for complexes 9 and intermediates 10, 11, and
12.


cis-syn-9 trans-anti-9 10 11 12


r(Cr�C) [E] 1.991 2.003 2.147 2.139 2.310
(0.25) (0.39) (0.77)


r(Cr�C=O) [E] 1.899 1.858 1.904 1.887 2.039
(0.31) (0.73) (0.57)


r(C�C=O) [E] 2.676 2.704 1.663 1.683 1.421
(0.81) (0.70) (1.20)


r(C=O) [E] 1.157 1.160 1.193 1.190 1.215
(2.23) (1.86) (1.81)


r(Cr�P) [E] 2.381 2.382 2.416 2.425 2.417
(0.26) (0.36) (0.38)


C�Cr�C(=O) [8] 86.9 88.8 48.0 48.9 37.5


Figure 7. Fully optimized (B3LYP/LANL2DZ&6–31G(d) level) struc-
tures of tungsten(0) carbenes syn- and anti-13 at their ground state. The
corresponding excited T1 structures 14 and 15, optimized at the
UB3LYP/LANL2DZ&6–31G(d) level, are also shown. See Figure 2 cap-
tion for additional details.


www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 5988 – 59965994


M. A. Sierra, F. P. Coss=o et al.



www.chemeurj.org





observed anti ! syn isomerization of chromium(0) carbene
complexes in the absence of nucleophiles. On the contrary,
pentacarbonyltungsten(0) carbene complexes do not carbon-
ylate. Thus, the photoreactivity of Group 6 carbene com-
plexes is strongly related to the coordinating ability of the
solvent. Coordinating solvents facilitate the reaction by fa-
voring the deactivation of the T1 species. This prediction has
been tested experimentally in the reaction between alkoxy-
pentacarbonylchromium(0) complexes and imines.


Experimental Section


Photochemical reactions: general procedure : All photochemical reactions
were conducted by using a 450-W medium-pressure mercury lamp fitted
with a Pyrex filter. All the reactions were carried out in the specified sol-
vent, dried and degassed (vacuum-Ar, four cycles) in a rubber septum-
sealed Pyrex tube filled with argon. For all cases pentacarbonyl[(ethoxy)-
(methyl)carbene]chromium(0) (6) was allowed to react with N-(4-me-
thoxylphenyl)benzylideneimine (7). In a typical experiment a solution of
the carbene complex (53 mg, 0.20 mmol) and imine 7 (42 mg, 0.20 mmol)
in the indicated solvent (20 mL) was irradiated for 8 h. The solvent was
removed in vacuo and the residue was dissolved in a mixture of hexane/
AcOEt (1:1) and then exposed to direct sunlight until a clear solution
was obtained. The solution was filtered through a short pad of celite,
then the solvent was eliminated, and the isomeric composition of the b-
lactam mixture was checked by 1H NMR spectroscopy (see text). The
conversion for the reaction was estimated by integration of well-resolved
signals of the imine proton at d=8.4 ppm. The ratio of isomers was deter-
mined by comparison of the integrals for the signals at d=4.85 and
5.01 ppm for compound trans-8 and with those at d=4.78 and 5.03 ppm
for cis-8.


Hexanes: following the general procedure, 48 mg of the reaction mixture
was obtained. The cis/trans-b-lactam 8 ratio was 7.3:1.


Benzene: following the general procedure, 52 mg of the reaction mixture
was obtained. The cis/trans-b-lactam 8 ratio was 3.2:1.


Dichloromethane: following the general procedure, 56 mg of the reaction
mixture was obtained. The cis/trans-b-lactam 8 ratio was 4.4:1.


Tetrahydrofuran: following the general procedure, 59 mg of the reaction
mixture was obtained. The cis/trans-b-lactam 8 ratio was 1:1.


Acetonitrile: following the general procedure, 60 mg of the reaction mix-
ture was obtained. The cis/trans-b-lactam 8 ratio was 6.3:1.
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Introduction


Polyaminecarboxylic acids have the ability to form stable
water-soluble complexes with di- and trivalent metal ions.
Accordingly, they are used to control the solubility and pre-
cipitation of metal ions in a broad range of areas, from do-
mestic products to industrial and agronomic applications.[1,2]


Owing to the increasing concern about their environmental
impact, biotransformations and mineralization processes of
the polyaminecarboxylic acids most widely used, nitrilotri-
acetic acid (NTA) and ethylenediaminetetraacetic acid
(EDTA) have been studied rather well. NTA is readily bio-
degradable,[3] but is under scrutiny due to possible adverse
health effects.[4] On the other hand, the very effective chelat-
ing agent EDTA has the disadvantage of being quite persis-
tent toward biological degradation, either as a free acid or


as a metal complex.[1] This feature has directed some atten-
tion to other mechanisms of elimination based on abiotic
processes, mainly photodegradation, oxidation by metal
oxides or hydroxides and, to a smaller degree, sorption and
sedimentation.
Studies about the photoreactivity of NTA,[5–7] EDTA[8–12]


and diethylenetriaminepentaacetic acid (DTPA)[13] reveal
that photochemical degradation can be a good abiotic alter-
native pathway in the removal of these chelating agents
from water. These investigations have shown that FeIII, CuII,
and other divalent metal–NTA complexes are quite photo-


Abstract: The very low reduction po-
tential of the chelate FeIII–EDDHA
(EDDHA= ethylenediamine N,N’-
bis(2-hydroxy)phenylacetic acid)
makes it unreactive in photochemically
or chemically induced electron transfer
processes. The lack of reactivity of this
complex toward light invalidates pho-
todegradation as an alternative mecha-
nism for environmental elimination.


However, in spite of its low reduction
potential, the biological reduction of
FeIII–EDDHA is very effective. Based
on electrochemical measurements, it is
proposed that FeIII–EDDHA itself is


not the substrate of the enzyme ferric
chelate reductase. Likely, at the more
acidic pH in the vicinity of the roots,
the ferric chelate in a closed form
(FeL�) could generate a vacant coordi-
nation site that leads to an open hexa-
coordinate species (FeHL) where the
reduction of the metal by the enzyme
takes place.
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stable, whereas FeIII–EDTA and FeIII–DTPA are photolabile
complexes, which when exposed to sunlight and in the pres-
ence of oxygen, lead to different photodegradation products
that are found to be readily biodegradable.[13,14] Other metal
complexes of EDTA (with MgII, CaII, NiII, CuII, ZnII) are un-
reactive toward sunlight.[9,10] The photoreactivity of FeIII–
EDTA and FeIII–DTPA has been explained in terms of a
light-induced reduction of the FeIII to a FeII, which is fol-
lowed by the sequential fragmentation of the ligand.
Among polyaminecarboxylic acids, those bearing pheno-


late groups are well-known products massively used as mi-
cronutrient chelating fertilizers. In particular, ethylenedia-
mine N,N’-bis(2-hydroxy)phenylacetic acid (EDDHA) is
one of the most efficient iron-chelating agents employed to
relieve iron chlorosis in plants. This nutritional disorder re-
sults in a decrease in the amount of chlorophyll in leaves
and is caused by a low absorption of iron in alkaline soil
conditions.[15] It has been estimated that in Mediterranean
countries alone, more than 4000 metric tons of FeIII–
EDDHA and other structurally related phenolic ferric che-
lating agents are used every year. In spite of this fact, their
biodegradation and photodegradation pathways are virtually
unknown and the mechanism of iron release is subject of
debate.[16]


Our current work is directed toward the synthesis of bio-
logically active bioorganometallic compounds.[17] We are in-
terested in the study of the mechanisms of reaction of
metal–organic complexes,[18] to understand the effect of both
ligand and metal in the biological action of these com-
pounds.
Herein we report a study of the photochemical behavior


of EDDHA, both as a free acid and as a FeIII complex.
Since it has been stated that the photodegradation of FeIII


polycarboxylate complexes requires the initial reduction of
the FeIII in a ligand-to-metal photoinduced electron transfer
process,[19] in this work we will also study the behavior of
the FeIII–EDDHA in electron transfer reactions, which are
either chemically or electrochemically induced. The ability
of this complex toward reduction will help us to understand
the mechanism of the iron-uptake in strategy-I plants, a pro-
cess in which the enzyme ferric chelate reductase plays a
major role.[16,20] The results of this study will allow us to
evaluate the importance of the photochemical degradation
in the removal of EDDHA and FeIII–EDDHA from the en-
vironment.[21]


Results and Discussion


The photochemical behavior of EDDHA is unknown and
for the purposes of this work is the first step towards under-
standing the photodegradation pathways and the photoprod-
ucts formed from the FeIII–EDDHA complex. EDDHA as a
free acid (isoelectric form) is insoluble in water in the pH
range of 6–7 and hence the study of its photochemical be-
havior in solution should be done either in acidic medium
(as hydrochloride 1 (see Scheme 1)) or in basic medium (as
carboxylate and phenolate salt 2 (see Scheme 2)). Solutions
of EDDHA in water at pH<2 or pH>8 are stable indefi-
nitely when stored in the dark. The irradiations with UV/Vis
light were done using a 400-W medium-pressure mercury
lamp (lmax=254, 313, 365, 436 nm). For the visible-light ex-
periments (l>313 nm) a Pyrex filter was used. The samples
were irradiated for 24 h. The irradiation of solutions of
EDDHA with UV/Vis light, in the presence of O2 and


Abstract in Spanish: El bajo valor del potencial de reducci�n
del quelato FeIII-EDDHA le convierte en un compuesto
pr"cticamente inerte en procesos de transferencia electr�nica,
tanto inducida por v$a qu$mica como por v$a fotoqu$mica.
Este hecho elimina la fotodegradaci�n como una posible al-
ternativa abi�tica para la destrucci�n del FeIII-EDDHA en el
medio ambiente. Sin embargo, a pesar de su bajo potencial
de reducci�n, el FeIII-EDDHA es uno de los mejores correc-
tores de clorosis f'rrica que se conocen, lo que implica que el
proceso de reducci�n biol�gica de este complejo se produce
de forma eficaz. En este trabajo, bas"ndonos en medidas
electroqu$micas, proponemos que el complejo FeIII-EDDHA
en su forma (FeL�) no es el sustrato de la enzima quelato re-
ductasa f'rrica. Posiblemente, debido a la acidificaci�n que
se produce en la proximidad de las ra$ces, el complejo FeL�


podr$a generar una vacante de coordinaci�n y adoptar una
forma hexacoordinada abierta (FeHL) en la que se produce
la reducci�n enzim"tica.


Scheme 1.
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under acidic conditions (pH 1), leads to o-hydroxyphenyl
glycine (3) as the main reaction product (44%), together
with unaltered starting material (51%) (Scheme 1). The
photodegradation is much slower in visible light (l>
313 nm) and only trace amounts of 3 were obtained after ir-
radiation for 24 h (93% of EDDHA was recovered unal-
tered in the experiment). At basic pH values (pH 12), the
main isolated photoproduct on both UV/Vis and visible irra-
diation is salicylaldehyde imine 4 (11%), accompanied by
73–75% of recovered unreacted starting material
(Scheme 2). Additionally, hydrolysis of the imine 4 is ob-
served, and salicylaldehyde together with its oxidation prod-
uct (salicylic acid) were also identified in the crude reaction
products. The same product distribution but in considerably
lower yields was observed when the experiments were car-
ried out in deaerated solutions. The irradiation of suspen-
sions of EDDHA in water at pH 7 afforded the unaltered
product after reaction times of 24 h under all conditions es-
sayed.
These results indicate that the chelating agent EDDHA is


rather stable to photodegradation. Only at extreme pH
values, well above or below the typical environmental pH
range (4 to 8), is some photoreactivity observed. The pro-
cess is clearly pH-dependent and requires UV light. Under
strong acidic conditions, 3 is formed, presumably by a-C�H
fragmentation of the amino bonds followed by deprotona-
tion and disproportionation, to finally form the unstable
glyoxal imine 5, which is hydrolyzed in the acidic medium
(Scheme 1).[22] This type of reactivity is similar to that re-
ported for DTPA, which after successive fragmentations
leads to glycine as one of the main photodegradation prod-
ucts.[13] In a strong basic medium, EDDHA is less reactive.
Salicylaldehyde imine 4 is formed in low yield by photoin-
duced decarboxylation of 2, a well-known process for a-
amino carboxylates (Scheme 2).[23]


The chelate FeIII–EDDHA is stable in the pH range 3–
10.[24] The photochemical behavior of this compound has
been studied at pH 2, 6.5, and 11, in the presence of O2 and
with UV or visible light. In acidic solution, the iron chelate
was recovered practically unaltered after irradiation for


24 h. Trace amounts of 3 (< 2%) were detected in the reac-
tion product. In basic medium, only small amounts (6%) of
salicylic acid and salicylaldehyde were identified as degrada-
tion products. Finally, in neutral solution, the product was
totally inert to photodegradation.
The results obtained in the different experiments show


that FeIII–EDDHA is very resistant to photochemical degra-
dation. Solutions of the complex in water are almost totally
inert to light irradiation, even when the experiment was car-
ried out at pH values well above or below the pH range in
which the iron chelate is stable. In those cases, the small
amount of photoproducts detected should come from the
photodegradation of the free ligand EDDHA, which is pres-
ent in solution in equilibrium with the complex.[24]


The behavior of FeIII–EDDHA toward light contrasts
with that previously reported for the very photoreactive
FeIII–EDTA and FeIII–DTPA.[7,12,13] In those cases, a mecha-
nism analogous to that proposed for the photochemistry of
FeIII–oxalate[25] and FeIII–citrate complexes[26] has been sug-
gested (Scheme 3). After the excitation of the complex with


light, the FeIII is reduced by electron transfer (SET) from
one of the carboxylate groups of the ligand, leading to FeII


and a carboxylate radical cation species from which the pho-
tofragmentation products could be formed. The irreversible
oxidation of ferrous iron in the medium finally leads to the
precipitation of iron hydroxide.
Our experimental results show that the photolytic ligand-


to-metal electron transfer does not occur in FeIII–EDDHA,
at least not in a productive way. Maybe the ligand already
transfers an electron to the metal (SET) and the radical
cation is formed, but a fast back electron transfer reaction
(BET) re-forms FeIII, which impeding the progress of the re-
action.[27] On the other hand, the formation of light-induced
carboxylate radicals has been proposed for oxalates, malo-
nates, and citrates, but even though this a very likely process
for phenol-polyaminecarboxylic acids, there are no data re-
ported about this reaction for such compounds.
It has been stated that there is a strong relationship be-


tween the photosensitivity of a metal chelate and the struc-
ture of the ligand.[28] Generally, transition-metal chelates
have intense absorption bands assigned to transitions involv-
ing charge-transfer excitations. However, chelate ring chro-
mophores such as iron phenanthroline and other related
complexes are essentially insensitive to light despite their in-
tense UV/Vis absorptions. This fact indicates that light ab-
sorption is not the only factor that determines the photo-
reactivity of a metal complex.
As we have discussed above, ligand-to-metal photoin-


duced electron transfer does not take place in the FeIII–


Scheme 2.


Scheme 3.


Chem. Eur. J. 2005, 11, 5997 – 6005 G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5999


FULL PAPERPhotochemistry of FeIII–EDDHA



www.chemeurj.org





EDDHA complex. However, the mechanism of iron release
to plants from this type of chelate requires the reduction of
FeIII to FeII. Accordingly, we decided to explore the behav-
ior of the FeIII–EDDHA complex in the presence of chemi-
cal electron transfer reagents such as Na or Li naphthale-
nide,[29] samarium iodide (SmI2),


[30] or potassium graphite
(C8K).


[31] The reactions were carried either in solution
(naphthalenides, SmI2) or in heterogeneous phase (C8K). In
all cases, the complex was recovered unaltered after the pro-
cess. This fact was confirmed by ESI-MS of the reaction
product, which showed a peak at m/z 412 [M�H]� (nega-
tive-ion mode) corresponding to unaltered FeIII–EDDHA. If
the reduction of the metal in the reaction medium had oc-
curred, free FeII should have been released to the solution.
Considering that the affinity of the EDDHA for FeII is very
low (logK=14.30),[32] the free ligand should have been ob-
served after the reaction, which was not the case. The reac-
tivity of free EDDHA in the presence of the electron trans-
fer reagents under the conditions essayed for the complex
was also checked, but the product was recovered unaltered
in all cases.


Redox behavior of FeIII–EDDHA : The nature of the ligand
in iron chelates is a key factor in the redox behavior of the
complex. In fact, it is known that the extreme variability of
the FeIII/FeII redox potential can be finely tuned by well-
chosen ligands.[33] The standard redox potential of the FeIII/
FeII couple in water is +0.732 V.[34] However, the range of
redox potentials of the LFeIII/LFeII couples can vary from
�1.0 V to +1.0 V.[33] Thus, iron can encompass almost the
entire biologically significant range of redox potentials, from
�0.40 V for semiflavin/dihydroflavin to +0.46 V for the
Fenton reagent or to +0.94 V for the O2


�/H2O2 system. As
far as we are aware, the redox properties of FeIII–EDDHA
have not been reported.
Redox properties of the free ligand EDDHAwere studied


first in order to evaluate its ability as electron donor in an
electron transfer process. The cyclic voltammograms of
1 mm solutions of EDDHA at pH values ranging from 5.0 to
9.3 are displayed in Figure 1 and the corresponding Epa


values are summarized in Table 1. In all cases, they show a
clear oxidation wave attributable to the oxidation of the
phenol group. The higher Epa values correspond to the more
acid pH values, but as the pH of the medium increases, the
phenol groups are deprotonated and the Epa values consis-
tently decrease.
The reduction potential of the FeIII–EDDHA/FeII–


EDDHA couple can be estimated by applying the Nernst
equation to the system [Eq. (1)], [33–35] where bIII and bII are
the stability constants of the FeIII–EDDHA and FeII-
EDDHA complexes, respectively, and E8 is 0.732 V.


Eo�E ¼ 0:0591 log ðbIII=bIIÞ ð1Þ


Considering logbIII 35.09[23] and logbII 14.30,[32] the calcu-
lated value of the reduction potential for the FeIII–EDDHA/
FeII–EDDHA couple is E=�0.497 V, which is significantly
lower than those reported for the FeIII/FeII–EDTA (E=


+0.120 V) and FeIII/FeII–DTPA (E=++0.030 V) couples.[33]


Therefore, it is not surprising that FeIII–EDDHA, FeIII–
EDTA, and FeIII–DTPA showed very different behavior
toward chemical and photochemical reduction. The conse-
quences on the mode of action of those compounds should
differ accordingly.


The cyclic voltammogram for FeIII–EDDHA was regis-
tered and is depicted in Figure 2. It shows quasi-reversible
electrochemistry with a half wave potential E1/2=� 0.560 V,
[E1/2= (Epa + Epc)/2], even lower than the calculated value
(�0.497 V). The very negative reduction potential reveals
the greatly higher selectivity of EDDHA for FeIII over FeII,


Figure 1. Cyclic voltammograms of the free ligand EDDHA (1 mm) in
0.1m buffered phosphate solutions.


Table 1. Electrochemical data obtained for o,o-EDDHA.


pH Epa [V] pH Epa [V]


2.0 1.12 7.4 0.73
3.0 1.07 8.1 0.78
4.0 0.98 9.3 0.75
5.0 0.93 10.1 0.67
6.6 0.80 11.1 0.64


Figure 2. Cyclic voltammogram of FeIII–EDDHA. Conditions:
[FeCl3·6H2O] 10


�3
m, [o,o-EDDHA] 10�2m, pH 7.4.
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as reflected in the stability constants of the corresponding
complexes. If reduction potentials are a good measurement
of the electron-accepting ability of FeIII complexes, the very
low reduction potential of FeIII–EDDHA explains its experi-
mentally proved reluctance toward photoreduction and also
to chemically induced reduction processes.
All these experimental data are of great importance to


understand the mechanism of iron release from FeIII–
EDDHA in soils. Iron uptake by strategy-I plants involves
the reduction of FeIII to FeII by the NADPH-dependent
enzyme ferric chelate reductase.[16, 20] However, when consid-
ering the experimental value of the redox potential of this
complex (E=�0.560 V), the reduction of FeIII–EDDHA by
a NADPH-enzyme (E(NADPH/NADP+)=�0.324 V)
should not take place. This is very odd, as FeIII–EDDHA is
one of the most efficient correctors of iron chlorosis
known.[23,36] It can be argued that the measured values of
redox potentials should be considered cautiously, as they
have been obtained in experimental conditions that are not
fulfilled within cells. Although this is true, it is also reasona-
ble to assume that the differences between calculated and
real values should be small.[33]


A similar oddity in the reduction by biological reducing
agents has been remarked for some ferrisiderophores, the
chelating molecules released by bacteria and fungi growing
under iron stress.[37] In these cases, it has been proposed that
the thermodynamically unfavorable FeIII to FeII biological re-
duction can be understood if a chelating agent Y, with
strong affinity for FeII, was already present in the medium.
Ferrisiderophores are released to bind FeIII and the entire
FeIII–siderophore complexes are taken up back into the cell,
where the reduction occurs. Then, complexing agent Y is
able to take FeII from the resulting FeII–siderophore com-
plex, since siderophores have little affinity for FeII. The bio-
logical reduction is driven to completion as now depends on
the FeIII–siderophore/FeII Y quotient (see [Eq. (1)]). This
model cannot be applied to strategy I plants in which the
iron is taken from extracellular ferric chelates and the re-
duction FeIII to FeII by the enzyme takes place outside the
cell.
Taking these points into consideration, the question is


how the ferric chelate reductase is able to reduce FeIII to
FeII in FeIII–EDDHA. It is known that strategy I plants in-
crease their capacity for taking up iron by excreting protons
from the root surface by activation of an ATPase.[16,20] Thus,
it could be postulated that at the acid pH of the rhizosphere
(pH 5), the enzymatic reduction does not take place at the
FeIII–EDDHA chelate itself, but at a different species were
the reduction of the metal occurs more easily. A recent
study has shown that in a wide pH range (4–10) the predom-
inant form of FeIII–EDDHA in solution is the closed octahe-
dral species FeL� (Scheme 4). However, at acid pH values it
could be also in the form of the hexacoordinate open spe-
cies (FeHL) (Scheme 4).[24] The formation of FeHL requires
the generation of a vacant coordination site that is replaced
by a water molecule, leaving one of the strong binding
points of the chelate (the phenolic oxygen atom) free. All


this process could be induced by the lowering of the pH in
the roots by the proton-pumping ATPase.
To support this hypothesis we have studied the redox be-


havior of the complex FeIII–EDDHA at different acid pH
values ranging from 3.1 to 6.0. The cyclic voltammograms
are displayed in Figure 3. At the most acid pH values they


Scheme 4.


Figure 3. Cyclic voltammograms of FeIII–EDDHA. Conditions:
[FeCl3·6H2O] 10


�3
m, [o,o-EDDHA] 10�2m in 0.1m buffered phosphate


solutions. a) pH 3.1 and 4.1; b) pH 5.0 and 6.0.
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have a clear reduction wave at Epc �0.30 V (pH 3.1) and Epc
�0.51 V (pH 4.1), whereas at higher pH values they show
quasi-reversible reduction waves at E1/2 �0.37 V (pH 5.0)
and E1/2 �0.48 V (pH 6.0). The electrochemical data are
summarized in Table 2. The experimental results clearly


demonstrate that the ability of FeIII–EDDHA toward reduc-
tion increases with the lowering of the pH in the medium.
The higher concentration of the open species FeHL in the
solution at lower pH values should be responsible for the
systematic increase of the reduction potentials observed in
Table 2.
The assumption that an open species such as FeHL could


be the key to understanding the enzymatic reduction of the
ferric chelate is also supported by a recent study about the
structure and stability of the complex Fe–o,p-EDDHA, a
positional isomer of FeIII–EDDHA.[38] In this octahedral
complex, the p-hydroxy phenolate group is unable to bind
FeIII, and depending on the pH, a water molecule (up to
pH 6.3) or a hydroxy group (from pH 6.3 to 9.2) occupies
the vacant coordination position (Scheme 4). In spite of this
fact, it has been demonstrated that this complex is as effi-
cient as Fe–o,o-EDDHA as iron chlorosis corrector. The
structure of Fe–o,p-EDDHA (Scheme 4) is very similar to
that of the open form FeHL and thence this complex is an
excellent model to study the electrochemical behavior of the
FeHL species. The cyclic voltammogram of Fe–o,p-EDDHA
at pH 5.0 (X=H2O in Scheme 4) is displayed in Figure 4
and the data are summarized in Table 2. It shows a quasi re-
versible reduction wave at E1/2�0.22 V, a value considerably
higher than that measured for the FeIII–EDDHA in the
FeL� form (E1/2 �0.56 V). The comparison between these
two values provides an indication about the very different
ability of the species FeHL (open) and FeL� (closed octahe-
dral) toward reduction.
Accordingly, we can propose a model that explains the re-


duction of FeIII–EDDHA by the enzyme ferric chelate re-
ductase. At the more acid pH in the vicinity of the roots, the
complex FeIII–EDDHA in the open form FeHL is reduced
by the enzyme. Free FeII and EDDHA are released in the
process and finally, the ferrous ion may be transported into
the cell by a strong chelator Y (present in the cell mem-
brane) in the form of a FeIIY complex (Scheme 5). The com-
plex FeIII–o,p-EDDHA is already in the required FeHL
open form and can be reduced directly by the enzyme.


Conclusion


In this work, we have demonstrated that FeIII–EDDHA is
very persistent toward photodegradation. This is due to the
very low reduction potential of the complex, which makes it
unreactive in photochemically or chemically induced elec-
tron transfer processes. In spite of these facts, the biological
reduction of FeIII–EDDHA by a ferric chelate reductase is
very effective. The reduction does not take place on the
complex in the FeL� octahedral closed form, but on a hexa-
coordinate open species (FeHL) formed at the acid pH of
the rizhosphere. The formation of this species requires the
generation of a vacant coordination site in the FeL� com-
plex that is filled with a water molecule. Our electrochemi-
cal results demonstrate that the reduction of the complex in
the open form FeHL should be easier than in the octahedral
closed form FeL� . Further investigation on the photochem-
istry and redox properties of other EDDHA-like iron com-
plexes structurally related to FeIII–o,p-EDDHA are current-
ly in progress in our laboratories.


Table 2. Reduction potentials of FeIII–EDDHA complexes at the differ-
ent pH essayed.


Compound pH Epc [V] E1/2 [V]


FeIII–o,o-EDDHA 3.1 �0.30
FeIII–o,o-EDDHA 4.1 �0.51
FeIII–o,o-EDDHA 5.0 �0.54 �0.37
FeIII–o,o-EDDHA 6.0 �0.57 �0.48
FeIII–o,o-EDDHA 7.4 �0.61 �0.56
FeIII–o,p-EDDHA 5.1 �0.30 �0.22 Figure 4. Cyclic voltammogram of FeIII–o,p-EDDHA. Conditions:


[FeCl3·6H2O] 10
�3
m, [o,p-EDDHA] 10�2m in 0.1m buffered phosphate


solution, at pH 5.


Scheme 5.
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Experimental Section


General : Analytically pure o,o-EDDHA was prepared following our pre-
viously reported synthetic method.[24,39] The complex FeIII–EDDHA was
obtained as a sodium salt from the pure ligand o,o-EDDHA and ferric
chloride in basic medium following the previously reported procedure.[40]


Analytically pure o,p-EDDHA was prepared following our previously re-
ported method.[38b] Reactions requiring an inert atmosphere were con-
ducted under argon and the glassware was flame-dried under vacuum
(<0.2 mmHg). Tetrahydrofuran was distilled from sodium and benzophe-
none immediately prior to use. 1H NMR and 13C NMR spectra were re-
corded at 22 8C on Bruker Avance 300 (300.1 and 75.4 MHz) or Bruker
200-AC (200.1 and 50 MHz) spectrometers. Chemical shifts are given in
ppm relative to TMS (1H, 0.0 ppm), CDCl3 (


13C, 77.0 ppm), C3D6O (
1H,


2.0 ppm), C3D6O (13C, 206.0 ppm), D2O/NaCO3 (
1H, 4.78 ppm), D2O/


NaCO3 (
13C, 165.7 ppm). ESI-MS spectra were carried out in methanol


using an ESQUIRE-LC (Bruker Daltonic, Bremen, Germany) ion trap
spectrometer by using the negative-ion mode. The stainless-steel capillary
was held at a potential of 5.0 kV. Nitrogen was used as nebulizer gas at a
flow-rate of 3.98 Lmin�1 (nebulizer pressure 11 psi) at 150 8C.


Photochemical procedures : All photochemical reactions were carried out
in distilled water at 22 8C in a magnetically stirred Pyrex vessel using a
400-W medium-pressure mercury lamp (lmax 254, 313, 365, 436 nm)
placed in a water-cooled quartz immersion well. For the visible-light ex-
periments (lmax 313 nm) a Pyrex filter was used. The pH of the different
experiments was adjusted with HCl 2m or NaOH 3m solutions in distilled
water. The samples were irradiated either in the presence or in the ab-
sence of O2. In the experiments with O2, air was bubbled through the sol-
utions during the irradiation. In the deoxygenated experiments the sam-
ples were purged with argon for at least 20 min prior to the irradiation
and then irradiated in sealed tubes.


UV/Vis irradiations of EDDHA in the presence of O2


Irradiation at pH 1: A solution of 1 (100 mg, 0.27 mmol), in distilled
water (45 mL) was irradiated for 24 h. The crude mixture was extracted
at pH 5 with CH2Cl2, the extracts were dried (MgSO4), filtered, and
evaporated to dryness at reduced pressure, to yield o-hydroxyphenylgly-
cine 3 (44 mg; 44%): solid; 1H NMR (200 MHz, C3D6O): d=7.34–7.31
(d, J=7.5 Hz, 1H; ArH), 7.20–7.11 (t, J=8.5 Hz, 1H; ArH), 6.88–6.81 (t,
J=7,5 Hz, 2H; ArH), 5.46 ppm (s, 1H); 13C NMR (C3D6O): d=70.1,
116.5, 120.2, 129.1, 129.8, 155.8, 174 ppm. The aqueous layer was evapo-
rated at reduced pressure to yield unreacted o,o-EDDHA (50 mg; 51%):
beige solid; 1H NMR (300 MHz, D2O/NaCO3): d=7.26–7.13 (m, 4H;
ArH), 6.88–6.78 (m, 4H; ArH), 4.44 (s, 1H), 4.37 (s, 1H), 2.94–2.75 ppm
(m, 4H); 13C NMR (300 MHz, D2O/NaCO3): d=44.4, 63.3, 116.9, 117.5,
123.5, 128.7, 128.8, 158.1, 177.3 ppm.


Irradiation at pH 12 : A solution of 2 (100 mg, 0.27 mmol) in distilled
water (45 mL) was irradiated for 24 h. After a workup analogous to that
described above, imine 4 (11 mg; 11%) and unreacted o,o-EDDHA
(73 mg; 73%) were obtained.


Imine 4 : dark yellow solid; 1H NMR (200 MHz, CDCl3): d=8.26 (s, 1H;
CH=N), 7.27–7.14 (m, 2H; ArH), 6.90–6.75 (m, 2H; ArH), 3.86 ppm (s,
2H); 13C NMR (200 MHz, CDCl3): d=59.6, 116.8, 118.5, 131.3, 132.2,
160.9, 166.4 ppm.


Irradiation at pH 7: A suspension of EDDHA (isoelectric form) (400 mg;
1.1 mmol) in distilled water (45 mL) was irradiated for 48 h. The suspen-
sion was filtered to yield unreacted EDDHA (250 mg; 62%). The aque-
ous layer was extracted with CH2Cl2, the extracts were dried (MgSO4),
filtered, and evaporated to dryness at reduced pressure, to yield a 1:2
mixture of imine 4 and salicylaldehyde (10 mg; ratio determined by
1H NMR spectroscopy). The aqueous layer was evaporated at reduced
pressure to yield unreacted o,o-EDDHA (140 mg; 35%) (overall yield
97%).


UV/vis irradiations of EDDHA in absence of O2


Irradiation at pH 1: A solution of 1 (100 mg; 0.27 mmol) in distilled
water (45 mL) was irradiated for 24 h. After a workup analogous to that
described above, o,o-EDDHA (80 mg, 80%) was recovered from the


aqueous fraction. The organic phase yielded o-hydroxyphenylglycine 3
(15 mg; 15%).


Irradiation at pH 12 : A degassed solution of 2 (100 mg; 0.27 mmol) in
distilled water (45 mL) was irradiated for 24 h. After a workup analogous
to that described above, imine 4 (10 mg; 13%) was obtained from the or-
ganic phase. The aqueous phase yielded pure o,o-EDDHA (83 mg;
83%).


Visible irradiations (l > 313 nm) of EDDHA in the presence of O2


Irradiation at pH 1: A solution of 1 (100 mg; 0.27 mmol) in distilled
water (45 mL) was irradiated for 24 h. After a workup analogous to that
described above, pure o,o-EDDHA (93 mg; 93%) was recovered unal-
tered from the aqueous phase. Trace amounts of o-hydroxyphenylglycine
3 were detected by 1H NMR spectroscopy in the residue obtained from
the organic phase.


Irradiation at pH 12 : A solution of 2 (400 mg; 1.1 mmol) in distilled
water (45 mL) was irradiated for 24 h. After a workup analogous to that
described above, imine 4 (45 mg; 11%) was obtained from the organic
phase and pure o,o-EDDHA (300 mg; 75%) was recovered unaltered
from the aqueous phase.


Irradiation at pH 7: A suspension of EDDHA (isoelectric form) (400 mg;
1.1 mmol) in distilled water (45 mL) was irradiated for 48 h. The suspen-
sion was filtered to yield unreacted EDDHA (280 mg; 70%). The aque-
ous layer was extracted with CH2Cl2, the extracts were dried (MgSO4),
filtered, and evaporated to dryness at reduced pressure, to yield trace
amounts (< 2%) of salicylaldehyde (determined by 1H NMR spectrosco-
py). The aqueous layer was evaporated at reduced pressure to yield un-
reacted o,o-EDDHA (106 mg; 26%) ) (overall yield 96%).


Visible irradiations (l>313 nm) of EDDHA in the absence of O2


Irradiation at pH 1: A degassed solution of 1 (100 mg; 0.27 mmol) in dis-
tilled water (45 mL) was irradiated for 2 h. After a workup analogous to
that described above, o,o-EDDHA was quantitatively recovered from the
aqueous fraction No products were obtained from the organic phase.


Irradiation at pH 12 : A degassed solution of 2 (100 mg; 0.27 mmol) in
distilled water (45 mL) was irradiated for 24 h. After a workup analogous
to that described above, o,o-EDDHA was quantitatively recovered from
the aqueous fraction No products were obtained from the organic phase.


UV/Vis irradiations of FeIII-EDDHA in the presence of O2


Irradiation at pH 2 : A solution of the sodium salt of FeIII–EDDHA
(900 mg) in distilled water (200 mL) was irradiated for 24 h. The solution
was filtered to remove any iron oxides formed and extracted with
CH2Cl2. The extracts were dried (MgSO4), filtered, and evaporated to
dryness at reduced pressure to yield o-hydroxyphenylglycine (3) (15 mg;
2%) (identified by 1H NMR spectroscopy). The aqueous layer was
evaporated at reduced pressure and a purple solid [Na(Fe–EDDHA)]
(702 mg; 78%) was obtained. The analysis of the product was made by
iron extraction following a reported procedure:[41] The chelate was dis-
solved in a deaerated 3m KOH solution (15 mL) and was left to stand at
room temperature for 20 min in the dark. The precipitated Fe(OH)3 was
removed by centrifugation, the clean solution was acidified at pH 6, and
the solvent was evaporated under reduced pressure. The resulting beige
solid was analyzed by NMR spectroscopy and identified as o,o-EDDHA
by comparison of the signals of the NMR spectra with those of an au-
thentic sample.


Irradiation at pH 11: A solution of the sodium salt of FeIII–EDDHA
(900 mg) in distilled water (200 mL) was irradiated for 24 h. A workup
analogous to that described above yielded unaltered Na(Fe–EDDHA)
(650 mg; 72%) together with a 1:6 mixture of salicylaldehyde and salicyl-
ic acid (63 mg; 7%) (analyzed by 1H NMR spectroscopy).


Irradiation at pH 6.5 : A solution of the sodium salt of FeIII–EDDHA
(1.0 g) in distilled water (200 mL) was irradiated for 72 h. A workup anal-
ogous to that described above yielded Na(Fe–EDDHA) in quantitative
yield.


Visible irradiations (l > 313 nm) of FeIII–EDDHA in the presence of O2


Irradiation at pH 2 : A solution of the sodium salt of FeIII–EDDHA
(900 mg) in distilled water (200 mL) was irradiated for 24 h. A workup
analogous to that described above yielded Na(Fe–EDDHA) unaltered
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(823 mg; 91%) and a 1:2:2 mixture of o-hydroxyphenylglycine (3), salicy-
laldehyde, and salicylic acid (18 mg; 2%) (analyzed by 1H NMR spectros-
copy).


Irradiation at pH 11: A solution of the sodium salt of FeIII–EDDHA
(900 mg) in distilled water (200 mL) was irradiated for 24 h. A workup
analogous to that described above yielded Na(Fe–EDDHA) unaltered
(700 mg; 78%) together with a mixture of salicylaldehyde and salicylic
acid (56 mg; 6%) (analyzed by 1H NMR spectroscopy).


Irradiation at pH 6.5 : A solution of the sodium salt of FeIII–EDDHA
(1.0 g) in distilled water (200 mL) was irradiated for 24 h. A workup anal-
ogous to that described above yielded quantitatively the starting Na(Fe–
EDDHA) (trace amounts of imine 4 were detected).


Electron transfer reactions


General procedure for the reactions with Na/Li naphthalenide :[29] In a
two-neck round-bottom flask equipped with reflux condenser and mag-
netic stirring bar, sodium and naphthalene in dry THF were stirred under
argon for 4 h at room temperature (during which time the solution
became dark green). The solution was transferred by using a cannula to a
flask containing the chelate Na(Fe–EDDHA) or the free ligand (o,o-
EDDHA) and stirred at room temperature overnight. The ratio chelate
(or ligand)/sodium/naphthalene was 1:7.5:7.8. The reaction was quenched
with water at 0 8C and then filtered. The solid was dried and analyzed. In
the experiments with the free ligand o,o-EDDHA, this product was re-
covered unaltered as shown by NMR spectroscopy. In the experiments
with Na(Fe–EDDHA), the product was analyzed by ESI mass spectrom-
etry, which revealed only the peak m/z 412 [M�H]� (negative-ion mode)
for the unaltered product.


General procedure for the reactions of with SmI2 :
[30] A solution of CH2I2


in anhydrous THF was added dropwise at room temperature to a stirred
suspension of Sm in anhydrous THF under argon. The mixture was stir-
red until the color turned dark green (3 h) after which time most of the
SmIII had been consumed. The reaction mixture was stirred for an addi-
tional 30 min and transferred by using a cannula to a flask containing the
chelate Na(Fe–EDDHA) or the free ligand (o,o-EDDHA). The ratio
complex (or ligand)/Sm/CH2I2 was 1:2:1. The mixture was allowed to stir
at room temperature overnight. The reaction was quenched and the fil-
trate was washed with CH2Cl2, dried, and analyzed.


Reactions of o,o-EDDHA with SmI2 : The formation of SmI2 was accom-
plished as described above. The reaction was carried out either in THF,
THF/MeOH (2:1), or THF/H2O (1:1) mixtures using o,o-EDDHA/SmI2
ratios of 1:2.2, 1:2.9, and 1:5. The reaction was quenched by addition of a
few drops of 0.1m HCl or phosphate buffer (pH 8). The analysis by
NMR spectroscopy of the filtrate indicated that o,o-EDDHA was recov-
ered unaltered in all cases.


Reactions of Na[Fe-EDDHA] with SmI2 : The formation of SmI2 was ac-
complished as described above. The reaction was carried out either in
THF, THF/MeOH (2:1), or THF/H2O (1:1) mixtures using Na(Fe-
EDDHA)/SmI2 ratios of 1:2.2 and 1:5. The reaction was quenched by ad-
dition of a few drops of 0.1m HCl or phosphate buffer (pH 8). Analysis
of the product by ESI mass spectrometry revealed only the peak at m/z
412 [M�H]� (negative-ion mode) for the unaltered chelate.
General procedure for the reactions with potassium-graphite (C8K) lami-
nate :[31] In a two-neck round-bottom flask equipped with reflux condens-
er and magnetic stirring bar, graphite was heated (while stirred) under
argon for 15 min at 150–160 8C. Potassium was added under argon, and
the mixture was kept at 1608C with careful stirring until the laminate
had formed (10–15 min). CAUTION : The material was highly pyrophor-
ic, necessitating cautious handling in thoroughly dried solvents. The dis-
tinctive bronze color of the mixture indicated that C8K was formed and
this was then suspended in anhydrous THF. A suspension of the chelate
Na(Fe-EDDHA) or the free ligand (o,o-EDDHA) in THF at room tem-
perature was added to this suspension. The ratio complex (or ligand)/
graphite/potassium was 1:48:6. This suspension was allowed to stir over-
night, quenched with water, and filtered through celite. The phases were
separated with CH2Cl2 and dried under vacuum. The aqueous layer was
analyzed. In the experiments with the free ligand (EDDHA), this prod-
uct was recovered unaltered as shown by NMR spectroscopy. In the ex-


periments with Na(Fe-EDDHA), analysis of the product by ESI mass
spectrometry revealed only the peak m/z 412 [M�H]� (negative-ion
mode) for the unaltered product.


The same results were obtained when lower excesses (3:1) of C8K/Fe-
EDDHAwere employed.


Electrochemical measurements : Cyclic voltammetric experiments were
performed at room temperature in 0.1m phosphate buffer. A Metrohm
6.084.010 glassy carbon electrode (GCE) was used as working electrode.
A BAS MF 2063 Ag/AgCl 3m reference and a Pt wire counter electrode
were employed. All voltammetric measurements were carried out using a
PGSTAT 12 potentiostat from Autolab. The electrochemical software
was the General Purpose Electrochemical System (GPES) (EcoChemie
B.V.).
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Introduction


Stimuli-responsive microspheres are microspheres that show
an ability to change their physical-chemical properties and
colloidal properties in response to environmental stimuli
(change of temperature, pH, chemicals, light, electrical field,
magnetic field, or mechanic stress, etc.). Such microspheres
have been under intensive study in recent years as a result
of their potential uses in biomedical and biotechnological
fields such as controlled drug delivery,[1] biosensors,[2] chemi-
cal isolation,[3] cell-culture substrates,[4] enzyme immobiliza-
tion,[5] bioelectrocatalysis,[6] and magnetically controlled
electrochemical reactions.[7] A variety of stimuli-responsive
microspheres have been reported, including pH-respon-
sive,[8] thermoresponsive,[9] and magnetic microspheres,[10]


among others; however, most of the reported stimuli-re-
sponsive microspheres only respond to one specific stimulus.
For several of the potential applications of these micro-
spheres, such as magnetically targeted drug delivery and


magnetic isolation of chemicals, further functionalization of
these magnetic microspheres is needed. When modified with
a specific functional polymer, for example, a thermorespon-
sive polymer, these magnetic polymeric microspheres could
be used to isolate chemicals more conveniently with the
help of an external magnetic field, and by only changing the
temperature of the sample solution. In addition, stimuli-re-
sponsive microspheres could be used in more extended do-
mains if they are functionalized further.


Until now, to the best of our knowledge, only a little re-
search has been directed towards the fabrication of micro-
spheres that respond to more than one stimulus.[11] In this
paper, based on our previous work,[12] to further endow
stimuli-responsive microspheres with useful properties, we
present the preparation of multistimuli-responsive micro-
spheres that have a well-defined core–shell structure and
multistimuli-responsive properties. For these microspheres,
the core is made of FITC-labeled magnetic silica (FITC=


fluorescein isothiocyanate) and the shell is made of cross-
linked poly(N-isopropylacrylamide) (PNIPAM). FITC, a
popular fluorescent probe, has been widely used in various
fields such as cell labeling and DNA-sequence detection.
PNIPAM is a well-known thermoresponsive polymer with a
lower critical solution temperature (LCST) of 32 8C[9b] and
has been extensively studied in many fields including drug
delivery, purification of proteins, and gene expression. To
further investigate the possible applications of the prepared
multistimuli-responsive microspheres, we studied their drug-
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loading efficiency and in vitro
drug-release behavior by using
doxorubicin (DOX, a hydro-
philic antitumor drug) as the
model drug. In addition, by
using these microspheres as
tracers, we studied the magnet-
ic-targeting effect of the micro-
spheres by comparing the in
vivo distribution of the micro-
spheres in the presence and
absence of an external magnet-
ic field. The results suggest
that such multistimuli-respon-
sive microspheres, due to their
photophysical and photochem-
ical properties and sensitivity
to both external magnetic field
and environmental tempera-
ture, hold great potential for
the design of controlled drug-
delivery methods, in which mi-
crospheres loaded with a drug
could be guided to the tissue
of interest by using a magnetic
field, followed by release of
the drug by changing the local
temperature. As a result of the
enrichment of fluorescence
molecules, these microspheres
could serve as efficient tracers
of drug carriers to study the magnetic-targeting effect of
magnetic microspheres.


Results and Discussion


The concept of the proposed multistimuli-responsive micro-
spheres and the fabrication procedure are schematically il-
lustrated in Figure 1a. The first step in the procedure was to
coat magnetite nanoparticles charged with citrate groups
with a thin silica layer by using a modified Stçber method to
give magnetic silica microspheres. Then, FITC molecules
were incorporated into the silica layer of these microspheres
by cohydrolysis of tetraethyl orthosilicate (TEOS) and
APS–FITC compounds (APS= (3-aminopropyl)triethoxy-


silane) that had been synthesized beforehand by an addition
reaction of APS and FITC (shown in Figure 1b). Subse-
quently, the resultant FITC-labeled magnetic silica micro-
spheres were coated with another silica layer. In the next
step, 3-(trimethoxysilyl)propyl methacrylate (MPS) was
used to modify the surface of the FITC-labeled magnetic
silica microspheres, which led to the formation of terminal
C=C bonds on the surface of each microsphere core. Finally,
in the presence of MPS-modified FITC-labeled magnetic
silica microspheres, polymerization of N-isopropylacryl-
amide (NIPAM, the monomer) and N,N’-methylene bis-
acrylamide (MBA, the cross-linker) was initiated by using
potassium persulfate (KPS) as an initiator. Uniform polymer
shells were formed on the surface of the FITC-labeled mag-
netic silica microspheres, resulting in the formation of
FITC-labeled magnetic PNIPAM microspheres.


Figure 2a shows the transmission electron microscopy
(TEM) image of the magnetite particles used in the present
study, showing that they are nanosized (ca. 15 nm) and well
dispersed. The magnetite nanoparticles were synthesized by
a chemical coprecipitation method of ferrous and ferric
salts, followed by activation treatment with trisodium citrate.
Figure 2b shows the TEM image of the magnetic silica mi-
crosphere nanoparticles, which clearly shows that the mag-
netite nanoparticles were fully coated by the silica. The
TEM image shows that the size of the magnetic silica micro-


Abstract in Chinese:


Figure 1. a) A schematic illustration for the preparation of a fluorescence-labeled magnetic thermoresponsive
microsphere and b) the addition reaction between FITC and APS.
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spheres is about 30 nm. The silica coating on the magnetite
particles not only protects the particles from dissolving in
harsh application environments, but also provides a silica-
like surface for further surface modification, such as that
needed in the subsequent grafting or coating with a func-
tional polymer. Magnetic microspheres labeled with fluores-
cence molecules could be used in many fields such as fluo-
rescence magnetic markers in labeling and isolation of cells
or biomacromolecules. To label the magnetic silica micro-
spheres in this study, the FITC-APS compound was first syn-
thesized in absolute ethanol by using an addition reaction
involving the amino groups of APS and the isothiocyanate
groups of FITC. The FITC molecules were then incorporat-
ed into the silica shells of magnetic silica microspheres by
further cohydrolysis of TEOS and APS-FITC by means of a
sol–gel approach. After incorporation of the FITC mole-
cules into the silica layer of the microspheres, another addi-
tion of TEOS was required to form a new silica layer on
these microspheres to avoid them aggregating as a result of
the introduction of the FITC molecules. XiaJs group success-
fully synthesized fluorescent iron oxide–silica nanoparticles
with a method similar to that described here, by using sur-
factant-stabilized iron oxide nanoparticles as seeds.[13] Fig-
ure 1c shows the TEM image of FITC-labeled magnetic
silica microspheres; this image suggests that core–shell mi-
crospheres (40–50 nm) with more regular morphology were
prepared through a step-by-step coating procedure. It is
worth noting that in this study, coating the magnetite nano-
particles was very necessary. As mentioned above, it pro-
vides magnetite nanoparticles with a silica-like surface
which favors not only the introduction of FITC, but also the
encapsulation of magnetite nanoparticles by polymers, as
will be discussed below.


To further functionalize the FITC-labeled magnetic silica
microspheres, various methods such as surface-initiation


polymerization and precipitation polymerization can be
used to coat their outer surfaces, resulting in a variety of
functional polymeric shells. Before the coating procedure,
modification of the silica layer surface is usually needed for
the microspheres to be fully encapsulated by the polymers.
In this study, MPS, a polymerizable silane coupling agent,
was used to modify the surface of the FITC-labeled magnet-
ic silica microspheres. By using the MPS-modified FITC-la-
beled magnetic microspheres as seeds, FITC-labeled mag-
netic PNIPAM microspheres were produced by precipitation
polymerization of NIPAM and MBA. For comparison pur-
poses, different weight ratios of MBA to NIPAM were used
to prepare FITC-labeled magnetic PNIPAM microspheres
with different cross-linking densities. Here, for convenience,
the cross-linking density was defined as the weight percent-
age of cross-linker (MBA) to the monomer (NIPAM). Figur-
e 2d,e,f are representative TEM images of FITC-labeled
magnetic PNIPAM microspheres with different cross-linking
densities, indicating that FITC-labeled core–shell magnetic
silica microspheres were fully encapsulated by PNIPAM,
and that FITC-labeled magnetic PNIPAM microspheres
with an average diameter of about 200 nm were prepared.
This TEM image shows that the cores of the resultant
FITC-labeled magnetic PNIPAM microspheres contain sev-
eral magnetic silica microspheres. This is probably due to
the introduction of hydrophobic MPS on the magnetic silica
microspheres, so these microspheres could not be fully dis-
persed in water, leading to their aggregated encapsulation
by PNIPAM during the polymerization process. In addition,
scanning electron microscopy (SEM) and atomic force mi-
croscopy (AFM) were used to determine the size and the
morphology of the FITC-labeled magnetic PNIPAM micro-
spheres. The SEM images in Figure 3a,b,c show that these
microspheres have a narrow size distribution. Figure 3d is
the AFM image of the prepared microspheres with a cross-


Figure 2. TEM image of a) colloidal magnetite nanoparticles, b) silica-
coated magnetic nanoparticles, c) FITC-labeled magnetic silica micro-
spheres, and FITC-labeled magnetic PNIPAM microspheres with a cross-
linking density of d) 5%, e) 10%, and f) 15%.


Figure 3. SEM image of FITC-labeled magnetic PNIPAM microspheres
with a cross-linking density of a) 5%, b) 10%, and c) 15%, and d) AFM
image (12.5L12.5 mm tapping mode) of FITC-labeled magnetic PNIPAM
microspheres with a cross-linking density of 15%.
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linking density of 15%, providing additional evidence that
FITC-labeled magnetic PNIPAM microspheres with narrow
size distribution were produced.


To investigate their thermoresponsive properties, dynamic
light scattering (DLS) experiments were used to determine
the temperature-induced dimensional change of FITC-la-
beled magnetic PNIPAM microspheres with different cross-
linking densities (shown in Figure 4). According to the DLS
results, all the synthesized microspheres exhibit a narrow


size distribution with a polydispersity index (PDI=<m2> /
I2)[14] of less than 0.087, and as expected, they all exhibit
thermoresponsive continuous volume phase-transition char-
acteristics, except that microspheres with a lower cross-link-
ing density (5%) display a sharper phase-transition curve
than those with higher cross-linking densities (10% and
15%). It was also found that the LCST of FITC-labeled
magnetic PNIPAM microspheres shifted from about 32 to
37 8C when the cross-linking density increased from 5 to
15%. Such a shift was probably caused by the higher cross-
linking density, which was also found by other authors
studying cross-linked PNIPAM microspheres.[15] Further-
more, it was found that the dimensions of the microspheres
decreased dramatically as the temperature increased. Ac-
cording to the DLS results, the swelling ratio (defined as
(D20 8C/D56 8C)


3, D=hydrodynamic diameter) of the micro-
spheres decreased from 6.95 to 4.37 to 4.00 upon increasing
the cross-linking density from 5 to 10 to 15%. As can be
seen from the above discussion, the cross-linking density
plays a critical role in the swelling and deswelling behavior
of the microsphere, which is very important when consider-
ing applications in the fields of biology and medicine. There-
fore, to prepare FITC-labeled magnetic PNIPAM micro-
spheres with a certain LCST and swelling ratio, an appropri-
ate amount of cross-linker (MBA) should be used.


To study the magnetic properties of the FITC-labeled
magnetic PNIPAM microspheres, we recorded the hysteresis
loop of the dried samples at room temperature. Figure 5
shows a characteristic magnetization curve of the sample,
which indicates that FITC-labeled magnetic PNIPAM mi-


crospheres are superparamagnetic, that is, when the applied
magnetic field is removed, the sample keeps no remanence.
The superparamagnetism of the sample suggests that nano-
sized magnetite particles remain in the microspheres after
being encapsulated by silica and PNIPAM. The superpara-
magnetism of magnetic microspheres is critical for their ap-
plication in biomedical and bioengineering fields, as it pre-
vents microspheres from aggregating and enables them to
redisperse rapidly when the magnetic field is removed.[16]


The inset in Figure 5 shows the separation and redispersion
process of the microspheres in distilled water. In the ab-
sence of an external magnetic field, a dark yellow and ho-
mogeneous dispersion exists. When an external magnetic
field was applied, magnetic PNIPAM microspheres were en-
riched and the dispersion became clear and transparent.


The incorporation of FITC molecules into the magnetic
PNIPAM microspheres resulted in a value-added multisti-
muli-responsive microsphere which is of both fundamental
and technological interest. When labeled with FITC, mag-
netic PNIPAM microspheres could be used as tracers for
targeted drug controlled delivery under the guidance of a
magnetic field. Because the PNIPAM shell of the micro-
spheres showed a rapid swelling–deswelling transition with a
simultaneous hydrophilic–hydrophobic transition, it would
enhance the interaction between these microspheres and the
tissue/organ of interest if the temperature was higher than
the LCST of these microspheres. Figure 6 shows the fluores-
cence microscopy image of FITC-labeled magnetic
PNIPAM microspheres. This figure shows that the lumines-
cent intensity is high and the shining microspheres disperse
very well. To further study the fluorescence property of the
microspheres, the fluorescence emission spectra of FITC,
FITC-labeled magnetic silica microspheres, and FITC-la-
beled magnetic PNIPAM microspheres with a cross-linking
density of 15% were recorded (Figure 7). All samples were


Figure 4. Temperature dependence of the hydrodynamic diameter of
FITC-labeled magnetic PNIPAM microspheres with cross-linking density
of 5% (*), 10% (&), and 15% (!).


Figure 5. Magnetization curve of FITC-labeled magnetic PNIPAM micro-
spheres with a cross-linking density of 15%. The inset shows the separa-
tion and redispersion process of the microspheres in distilled water in the
absence (left) and presence (right) of an external magnetic field.
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measured using absolute ethanol as a dispersant. The fluo-
rescence spectra showed that the emission maximum (lmax)
of both FITC-labeled magnetic silica microspheres and


FITC-labeled magnetic PNIPAM microspheres is about
530 nm, a redshift of 10 nm compared with that of free
FITC (~520 nm). Red shifts were probably caused by the in-
teractions between neighboring FITC molecules encapsulat-
ed by the silica matrix as a result of enrichment by magnetic
silica microspheres, which was also reported by previous au-
thors.[17] A quantitative calculation of the number of FITC
molecules incorporated on each microsphere was difficult to
obtain due to the fact that the silica-coated magnetite nano-
particles used for encapsulation of the FITC-APS com-
pounds were not homogeneous in shape or size and the
FITC-labeled magnetic silica microspheres were encapsulat-
ed in PNIPAM as aggregates of different sizes; however, the
successful fabrication of FITC-labeled magnetic PNIPAM
microspheres is clearly evident from both the fluorescence
optical microscopy observation and fluorescence emission
spectra of the samples.


As a consequence of the presence of the PNIPAM shell,
the magnetic microspheres should swell and absorb DOX in
aqueous solution, and by using a magnetic isolation process,
the drug-loaded magnetic microspheres should be easily col-
lected from the solution. In order to study the application
possibilities, the prepared magnetic microspheres of 15%
cross-linking density were used as matrices for loading and
release of DOX. Drug loading was carried out by swelling a
known weight of the dried microspheres in a solution of
DOX in phosphate buffer (pH 7.4) at 27 8C for 24 h. Fig-
ure 8a shows the resulting solution containing the micro-


spheres (cross-linking density of 15%) and Figure 8b depicts
the sample after separation with a magnetic field, which
shows that DOX was enriched by the magnetic micro-
spheres. The increase in the weight of the magnetic micro-
spheres was taken as the amount of drug loaded, whereas
no weight change was observed in phosphate buffer. Fur-
thermore, for the confirmation of the percentage of drug
loading in the microspheres, the amount of DOX left in the
loading medium was determined by using a UV-visible spec-
trophotometer in accordance with Sampath and RobinsonJs
method.[18] Table 1 summarizes the feeding ratios and drug-


loading efficiency (DLE) of the magnetic microspheres.
From the data in Table 1 it was found that an increase of
RDOX/microsphere leads to a higher DLE, but it results in a de-
crease of drug-entrapment efficiency (DEE), that is, it
lowers the utilization percentage of DOX. The enrichment
of DOX in the magnetic microspheres was probably attrib-
utable to physical absorption.


For the drug-release studies, DOX-loaded (23.4%) mag-
netic microspheres were used to investigate their release be-


Figure 6. A fluorescence microscopy image of FITC-labeled magnetic
PNIPAM microspheres with a cross-linking density of 15%.


Figure 7. Normalized fluorescence emission spectra of FITC (& shown in
the inset, [FITC]=5.0L10�6 molL�1), FITC-labeled magnetic silica mi-
crospheres (*, 2.0L10�3 gmL�1), and FITC-labeled magnetic PNIAM mi-
crospheres (*, 15% cross-linking density, 5.0L10�3 gmL�1). The samples
were dispersed in absolute ethanol and exited at 470 nm.


Figure 8. The suspension of FITC-labeled multiresponsive microspheres
(15% cross-linking density) in phosphate buffer (pH 7.4) containing
DOX a) before magnetic separation and b) after magnetic separation.


Table 1. The feeding ratios and drug-loading efficiency (DLE) and drug-
entrapment efficiency (DEE) of the magnetic microspheres studied.


RDOX/microsphere
[a] DLE [%] DEE [%]


0.5 18.5 45.4
1.0 23.4 30.4
2.0 25.8 17.3


[a] RDOX/microsphere represents the weight ratio of DOX to the magnetic mi-
crospheres (15% cross-linking density).
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havior in water. Figure 9 depicts the cumulative percentage
release of DOX from magnetic microspheres at different
temperatures. Each point in the graph represents the mean
value of the cumulative concentrate of released DOX, deter-
mined three times in the period when the temperature of
the solution was kept constant. The drug-release profile can
be divided into four zones, that is, 27–29 8C (A), 29–35 8C
(B), 35–39 8C (C), and after 39 8C (D) (Figure 9). In zone A,


a rapid release of the drug (ca. 41.7%) from the micro-
spheres was observed. This is considered as a burst effect
and is probably due to the desorption of DOX on the sur-
face of the outer polymer shell, resulting from a large con-
centrate gradient between the aqueous solution and the in-
terface of the drug-loaded microspheres. In zone B, with the
increase of solution temperature, the polymer shell of the
microspheres shrank gradually and, together with solubilized
DOX, water in the polymer network was slowly expelled,
leading to the drug-release percentage increasing gradually
as the solution temperature was increased. Similarly, in zone
C, the release percentage increases quickly upon increasing
the temperature. It is worth noting that, as a result of rapid
volume shrinkage of the microspheres around 37 8C, the
total release percentage in zone C (ca. 34.0%) is larger than
that of zone B (11.0%), and zone D shows only a little
change in drug-release percentage (ca. 2.2%). As can be
seen from Figure 7, the drug-release behavior of DOX-
loaded magnetic microspheres shows a typical thermosensi-
tive property on the whole.


By utilization of the fluorescent property and magnetic
response of the FITC-labeled multiresponsive microspheres,
the in vivo distribution analysis of these microspheres was
conducted with a rabbit as the model animal. As shown in
Figure 10 (left), when no external magnetic field was applied
to the rabbit, fluorescence was observed under a fluores-
cence microscope in almost all visceral organ samples, such
as the liver, spleen, lung, kidney, and heart, particularly in
spleen and lung due to the presence of the reticuloendothe-
lial system (RES). When an external magnetic field was ap-
plied at the position of the liver, fluorescence was observed


only in the liver and no fluorescent microspheres were
found in the other visceral organs (see Figure 10 right). The
results reveal that these microspheres could be used to
study magnetic-targeting effects of magnetic microspheres
conveniently.


Conclusion


In summary, we describe a simple and convenient method
for the preparation of FITC-labeled magnetic PNIPAM mi-
crospheres which possess a well-defined core–shell structure
and show multistimuli-responsive properties. The in vitro
test results of DOX loading and release in the microspheres
show that these microspheres hold great potential for con-
trolled drug-release applications. The in vivo distribution
analysis of the microspheres demonstrates that they could
be conveniently used to study the magnetic-targeting effect
of magnetic microspheres. The combined properties of such
multistimuli-responsive microspheres make them promising
for various applications, such as targeted drug delivery, sepa-
ration of biomacromolecules, and cell and protein labeling.


Experimental Section


Preparation of colloidal magnetite nanoparticles : The colloidal magnetic
nanoparticles were prepared by using the method already described,[19]


based on the coprecipitation of FeCl2 and FeCl3 under a nitrogen atmos-
phere by adding a concentrated solution of sodium hydroxide (10m) to
the iron salts mixture (molar ratio Fe2+/Fe3+ =1:2). The prepared mag-
netic particles were dispersed in water, and the dispersion was adjusted
to 4.0 wt% for further use.


Figure 9. The DOX-release curve of DOX-loaded FITC-labeled multires-
ponsive microspheres (15% cross-linking density) in phosphate buffer
(pH 7.4) at different temperatures.


Figure 10. The fluorescence photographs of different tissue sections of
test rabbit with no external magnetic field (left) and with an external
magnetic field at the liver (right).
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Preparation and modification of FITC-labeled magnetic silica micro-
spheres : The preparation and modification of the FITC-labeled magnetic
silica microspheres were carried out at room temperature and involved
three main steps. Firstly, an aqueous dispersion of magnetite nanoparti-
cles (3.00 g, 4.0 wt%) charged with trisodium citrate was dispersed into a
mixture of doubly distilled water (40 mL), ethanol (160 mL), and aque-
ous ammonia (5 mL, 30 wt%). Then, TEOS (0.5 mL) was added under
continuous mechanical stirring, and the reaction was allowed to proceed
for 12 h to produce the silica-coated magnetite nanoparticles. In the next
step, FITC-labeled magnetic silica microspheres were produced by using
the strategy developed by Van Blaaderen et al.[20] Briefly, APS (0.190 g)
was added to a solution of FITC (0.037 g) in ethanol (10 mL). After stir-
ring for 12 h, the resultant solution together with TEOS (0.5 mL) was
added to the above-mentioned mixture containing the silica-coated mag-
netite nanoparticles, and the reaction was allowed to proceed for another
12 h. After this step, to promote the stability of the resultant FITC-la-
beled magnetic silica microspheres, an additional amount of TEOS
(0.5 mL) was added to form another silica layer on the surface of the mi-
crospheres. Finally, to endow the surface of the FITC-labeled magnetic
silica microspheres with reactive C=C bonds, MPS (4 mL) was added to
the mixture and the reaction was allowed to proceed for 48 h. After sur-
face-modification treatment, the MPS-modified FITC-labeled magnetic
silica microspheres were collected by magnetic separation followed by
washing several times with ethanol and then water. Then, doubly distilled
water was added to achieve a dispersion of the obtained colloidal parti-
cles of 2.0 wt%.


Preparation of FITC-labeled magnetic PNIPAM microspheres : The re-
sulting MPS-modified FITC-labeled magnetic silica microspheres disper-
sion was used for the precipitation polymerization of NIPAM and MBA
by using KPS as the initiator. Under continuous mechanical stirring, the
polymerization was carried out at 70 8C for 4 h under a nitrogen atmos-
phere. A typical method for the preparation of FITC-labeled magnetic
PNIPAM microspheres is as follows: an MPS-modified FITC-labeled
magnetic silica microspheres dispersion (3.0 g, 2.0 wt%), NIPAM aque-
ous solution (2.00 g, 3.0 wt%), MBA aqueous solution (2.0 g, 0.3 wt%),
KPS aqueous solution (1.0 g, 0.3 wt%), and doubly distilled water
(40.0 g). The obtained FITC-labeled magnetic PNIPAM microspheres
were washed with doubly distilled water repeatedly, and then enriched
with the help of a magnet. All procedures associated with the preparation
of FITC-labeled magnetic PNIPAM microspheres were performed in the
dark to avoid bleaching.


Characterization : TEM images of magnetite nanoparticles, FITC-labeled
magnetic silica microspheres, and FITC-labeled magnetic PNIPAM mi-
crospheres were obtained by using a Hitachi HU-11B transmission elec-
tron microscope. The samples of the FITC-labeled magnetic PNIPAM
microspheres were stained by using phosphotungstic acid. AFM (Digital
instruments Nanoscope III, USA) and SEM (Philips XL30) analyses
were used to determine the size and the morphology of FITC-labeled
magnetic silica microspheres and FITC-labeled magnetic PNIPAM mi-
crospheres. DLS analysis (Malvern 4700) was used to measure the hydro-
dynamic diameter of the FITC-labeled magnetic PNIPAM microspheres.
A vibrating-sample magnetometer (VSM, EG&G Princeton Applied Re-
search Vibrating Sample Magnetometer, Model 155, USA) was used at
room temperature to characterize the magnetic properties of FITC-la-
beled magnetic PNIPAM microspheres. Fluorescence microscopy (Axio-
vert 200, Zeiss, Germany) was used to observe the images of FITC-la-
beled magnetic microspheres. Fluorescence emission spectra of the dilute
samples in ethanol were recorded with a FLS920 model, Edinburgh In-
struments.


Loading and release of DOX in FITC-labeled magnetic PNIPAM micro-
spheres


Loading : Three different amounts of DOX powder (2.5, 5.0, and
10.0 mg) were dissolved in phosphate buffer (pH 7.4, 10 mL) to form
aqueous DOX solutions (0.25, 0.50, and 1.00 mgmL�1, respectively).
Then, each solution was fully mixed with a suspension of microspheres
(10 mL, 0.50 mgmL�1, cross-linking density 15%) that had been prepared
in advance. After incubation for 24 h at 27 8C, the microspheres were col-
lected by magnetic separation and were further dried under vacuum at


27 8C, and the samples were denoted as samples A, B, and C, respective-
ly.


Release : Typically, in a flask containing phosphate buffer (pH 7.4,
40 mL), sample B (0.50 mg) was dispersed at 27 8C and a homogeneous
suspension was obtained. Then, the suspension temperature was in-
creased to 29 8C at a rate of 1 8Cmin�1, and the temperature of the sus-
pension was kept at 29 8C for 20 min. 4.0 mL of the suspension was with-
drawn from the flask and magnetically isolated, and the DOX concen-
trate in the supernatant was measured by using a UV/Vis spectrophotom-
eter (Varian, Cary-100) at 482 nm. After the measurement, the with-
drawn suspension was added back to the flask. The determination of
DOX released in the suspension was repeated three times and a cumula-
tive concentrate value of released DOX was obtained. Similarly, the
mean cumulative concentrate values of released DOX at other tempera-
tures were measured and the DOX-release curve of the drug-loaded
magnetic microspheres was obtained.


Investigation of in vivo distribution of FITC-labeled magnetic PNIPAM
microspheres : The FITC-labeled magnetic PNIPAM microspheres sus-
pended in saline water (0.9 wt%) were introduced to the bodies of two
white rabbits through a femoral artery injection according to a weight
ratio of 10.00 mg microspheres per kg of body weight. For comparison, a
button magnet (magnetic field strength of 1000 G) with a diameter of
1.5 cm and a thickness of 0.5 cm was posited at the liver of one of the
test rabbits. After 2 h, the main visceral organs, including the liver,
spleen, lung, kidney, and heart, were removed and sliced on a freezing
microtome, and the slices of every visceral organ were observed under a
fluorescence microscope to obtain the distribution of the microspheres.
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Introduction


Development of new polymeric materials is considered one
of the major goals of contemporary chemistry and homoge-
neous catalysis constitutes a powerful tool to reach this
target by achieving, at the same time, fine tuning of the
structural features of macromolecules synthesized, with par-
ticular attention to control of their stereochemistry.[1]


Asymmetric polymerization represents a very important
class of enantioselective reactions. It includes three major
categories: 1) asymmetric synthesis polymerization; 2) helix-
sense-selective polymerization; 3) enantiomer-discriminating
polymerization.[2] In the first category, a prochiral monomer
is polymerized to give a polymer with main-chain chirality.
Only a few examples of such polymers are known; among
them are the isotactic CO/a-olefin polyketones.[3]


Polyketones can be divided into two main classes based
on the olefin comonomer: CO/aliphatic and CO/aromatic
olefin copolymers. The nature of the olefin dictates which
ancillary ligand is preferred for the catalytic system which
promotes the copolymerization reaction. For instance, nitro-
gen donors are the ligands of choice for the copolymeriza-
tion of CO with aromatic olefins. In this respect, the first
synthesis of the isotactic CO/p-tBu-styrene (p-tBu-styrene =


p-tert-butylstyrene) copolymer was reported by Brookhart
and co-workers in 1994, promoted by a palladium complex
modified with the enantiomerically pure C2-symmetric bi-
soxazoline (2,2-bis{2-[(4S)-4-methyl-1,3-oxazolinyl]}pro-
pane).[4] This reaction is a rare example of asymmetric, per-
fectly alternating, living copolymerization. One year later,
Carfagna and co-workers reported the synthesis of the iso-
tactic CO/styrene and CO/p-Me-styrene (p-Me-styrene = p-
methylstyrene) copolymers based on the use of a palladium
complex with the enantiomerically pure C2-symmetric bioxa-


Abstract: The coordination chemistry
of the chiral bioxazoline ligand
(4S,4’S)-2,2’-bis(4-isopropyl-4,5-dihy-
drooxazole) to PdII provides evidence
that the ligand bonding can occur
either through chelation of one PdII ion
leading to a mononuclear species with
the expected cis geometry, or by
double bridging of two PdII ions giving
a dinuclear complex with trans geome-
try. The species in solution are identi-


fied by 1H NMR spectroscopy. Both
the mononuclear and the dinuclear
complexes promote the CO/styrene co-
polymerization, yielding the corre-
sponding polyketone with a fully or a
predominantly isotactic microstructure,


depending on the reaction medium.
The nature of the anion present in the
palladium precatalysts affects the poly-
ketone stereochemistry. MALDI-TOF
analysis of the copolymers synthesized
reveals the presence of p-hydroxyphe-
nolic end-groups, thus confirming and
explaining the role of 1,4-hydroquinone
as a molecular weight regulator.
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zoline (4S,4’S)-2,2’-bis(4-isopropyl-4,5-dihydrooxazole)
((S,S)-iPr-BIOX).[5] Since then, a wide variety of chiral ni-
trogen-donor chelating ligands (N*–N*) of different symme-
try was applied to this reaction,[6] together with the phosphi-
no-phosphito derivative BINAPHOS[7] and several hybrid
P–N ligands.[8] All the systems based on N*–N* ligands
suffer from rather poor stability of the active species, which
prevents the synthesis of the isotactic polyketones in high
yields and with high molecular weights. The catalytic system
based on P–N ligands is the uniquely able to promote the
synthesis of the isotactic CO/styrene copolymer, reaching
productivities of up to 18 gCP(gPd)�1h�1 (CP = copoly-
mer), but it requires quite drastic reaction conditions, such
as a CO pressure of 320 bar.[8b] Dichloromethane, chloro-
benzene, or methanol are the preferred solvents for this re-
action.


Our research in this field has addressed the synthesis of
syndiotactic CO/aromatic olefin copolymers promoted by
PdII bischelated derivatives [Pd(N–N)2][PF6]2 (N–N = 1,10-
phenanthroline (phen), 2,2’-bipyridine (bpy), and their sub-
stituted derivatives). This copolymerization succeeds when it
is carried out in a fluorinated alcohol, such as 2,2,2-trifluoro-
ethanol (TFE), which remarkably contributes to the stability
of the active species, allowing synthesis of the corresponding
polyketones with yields up to 17 kgCP(gPd)�1 (362 gCP-
(gPd)�1h�1)[9a,b] and molecular weights around 300000.[9c,d]


These values are much higher than those obtained for the
reaction in methanol, the solvent of choice in the literature
catalytic systems. Very recently, we demonstrated the posi-
tive effect of trifluoroethanol even when monochelated
complexes [Pd(Me)(MeCN)(N–N)][X] (X = OTf (OTf =


triflate), PF6
�) were used as precatalysts.[10]


We have now approached the problem of the stability of
the active species even in the synthesis of the isotactic co-
polymer, taking into account the catalytic system based on
the bioxazoline ligand (S,S)-iPr-BIOX. Although chiral bio-
xazoline ligands are among the most successful, versatile,
and commonly used classes of ligands for asymmetric cataly-
sis,[11] their coordination chemistry to palladium has not yet
been investigated deeply.


We report herein a detailed investigation of the coordina-
tion chemistry of this ligand to palladium, together with the
catalytic behavior of complexes [Pd(Me)(MeCN)((S,S)-iPr-
BIOX)][X] (X = OTf 1, PF6 2, BArF 3 (BArF = B[3,5-
(CF3)2C6H3]4


�)) in the CO/styrene copolymerization reac-
tion. New insights into the mechanism of this reaction are
highlighted by MALDI-TOF analysis of polyketone end-
groups.


Results and Discussion


Synthesis and characterization of palladium complexes 1–3
and of their precursor [Pd(Me)(Cl)((S,S)-iPr-BIOX)] 4 :
The palladium complexes [Pd(Me)(MeCN)((S,S)-iPr-
BIOX)][X] 1–3 were synthesized in a five-step procedure
from [Pd(OAc)2],


[10,12] which implies the isolation of the
neutral derivative [Pd(Me)(Cl)((S,S)-iPr-BIOX)] (4).


Complex 4 was characterized both in the solid state and
in solution. Two kinds of single crystals were isolated, de-
pending on the conditions for crystal growth. The single
crystals obtained directly from the synthetic mixture corre-
spond to the mononuclear species 4 (Figure 1a). Recrystalli-
zation of 4 in a dichloromethane/hexane mixture yielded, to-
gether with the yellow crystals of 4, orange crystals which
correspond to the dinuclear species [{Pd(Me)(Cl)(m-(S,S)-
iPr-BIOX)}2] (4a) (Figure 1b).


In the mononuclear complex 4 the palladium atom dis-
plays the expected square-planar coordination geometry
with Pd�N1 and Pd�N2 bond lengths significantly different
(2.059(4) and 2.189(4) Q, respectively); the longer bond re-
flects the trans influence exerted by the methyl group
(Table 1). The Pd�C(methyl) and Pd�Cl bond lengths


Figure 1. ORTEP drawing (thermal ellipsoids at 40% level) with the atom labeling scheme of 4 and of one of the two crystallographically independent
molecules of 4a.


Table 1. Selected bond lengths [Q] and angles [8] for 4.


Pd–C1 2.017(4) C1-Pd-N2 171.6(2)
Pd�N1 2.059(4) N1-Pd-N2 77.88(15)
Pd�N2 2.189(3) C1-Pd-Cl1 91.50(16)
Pd�Cl1 2.3021(15) N1-Pd-Cl1 174.67(11)
C1-Pd-N1 93.8(2) N2-Pd-Cl1 96.79(11)
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(2.017(4) and 2.3021(15) Q, respectively) compare well with
distances found in analogous complexes.[6c,13] The chelating
N1-Pd-N2 bond angle is 77.88(15)8 ; the oxazoline planes are
almost coplanar, and the tilting angle between the mean
planes is 9.0(2)8. X-ray analysis of complex 4a (Figure 1b)
shows two crystallographically independent molecules of
closely comparable conformation in the unit cell. The palla-
dium atoms are doubly bridged by bioxazoline ligands and
complete the distorted square-planar coordination sphere
through a methyl group and a chloride in trans positions to
each other. The coordination bond lengths in the two mole-
cules show a considerable variation (Table 2): Pd�N varies
from 2.009(8) to 2.045(7) Q and Pd�C from 2.030(9) to
2.099(8) Q, while Pd�Cl falls within a narrower range.
Among the coordination bond angles, C-Pd-Cl, which aver-
ages 1728, manifests the largest distortion from the ideal
square-planar geometry.


The 1H NMR spectra of 4 and 4a in solution also indicate
the complex nuclearity (Figure 2). In the 1H NMR spectrum
of 4 the number of bioxazoline ligand signals is in agree-
ment with its coordination in a nonsymmetrical chemical en-
vironment.[5b] The Pd�CH3 fragment gives a singlet at d =


1.02 ppm, while the multiplet between d = 0.84 and
0.99 ppm is assigned to the methyl groups of the isopropyl
substituents. The corresponding CH groups give two multip-
lets centered at d = 2.26 and 2.74 ppm (Figure 2a). The two
multiplets centered at d = 4.37 and 4.26 ppm are assigned
to H4 and H4’, while the signals between d = 4.53 and
4.74 ppm are due to protons in position 5. The NOE ob-
served upon irradiation of the Pd�CH3 signal made it possi-
ble to assign the multiplet at d = 2.74 ppm, and consequent-


ly those at d = 4.37 and at 4.53 ppm (correlated in the
HH COSY spectrum), to the protons of the heterocyclic
ring cis to the Pd�CH3 group.


In the spectrum of 4a the Pd�CH3 singlet is at d =


0.94 ppm, the frequencies attributed to the methyl groups of
the isopropyl substituents are in the frequency range 0.84�
d�1.19 and the corresponding CH generate two multiplets
centered at d = 2.48 and 2.78 ppm, respectively (Figure 2b).
The other two multiplets centered at d = 4.29 and 5.10 ppm
are assigned to protons in positions 4 and 4’. The number of
signals and their integration are in agreement with the sym-
metry of the dinuclear species, which makes the two halves
of each bioxazoline ligand equivalent (the C2 symmetry axis
passes through the C�C bond that links the two dihydroxa-
zoline rings), but not the two molecules of the facing bioxa-
zolines (there is no C2 symmetry axis along the Pd�Pd inter-
nuclear axis).


Thus, by comparison of the two spectra some signals can
be recognized as characteristic of mononuclear and dinu-
clear complexes. In particular, in the spectrum of the dinu-
clear derivative (Figure 2b), one of the two multiplets of H4


is shifted to higher frequency with respect to the same sig-
nals in the mononuclear derivative (Figure 2a) and it ap-
pears downfield even from the multiplets attributed to H5,5’.
An analogous shift, even if less pronounced, is observed for
one of the two multiplets assigned to the CH of the isopro-
pyl substituents; also, a different pattern is shown by the
methyl group signals of these substituents, which are spread


Table 2. Selected bond lengths [Q] and angles [8] for 4a·0.5CH2Cl2.


Molecule A
Pd1�N11 2.036(8) Pd2�N2 2.036(7)
Pd1�N1 2.045(7) Pd2�N12 2.037(7)
Pd1�C1 2.099(8) Pd2�C2 2.075(9)
Pd1�Cl1 2.449(2) Pd2�Cl2 2.453(2)
Pd1�Pd2 2.9575(12)
N11-Pd1-N1 175.2(3) N2-Pd2-N12 174.5(3)
N11-Pd1-C1 89.4(3) N2-Pd2-C2 89.4(3)
N1-Pd1-C1 89.6(3) N12-Pd2-C2 88.9(3)
N11-Pd1-Cl1 92.6(2) N2-Pd2-Cl2 89.4(2)
N1-Pd1-Cl1 88.93(19) N12-Pd2-Cl2 93.0(2)
C1-Pd1-Cl1 172.0(3) C2-Pd2-Cl2 172.2(3)
N1-Pd1-Pd2-N2 45.3(3) N11-Pd1-Pd2-N12 42.2(3)


Molecule B
Pd3�N13 2.009(8) Pd4�N14 2.033(8)
Pd3�N3 2.013(8) Pd4�N4 2.037(7)
Pd3�C3 2.030(9) Pd4�C4 2.069(9)
Pd3�Cl3 2.461(2) Pd4�Cl4 2.460(2)
Pd3�Pd4 2.9582(15)
N13-Pd3-N3 175.7(3) N14-Pd4-N4 174.2(3)
N13-Pd3-C3 87.9(4) N14-Pd4-C4 88.1(3)
N3-Pd3-C3 89.5(4) N4-Pd4-C4 89.7(3)
N13-Pd3-Cl3 91.1(2) N14-Pd4-Cl4 89.6(2)
N3-Pd3-Cl3 91.9(2) N4-Pd4-Cl4 93.3(2)
C3-Pd3-Cl3 173.1(3) C4-Pd4-Cl4 171.8(3)
N3-Pd3-Pd4-N4 40.7(3) N13-Pd3-Pd4-N14 45.6(3)


Figure 2. 1H NMR spectra in CDCl3 at room temperature of complexes:
a) 4 ; b) 4a. Inset: the region of the methyl signals.
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over a wider frequency range than the corresponding signals
in the mononuclear derivative.


The neutral species 4 is transformed into the monocation-
ic species 1–3 by treatment with the appropriate silver salt,
AgX, or NaBArF, in the presence of acetonitrile. Single
crystals of the triflate derivative 1 are obtained directly
from the reaction mixture. The X-ray diffraction analysis
(Figure 3) reveals that the compound has a structure analo-


gous to that of 4a, with the bioxazoline ligands bridging two
palladium ions and the triflates replacing the chlorides.
Thus, it must be better formulated as [{Pd(Me)(OTf)(m-
(S,S)-iPr-BIOX)}2] (1a). The palladium atoms, separated by
2.8938(8) Q (Table 3), are slightly closer than in 4a. The
square-planar environments are rather distorted and, as ob-
served in 4a, the most relevant deviations are exhibited by
the trans O-Pd-C bond angles of about 1718. In both 4a and
1a, the two square-planar coordination planes are parallel
and staggered with N-Pd1-Pd2-N torsion angles that average
448 and 428, respectively. Apparently, the replacement of
chloride with the bulkier triflate does not cause any modifi-


cation in the overall geometry, thus suggesting that steric in-
teractions are not responsible for the differences in the Pd�
Pd distances.


A few examples of other bioxazoline ligands bridging
metal ions have been reported.[14–16] Thus, the present dinu-
clear complexes with bridging bioxazoline characterize un-
precedented structures; therefore their structural features
deserve a more detailed discussion. In both complexes the
metal–metal distance of about 2.90 Q does not exclude an
interaction between the palladium atoms, since each metal
ion is displaced slightly inward from its coordination mean
plane, that is, toward the other metal center (mean displace-
ment = 0.04 Q). The two complexes 4a and 1a possess vir-
tual twofold symmetry (although no crystallographic rota-
tional symmetry is present) with the axis passing through
the central oxazoline C�C bonds. The trans bioxazoline li-
gands induce the Pd square-planar planes to be facing each
other, but with a configuration staggered by means of a sig-
nificant propeller tilt of the bioxazoline. The latter aspect
represents the key element defining the helical arrangement
in these complexes. In theory, with optically pure (S,S)-bio-
xazoline, two diastereoisomers can be formed, but both 1a
and 4a display a P handedness. The preferential formation
of only one diastereoisomer, when optically pure ligands are
used, is widely documented in various helicate coordination
compounds.[14,17]


The 1H NMR spectra of complexes 1a, 2 and 3 in solution
differ, depending on the nature of the anion (Figure 4). In
particular, the spectrum of 1a is analogous to that of 4a
with one of the two signals attributed to H4,4’ at high fre-
quency, confirming the dinuclear nature of the complex,
even in solution. By taking advantage of the new knowledge
about the characterization in solution of these complexes, it
is possible to identify complex 3 as the mononuclear species
[Pd(Me)(MeCN)((S,S)-iPr-BIOX)][BArF] and complex 2 as
the 2:1 mixture of the dinuclear and mononuclear species,
with one molecule of acetonitrile occupying the fourth posi-
tion of the palladium coordination sphere in the dinuclear
complex. The difference between these complexes was also
confirmed by ESI spectra (see Experimental Section).


CO/styrene copolymerization : Complexes 1a, 2, and 3 were
tested as catalysts for the CO/styrene copolymerization
under reaction conditions similar to those reported in the
literature:[4a,5a,10] 1 atm CO pressure, in the presence of 1,4-
benzoquinone for 4 h. A glass reactor was used so that the
evolution of the system could be monitored visually.


When dichloromethane was the reaction medium, only
traces of polyketone were obtained because of fast decom-
position of the active species to inactive palladium metal
(Table 4). Among the complexes studied, the catalyst with
BArF showed the highest catalytic activity with a productivi-
ty of 11 gCP(gPd)�1h�1.


The change of solvent from dichloromethane to 2,2,2-tri-
fluoroethanol resulted in a remarkable increase in the pro-
ductivity; an increase of one order of magnitude was ach-
ieved when complex 3 was used (productivity 101 gCP-


Figure 3. ORTEP drawing (thermal ellipsoids at 35% level) with the
atom labeling scheme of complex 1a.


Table 3. Selected bond lengths [Q] and angles [8] for 1a.


Pd1�C1 1.996(7) Pd2�C2 2.000(7)
Pd1�N3 2.038(6) Pd2�N4 2.027(5)
Pd1�N1 2.055(5) Pd2�N2 2.036(5)
Pd1�O1 2.218(6) Pd2�O4 2.273(5)
Pd1�Pd2 2.8938(8)
C1-Pd1-N3 88.4(3) C2-Pd2-N4 89.5(3)
C1-Pd1-N1 89.7(3) C2-Pd2-N2 90.2(2)
N3-Pd1-N1 176.5(2) N4-Pd2-N2 177.2(2)
C1-Pd1-O1 170.9(4) C2-Pd2-O4 170.7(3)
N3-Pd1-O1 93.3(2) N4-Pd2-O4 94.5(2)
N1-Pd1-O1 89.1(2) N2-Pd2-O4 86.2(2)
N3-Pd1-Pd2-N4 40.7(2) N1-Pd1-Pd2-N2 43.4(2)
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(Pd)�1h�1) (Table 4). The molecular weights of the synthe-
sized copolymers were still quite low (<4000) (Table 4).


The effect of the anion on productivity is now clearly evi-
dent: similar values are obtained when complexes with PF6


and OTf are tested, while the BArF derivative 3 remains the
most active among the three (Table 4). The highest produc-


tivity shown by this complex is in agreement with the results
of a previous investigation on the effect of the anion on the
activity of complexes [Pd(h1,h2-C8H12OMe)(bpy)][X] as pre-
catalysts for this reaction.[18] To understand whether the
effect of the anion on the productivity might be related to
the difference in nature of the corresponding precatalysts,
the reactivity of complexes 1a and 2 with CO was investi-
gated by in situ NMR experiments both in neat CD2Cl2 and
in a CD2Cl2/CF3CH2OH mixture (the reactivity of 3 with
CO and p-methylstyrene has been studied recently).[5b]


When a CD2Cl2 solution of 2 is treated with carbon monox-
ide, the mononuclear complex is transformed into the Pd–
acyl species, while the dinuclear derivative appears to be
inert toward carbonylation. This behavior is reasonable, be-
cause the dinuclear species does not possess the required ge-
ometry for an insertion reaction, as the Pd�Me group and
the acetonitrile are in trans positions. However, when 2
reacts with carbon monoxide in CD2Cl2 solution (0.7 mL)
containing 2.7 mL trifluoroethanol (TFE), the Pd–acyl spe-
cies is formed almost quantitatively, suggesting that the fluo-
rinated alcohol favors the transformation of the dinuclear
complex to a species suitable to undergo CO insertion,
probably a mononuclear complex. When the same experi-
ments are performed on complex 1a, even in the presence
of 2.7 mL TFE, only a very small amount of the Pd–acyl spe-
cies is formed, thus indicating that, in this case, the reaction
with CO is not as easy as for complex 2. On the basis of
these results, it appears that the very low catalytic activity of
complexes 1a and 2 (in comparison with 3) in dichlorome-
thane might be due initially to the difficulty in forming the
first Pd–acyl species. However, even after the polymeri-
zation has started, the stability of the active species is very
low, yielding only traces of copolymer regardless to the
nature of the anion.


No decomposition of the active species to palladium
metal was observed when the copolymerizations took place
in the fluorinated solvent. Therefore, the main effect of the
fluorinated alcohol is to enhance the stability of the catalyst
remarkably, as we already reported when TFE was used
either in place of methanol in the catalytic system based on
the bischelated complexes [Pd(N–N)2][PF6]2,


[9b] or in place
of dichloromethane in the system based on monochelated
complexes [Pd(Me)(MeCN)(N–N)][X].[10] The positive
effect of TFE on the catalytic system based on bioxazoline
ligands is not trivial. Indeed, when the fluorinated alcohol
was used in place of dichloromethane, with pyridine–oxazo-
line–palladium complexes, because of the fast and complete
decomposition of catalyst to palladium metal no catalytic ac-
tivity was observed.[19] It is logical that, with the present
complexes, the trifluoroethanol is required to favor the
transformation of the inert dinuclear species into a reactive
intermediate.


Both when the benzoquinone/palladium ratio was in-
creased (Table 5, runs 1–3) as well as when the reaction
time was prolonged (Table 5, runs 3–6) a modest increase in
the productivity was found, associated with a clear decrease
in the molecular weights.


Figure 4. 1H NMR spectra in CD2Cl2, at room temperature of complexes:
a) 1a ; b) 3 ; c) 2. Inset: the region of the methyl signals.


Table 4. CO/styrene copolymerization: effect of solvent and anion (cata-
lyst precursor: 1a, 2 and 3).[a]


X Solvent [g CP] [g CP(gPd)�1]h�1 hMwi (hMwi/hMni)
BArF 3 CH2Cl2 0.06 11 n.d.
PF6 2 CH2Cl2 traces n.d. n.d.
OTf 1a CH2Cl2 traces n.d. n.d.
BArF 3 TFE 0.55 101 3300 (1.4)
PF6 2 TFE 0.31 57 3900 (1.3)
OTf 1a TFE 0.33 61 3500 (1.4)


[a] Reaction conditions: nPd = 1.27U10�5 mol; nBQ = 5.1U10�4 mol; sty-
rene V = 10 mL; solvent V = 20 mL; T = 30 8C; PCO = 1 atm; t = 4 h;
[BQ]/[Pd] = 40. n.d. = not determined.


www.chemeurj.org J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6014 – 60236018


B. Milani et al.



www.chemeurj.org





Characterization of polyketones : The stereochemistry of the
polyketones was studied by 13C NMR spectroscopy by re-
cording the spectra in a mixture of 1,1,1,3,3,3-hexafluoroiso-
propanol (HFIP) and CDCl3. The microtacticity was deter-
mined by integration of the signals due to the ipso-carbon
atom (Table 6). In agreement with the literature data,[5] the


polyketones prepared in dichloromethane are completely
isotactic, only the ll triad being visible and the optical activi-
ty being in the expected range. In the 13C NMR spectra of
the polyketones synthesized in TFE the signals of all the
four triads are present with different intensities. The major
signal is always associated with the ll triad, so the poly-
ketones produced still have a prevailingly isotactic micro-
structure, even if the stereoregularity is lower than that of
the polyketones synthesized in CH2Cl2 (Table 6). Moreover,
the anion effect on the tacticity of the polyketones is now
evident. A very similar triad distribution is observed in the
spectra of polyketones synthesized with precatalysts 2 and 3,
while the copolymer prepared with precatalyst 1a has the
lowest content of the ll triad. The optical activity values are
in agreement with the microtacticity determined by the
13C NMR spectra.


From the results reported here and in the very recent lit-
erature,[20,21,22] it is clear that the control of the stereochem-
istry in the CO/styrene copolymerization reaction is not
only related to the symmetry of the N–N ligand present in
the palladium coordination sphere, but it is affected by
other factors, such as the reaction medium, the anion, the
nature of the precatalyst, and the ligand/palladium ratio.
While the effect of these parameters, in particular of the
role played by the anion, on the polymer stereochemistry


has been being investigated for several years in the synthesis
of polypropene,[23] in the case of CO/olefin copolymerization
the study of this aspect is at an early stage, the first report
having appeared in 2002.[20] It has been reported that [Pd(m-
Bz-BIOX)(H2O)2][OTf]2 (m-Bz-BIOX = (4R,4’S)-2,2’-bis(4-
benzyl-4,5-dihydrooxazole)) leads to the isotactic polyke-
tone when the copolymerization is carried out in CH2Cl2/
MeOH (9:1), while the syndiotactic copolymer is the prod-
uct when pure MeOH is the solvent.[20] Moreover, the same
complex promotes the synthesis of syndiotactic polyketones
in CH2Cl2/MeOH (9:1) when the counterion is BF4


� or PF6
�


instead of triflate.[21] The effect of the anion is also shown in
the copolymerization promoted by [Pd(Me)(MeCN)(m-Bz-
BIOX)][X] (X = OTf, BF4, PF6) in CH2Cl2/MeOH (9:1):
syndiotactic copolymers with a different degree of stereore-
gularity are obtained, and the highest stereoregularity has
been reported for the polyketone prepared with the triflate
derivative.[21] The triflate induces the highest degree of ster-
eoregularity even in the CO/p-Me-styrene copolymerization
promoted by [Pd(h1,h2-C8H12OMe)(N’-N’)][X] (N’-N’ =


(2,6-Me2Ph)-N=C(Me)-C(Me)=N-(2,6-Me2Ph); X = OTf,
PF6, BArF) in CH2Cl2.


[22]


Herein we have found that: 1) changing the solvent from
CH2Cl2 to trifluoroethanol results in a decrease in the ste-
reochemical control, but the copolymer is still isotactic; 2)
in trifluoroethanol the catalyst with triflate leads to the co-
polymer with the lowest stereochemical control.


In conclusion, analysis of the overall results indicates that
in dichloromethane the best stereochemical control is ob-
tained by catalysts with the most strongly coordinating
anion, while in trifluoroethanol the catalyst with the most
strongly coordinating anion exerts the least control on the
stereochemistry.


To elucidate the reactions involved in the initiation and
termination steps of the catalytic cycle, the end-group char-
acterization of the polyketones synthesized in trifluoroetha-
nol, with precatalysts 1a, 2 and 3, was performed by
MALDI-TOF analysis. No difference is observed in the
three spectra. They are characterized by several series of
peaks, for five of which a structural identification can be
proposed. They correspond to six different polymeric chains,
a, b, c, d, e, and f, cationized with Na+ . The macromolecules
differ from the end-groups, while the repetitive unit
(132 Da) is that expected for this kind of copolymerization
reaction (Figure 5). Two chains have a trifluorocarboalkoxy
end-group and both of them terminate with an organic frag-
ment involving hydroquinone (chains a and b in Figure 6).


Two other chains initiate with a saturated group and
differ from the termination, which is the unsaturated group
or the hydroxy fragment (chains c and d in Figure 6).
Chains b and c give rise to a series of peaks whose differen-
ces in mass are too low to distinguish them with the instru-
mental set-up employed. Chain e is characterized by carbox-
ylic acid and trifluorocarboalkoxy fragments as end-groups
(Figure 6). Even though the different clusters in the spectra
are separated by the mass of the usual CO/styrene repetitive
unit, the key feature of this chain is the presence of an addi-


Table 5. CO/Styrene copolymerization: effect of benzoquinone concen-
tration and of reaction time (catalyst precursor: 2).[a]


Run Time [h] [BQ]/[Pd] [g CP] [g CP(g Pd)�1] hMwi (hMwi/hMni)
1 4 10 0.09 66 4800 (1.3)
2 4 20 0.16 120 4500 (1.3)
3 4 40 0.31 228 3900 (1.3)
4 8 40 0.45 330 4200 (1.3)
5 16 40 0.83 630 3900 (1.4)
6 24 40 1.02 750 3000 (1.3)


[a] Reaction conditions: nPd = 1.27U10�5 mol; solvent TFE V = 20 mL;
styrene V = 10 mL; T = 30 8C; PCO = 1 atm.


Table 6. Percentage triad distribution in CO/styrene polyketones (cata-
lyst precursor: 1a, 2, and 3).[a]


X Solvent ll ul lu uu [a]25D
[b]


BArF 3 CH2Cl2 >99 0 0 0 �346
PF6 2 CH2Cl2 >99 0 0 0 n.d.
OTf 1a CH2Cl2 >99 0 0 0 n.d.
BArF 3 TFE 76 8 8 8 �265
PF6 2 TFE 73 9 9 9 �267
OTf 1a TFE 61 14 14 10 �238


[a] 13C NMR spectra recorded in HFIP (0.9 mL) plus CDCl3 (0.4 mL) at
room temperature. [b] Optical activity measured in CHCl3, c = 0.1 g -
(100 mL)�1.
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tional carbonyl group resulting from a double carbonylation
reaction followed by chain termination,[24] yielding an unex-
pected end-group. Chain f fea-
tures a ketonic and an unsatu-
rated end-group (Figure 6).


The present MALDI-TOF
analysis depicts a more compli-
cated scenario than that ob-
served when the bischelated
complexes with phenanthroline
ligands are used as precata-
lysts.[9b] The activation step
consists in migratory insertion
of the Pd�Me group on the co-
ordinated carbon monoxide,
followed by propagation of the
polymeric chain, which is ter-
minated by the b-hydrogen
elimination reaction yielding
chain f and the Pd�H inter-
mediate. The Pd–hydride spe-


cies is the key intermediate for this reaction and represents
the central core of four different catalytic cycles (Scheme 1).


Our previous investigations on the copolymerization
mechanism operative in trifluoroethanol, in the absence of
benzoquinone, indicated that the fluorinated alcohol does
not give rise to termination through alcoholysis and that b-
hydrogen elimination is the unique chain transfer process.
These data were also corroborated by a detailed study on
the alcoholysis reaction taking place on Pd–acyl species with
a series of different alcohols.[25] Therefore, the triflurocar-
boalkoxy group of chains a, b, and e represents the initiation
of the chain, which derives from the oxidation of the Pd–H
intermediate by the 1,4-benzoquinone, which is concomi-
tantly reduced to hydroquinone. This is a typical process
taking place when the copolymerization is carried out in an
alcoholic medium in the presence of the oxidant.[9a,26] Chains


a and b terminate with an or-
ganic fragment, which is the
result of the nucleophilic
attack of one of the two alco-
holic functions of 1,4-hydro-
quinone on the growing chain.
In contrast to the usual metha-
nolysis, which occurs on the
Pd�C(acyl) bond only, the al-
coholysis involving the 1,4-hy-
droquinone takes place on
both the Pd�C(acyl) and the
Pd�C(alkyl) bonds, yielding an
ester end-group (chain b in
Figure 6) and an ether end-
group (chain a in Figure 6), re-
spectively. The formation of
the aryl-ether might occur with
a mechanism analogous to that
proposed in the literature for


the catalytic synthesis of diaryl ethers promoted by palladi-
um complexes.[27]


Figure 5. MALDI-TOF mass spectra of the CO/styrene polyketone syn-
thesized in TFE with precatalyst 1a.


Figure 6. Polymeric chains present in the CO/styrene polyketones.


Scheme 1. The proposed catalytic cycles. GP = growing polymer.
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Even though the effect of 1,4-hydroquinone, and not of
1,4-benzoquinone, as a regulator of the molecular weight of
the polymeric chains was reported some years ago,[28] it has
never been found present as an end-group of the polymeric
chains. Moreover, some carbonylation experiments on sty-
rene in methanol, in the presence of a low concentration of
hydroquinone, led to the formation of methyl p-hydroxy-
phenyl 2-phenylbutanedioate, thus indicating that alcoholy-
sis of acyl intermediates by phenols is more rapid than that
by alcohols.[28a] Not only are the results reported here in per-
fect agreement with this previous study, but they also dem-
onstrate the capability of 1,4-hydroquinone to give alcoholy-
sis on the Pd�C(alkyl) bond, thus doubling the probability
of an alcoholysis chain transfer process. The role of hydro-
quinone makes it possible to explain the decrease in molec-
ular weight observed both on increasing the benzoquinone
concentration and on prolonging the reaction time
(Table 5).


The palladium species resulting from attack by 1,4-hydro-
quinone on the polymeric chain should be the Pd–H deriva-
tive, which can either reenter the trifluorocarboalkoxy path-
ways or insert one molecule of styrene to start chains c or d
(Figure 6, Scheme 1). The termination reactions of these
chains could be the b-hydrogen elimination (chain c,
Figure 6), or the attack of water yielding a carboxylic acid
end-group (chain d, Figure 6). The palladium species result-
ing from these termination reactions is always the hydride
derivative.


Conclusion


The chemistry of (S,S)-iPr-BIOX ligand coordination to pal-
ladium has been studied. Both mononuclear and dinuclear
species are isolated, depending on the nature of the anion.
The latter complexes represent one of the first examples of
bridging coordination mode for this ligand. The 1H NMR in-
vestigation provided evidence that the protons of the isopro-
pyl substituents and protons in position 4 of the hydroxazole
rings can be regarded as “probe protons” to identify the co-
ordination mode of the BIOX ligand: their chemical shifts
differ depending on whether the ligand is bridging two palla-
dium ions or whether it is chelated to one metal center only.


It was already known that complex 3 catalyzes the synthe-
sis of the isotactic CO/styrene copolymer.[5a] We have now
shown that the catalyst performance can be enhanced by
one order of magnitude by carrying out the copolymeriza-
tion in trifluoroethanol. At the same time, however, chang-
ing the reaction medium caused a partial loss of the stereo-
chemical control during the polymerization process. More-
over, in the fluorinated alcohol the effect of the anion on
the copolymer stereochemistry was also evident. The origin
of the observed effects on the polymer tacticity is still un-
clear and it is under current investigation.


The MALDI-TOF analysis of the synthesized polyketones
indicated the major role played by the hydroquinone in this
catalytic system.


The importance of trifluoroethanol in ensuring the stabili-
ty of the Pd–hydride species has been confirmed definitive-
ly.


Experimental Section


General procedures : [Pd(OAc)2] was a loan from Engelhard Italia and
was used as received. The nitrogen-donor ligand, (S,S)-iPr-BIOX,[29] and
NaBArF[30] were prepared according to published procedures. 2,2,2-Tri-
fluoroethanol (Aldrich) and the analytical grade solvents (Fluka) were
used without further purification for synthetic, spectroscopic, and catalyt-
ic purposes. The dichloromethane used for the synthesis of complexes
and for the catalytic tests was purified by distillation over CaCl2, and
stored under an inert atmosphere. Carbon monoxide (CP grade, 99.9%)
was supplied by SIAD. ES-MS spectra were obtained on a Perkin-Elmer
AP1; samples were dissolved in CH2Cl2.


1H NMR spectra were recorded
at 400 MHz on a JEOL EX400; the resonances were referenced to the
solvent peak versus TMS (CDCl3 at d = 7.26 ppm and CD2Cl2 at d =


5.33 ppm). 13C NMR spectra of polyketones were recorded at 125 MHz
on a Bruker AMX 500 MHz at the Eidgençssische Technische Hoch-
schule, ZIrich.


Syntheses : The manipulations were carried out under an argon atmos-
phere by standard Schlenk techniques, at room temperature, following
the procedures reported in the literature.[10,12] trans-[Pd(Cl)2(PhCN)2]


[31]


and [Pd(Cl)(Me)(cod)][32] were synthesized following the procedures re-
ported in the literature.


Synthesis of [Pd(CH3)(Cl)((S,S)-iPr-BIOX)] (4) and [Pd(CH3)(Cl)(m-
(S,S)-iPr-BIOX)]2 (4a): (S,S)-iPr-BIOX (0.23 g, 1.04 mmol) was added to
a stirred solution of [Pd(Cl)(CH3)(cod)] (cod = 1,5-cyclooctadiene)
(0.25 g, 0.94 mmol) in CH2Cl2 (15 mL). After the mixture had been stir-
red for 1 h at room temperature in the dark, the solution was filtered
over Celite, washed with CH2Cl2, and concentrated to half its original
volume under vacuum. Upon addition of diethyl ether, an orange oil was
obtained. After treatment in liquid nitrogen it became a yellow solid,
which was filtered under vacuum and washed with hexane. Crystals of 4
suitable for X-ray structure determination were obtained directly from
the synthesis. Recrystallization from dichloromethane/hexane afforded
crystals of both 4 and 4a suitable for X-ray analysis.


4 : Yield: 0.33 g, 92%. 1H NMR (400 MHz, CDCl3, 25 8C): d = 0.84–0.94
(m, 12H, CH(CH3)2), 1.02 (s, 3H, Pd�CH3), 2.26 (m, 1H, CH(CH3)2),
2.74 (m, 1H, CH(CH3)2), 4.26 (m, 1H, H4), 4.37 (m, 1H, H4’), 4.53 (m,
2H, H5), 4.74 ppm (m, 2H, H5’); elemental analysis calcd (%) for
C13H23ClN2O2Pd: C 40.96, H 6.08, N 7.35; found: C 41.7, H 6.17, N 7.32.


4a : 1H NMR (400 MHz, CDCl3, 25 8C): d = 0.99 (s, 3H, Pd�CH3), 0.84–
1.19 (m, 12H, CH(CH3)2), 2.48 (m, 1H, CH(CH3)2), 2.78 (m, 1H, CH-
(CH3)2), 4.29 (m, 1H, H4), 4.37–4.74 (m, 2H, H5 and H5’), 5.10 ppm (m,
1H, H4’); elemental analysis calcd (%) for C26H46Cl2N4O4Pd2: C 40.96, H
6.08, N 7.35; found: C 41.4, H 6.26, N 7.25.


Synthesis of [Pd(CH3)(OTf)(m-(S,S)-iPr-BIOX)]2 (1a): A solution of
AgOTf (0.113 g, 0.44 mmol) in anhydrous acetonitrile was added to a stir-
red suspension of 4 (0.152 g, 0.40 mmol) in CH2Cl2 (10 mL). After 30 min
the solution was filtered to remove the silver salts, and concentrated
under vacuum. Addition of diethyl ether caused the precipitation of a
yellow solid, which was filtered off, washed with diethyl ether, and dried
under vacuum. From the mother liquor it was possible to isolate crystals
for X-ray structure determination.


Yield: 0.18 g, 93%. 1H NMR (400 MHz, CD2Cl2, 25 8C): d = 1.08 (br,
24H, CH(CH3)2), 1.14 (s, 6H, Pd-CH3), 2.57 (br, 2H, CH(CH3)2), 2.71
(br, 2H, CH(CH3)2), 4.30 (m, 2H, H4), 4.42–4.64 (m, 4H, H5 and H5’),
4.82 ppm (m, 2H, H4’); 19F NMR (188.29 MHz, CD2Cl2): d = �78.7 ppm;
MS (60 eV): m/z (%): 991 (37) [M]+ , 975 (10) [M�CH3]


+ , 842 (27)
[M�OTf]+ , 737 (100) [M�2CH3�iPr-BIOX]+ , 331 (15) [M�2CH3�iPr-
BIOX�2OTf]+ ; elemental analysis calcd (%) for C28H46F6N4O10Pd2S2: C
33.98, H 4.68, N 5.66; found: C 32.0, H 3.73, N 5.52.
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Synthesis of [Pd(CH3)(CH3CN)-
((S,S)-iPr-BIOX)][PF6] (2): A solu-
tion of AgPF6 (0.111 g, 0.44 mmol) in
anhydrous acetonitrile was added to
a stirred suspension of 4 (0.152 g,
0.40 mmol) in CH2Cl2 (10 mL). After
30 min the solution was filtered to
remove the silver salt and concentrat-
ed under vacuum. Addition of diethyl
ether caused the formation of a
brown oil, which was transformed
into a yellow solid upon treatment in
liquid nitrogen. The solid was filtered
off, washed with diethyl ether, and
dried under vacuum.


Yield: 70%. 1H NMR (400 MHz,
CD2Cl2, 25 8C): d = 0.83–1.08 (m,
12H, CH(CH3)2), 1.10 (s, 3H, Pd�
CH3), 2.02–2.13 (m, CH(CH3)2), 2.24
(br, CH(CH3)2), 2.33 (s, CH3CN),
2.38 (s, CH3CN), 2.60 (m, CH(CH3)2),
4.22 and 4.31 (m, 1H, H4 or H4’)
4.51–4.80 ppm (m, 5H, H4 or H4’ and
H5, H5’); MS (60 eV): m/z (%): 676
(100) [2M�CH3�2CH3CN]3+ , 660
(70) [2M�2CH3�2CH3CN]4+ , 389
(20) [M]+ , 375 (26) [M�CH3CN]+ ;
elemental analysis calcd (%) for
C15H26F6N3O2PPd: C 33.88, H 4.93, N
7.90; found: C 32.9, H 5.14, N 7.13.


Synthesis of [Pd(CH3)(CH3CN)-
((S,S)-iPr-BIOX)][BArF] (3): A solution of NaBArF (0.26 g, 0.30 mmol)
in anhydrous CH3CN was added to a stirred suspension of 4 (0.10 g,
0.26 mmol) in CH2Cl2 (8 mL). After 1 h the solution was filtered over
Celite and concentrated under vacuum. Addition of diethyl ether caused
the precipitation of a brown oil, which was transformed into a red solid
upon treatment in liquid nitrogen. The solid was filtered off, washed with
diethyl ether, and dried under vacuum.


Yield: 0.30 g, 92%. 1H NMR (400 MHz, CD2Cl2, 25 8C): d = 0.83–1.00
(m, 12H, CH(CH3)2), 1.11 (s, 3H, Pd�CH3), 2.01 (m, 1H, CH(CH3)2),
2.12 (m, 1H, CH(CH3)2), 2.34 (s, 3H, CH3CN), 4.22 (m, 2H, H4 and H4’),
4.59–4.83 (m, 4H, H5 and H5’), 7.73 (br, 4H, aromatics), 7.73 ppm (m,
8H, aromatics); MS (60 eV): m/z (%): 386 (100) [M]+ , 372 (10)
[M�CH3]


+ , 345 (24) [M�CH3CN]+ , 331 (90) [M�CH3�CH3CN]+ ; ele-
mental analysis calcd (%) for C47H38BF24N3O2Pd: C 45.16, H 3.06, N
3.36; found: C 44.3, H 2.92, N 3.49.


NMR experiments in situ : CD2Cl2 (0.70 mL) was added to an NMR tube
(5 mm) charged with the complex (7.5U10�3 mmol). When needed, 2,2,2-
trifluoroethanol (2.7 mL) was added. CO was then bubbled for 5 min
through a needle inserted through a rubber cap into the NMR tube. The
1H NMR spectrum was obtained after 15 min.


X-ray crystal structure determination of 1a, 4, and 4a : Diffraction data
for the structures reported were determined at room temperature
(293(2) K) on a Nonius DIP-1030H system with MoKa radiation (l =


0.71073 Q). A total of 30 frames were collected, each with an exposure
time of 15–20 min, a rotation angle of 68 about f, and the detector at 80–
90 mm from the crystal. Cell refinement, indexing, and scaling of the
data sets were carried out using Mosflm and Scala[33] for 1a and 4 and
Denzo[34] for 4a. All the structures were solved by direct methods and
Fourier analyses[35] and refined by the full-matrix least-squares method
based on F2 with all the observed reflections.[35] A difference Fourier map
of (4a) shows two disordered molecules of dichloromethane (each with
0.5 occupancy). All the calculations were performed using the WinGX
System, Version 1.64.05.[36] Crystal data and details of refinements are re-
ported in Table 7.


CCDC-263342–CCDC-263344 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from the


Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Copolymerization : Copolymerization reactions were carried out in a ther-
mostated glass reactor equipped with a magnetic stirrer under a CO at-
mosphere. After introduction of the catalyst precursor, the benzoqui-
none, the solvent (20 mL), and styrene (10 mL), carbon monoxide was
bubbled for 10 min into the reaction mixture heated at 30 8C. The system
was then closed and connected to a balloon containing CO. After the ap-
propriate reaction time, the reaction mixture was poured into methanol
(100 mL). The polymer was filtered off, washed with methanol, and dried
under vacuum.


Molecular weight measurements : The molecular weights hMwi of copoly-
mers and the molecular weight distributions (hMwi/hMni) were deter-
mined by gel-permeation chromatography versus polystyrene standards.
The analyses were recorded on a Knauer HPLC (K-501 Pump, K-2501
UV-detector) with a PLgel 5 mmU104 Q GPC column and chloroform as
solvent (flow rate 0.6 mLmin�1). To dissolve the copolymer, the sample
(3 mg) was solubilized with 1,1,1,3,3,3-hexafluoro-2-propanol (120 mL)
and chloroform was added up to 10 mL. The statistical calculations were
performed by using the Bruker Chromstar software program.


MALDI/MS measurements : MALDI mass measurements were per-
formed on a Voyager-DE PRO instrument (Applied Biosystems, Foster
City, CA, USA), operating in reflectron positive-ion mode. Ions formed
by a pulsed UV laser beam (l = 337 nm) were accelerated at 20 keV.
The instrumental conditions were: mirror ratio 1.12; grid voltage 77%;
guide wire 0.05%; delay time 150 ns. (2-(p-Hydroxyphenylazo)benzoic
acid (HABA) was used as a matrix (10 mgmL�1 in CHCl3). Copolymer
(2 mg) was dissolved in CHCl3 (1 mL) and a portion (5 mL) of this solu-
tion was added to the same volume of the matrix solution. About 1 mL of
the resulting solution was deposited on the stainless steel sample holder
and allowed to dry before introduction into the mass spectrometer.
Three independent measurements were made for each sample.


External mass calibration was done using the Calibration Mixture 1 of
the Sequazyme Peptide Mass Standards Kit, based on the monoisotopic
values of [M+H]+ of des-Arg1-bradykinin, angiotensin I, Glu1-fibrino-


Table 7. Crystallographic data and details of structure refinements of compounds 1a, 4, and 4a.


1a 4 4a·0.5CH2Cl2


formula C28H46F6N4O10Pd2S2 C13H23ClN2O2Pd C26.5H47Cl3N4O4Pd2


Mr 989.61 381.18 804.83
crystal system orthorhombic orthorhombic triclinic
space group P212121 P212121 P1
a [Q] 10.418(3) 8.380(3) 11.679(3)
b [Q] 16.731(4) 9.969(4) 11.569(4)
c [Q] 22.981(4) 20.045(4) 16.123(4)
a [8] 97.17(2)
b [8] 97.81(3)
g [8] 119.67(3)
volume [Q3] 4005.7(17) 1674.6(10) 1827.9(9)
Z 4 4 2
1calcd [gcm�3] 1.641 1.512 1.462
mMoKa [mm�1] 1.083 1.267 1.236
F(000) 2000 776 818
qmax [8] 26.73 29.93 27.48
reflns collected 42839 16792 14805
unique reflections 8486 4351 14805
Rint 0.0310 0.0286 –
observed I>2s(I) 6765 3986 10037
parameters 475 176 710
goodness of fit (F2) 1.038 1.178 0.980
R1 (I>2s(I))[a] 0.0459 0.0449 0.0526
wR2


[a] 0.1150 0.1038 0.1319
residuals [eQ�3] 0.548, �0.435 1.570, �0.741 0.711, �0.829


[a] R1 = � j jFo j� jFc j j /� jFo j , wR2 = [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.


www.chemeurj.org J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6014 – 60236022


B. Milani et al.



www.chemeurj.org





peptide B and neurotensin at m/z 904.4681, 1296.6858, 1570.6774, and
1672.9175, respectively.
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The Breakdown of the Minimum Polarizability Principle in Vibrational
Motions as an Indicator of the Most Aromatic Center


Miquel Torrent-Sucarrat, Josep M. Luis,* and Miquel Sol/*[a]


Introduction


Benzene exhibits aromaticity in all its structural and chemi-
cal manifestations. All energetic-, geometric-, magnetic-,
and reactivity-based criteria of aromaticity highlight this
particular property of benzene, and, consequently, this spe-
cies is considered as the quintessential and archetypical aro-
matic molecule.[1–7] Among the different vibrational modes
of benzene, the bond-length alternation (BLA) mode of b2u


symmetry (see Scheme 1), which transforms symmetric D6h


benzene into a Kekul+-like D3h symmetry structure, has sin-
gular characteristics.


The first particular feature of this b2u vibrational mode
that we mention here is its surprisingly low frequency of
1309 cm�1, as determined by using gas-phase two-photon
spectroscopy measurements.[8,9] Assuming that both the s-
and p-electronic systems of benzene do not oppose this
BLA distortion (D6h to D3h), one would predict a larger fre-
quency of about 1600 cm�1.[10] In addition, upon excitation
to the first 1B2u excited state, there is a remarkable upshift
of this low frequency from 1309 to 1570 cm�1.[8,11,12] This
result, which has been confirmed theoretically by means of
coupled cluster calculations,[13] is totally unexpected in the
context of the p* !


p nature of the electronic transition in-
volved in the transit from the 1A1g ground state to the first
1B2u excited state. Considering that the p system is weak-
ened in the first 1B2u excited state, one may expect a reduc-
tion in the frequency of this b2u vibrational mode upon exci-
tation.[14] The solution to these paradoxes came from the
work of Hiberty, Shaik, and co-workers,[10, 15–19] among
others,[20–23] who demonstrated by means of different proce-
dures that the p electrons of benzene possess a distortive
tendency away from the D6h-symmetry structure. Now it is
accepted that the properties attributed to aromaticity derive
from the p delocalization, and that the s electrons are re-
sponsible for the D6h-symmetric framework. This conclusion
was further substantiated by calculations of the second de-
rivatives of orbital energies with respect to this b2u normal
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cules are distortions of the equilibrium
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Scheme 1. Transformation of D6h benzene into a Kekul+-like D3h


symmetry structure due to the bond-length alternation (BLA) mode of
b2u symmetry.
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coordinate, performed by Gobbi et al.[24] According to these
authors, the second derivative of the total energy with re-
spect to normal coordinates can be expressed in a good ap-
proximation as the sum of the second derivatives of the or-
bital energies, thus allowing for a s/p separation of the force
constants.[24] For the BLA b2u vibration mode of benzene, it
was found that the p force constant is negative while the s


force constant is positive.[24] This result reinforced the con-
clusion that the p system of benzene is distortive and p de-
localization is not the driving force of bond equalization in
benzene.


The second particular aspect of this b2u vibrational mode
is that the deformation of benzene along this mode induces
partial localization of the p electrons into localized p bonds,
reducing the aromaticity of the six-membered ring (6-MR).
The effect of this distortion on the delocalization of the p


electrons in benzene was studied by Bader and co-work-
ers[25] who considered an unsymmetrical distortion obtained
by alternately increasing and decreasing the equilibrium C�
C bond length of 1.42 L to 1.54 and 1.34 L, respectively.
Contour maps of the Fermi-hole density indicated that there
is a significant decrease in the delocalization of the p elec-
trons between para carbons with the distortion.[25] Accord-
ingly, the value of the recently defined para-delocalization
index (PDI)[26] of aromaticity is reduced and this means that
the movement along this vibrational mode produces a signif-
icant reduction of aromaticity. This conclusion completely
agrees with the harmonic oscillator model of aromaticity
(HOMA)[6,27–29] and the nucleus-independent chemical shift
(NICS)[5,30] results obtained by CyraÇski and Krygowski,[31]


although the NICS values do not sharply differentiate be-
tween the aromaticity of benzene (�9.7 ppm) and a Kekul+
structure (�8.6 ppm) with bond lengths as in ethane and
ethene.[31]


Finally, another interesting property is that the b2u BLA
vibrational mode breaks the maximum hardness (MHP) and
minimum polarizability principles (MPP).[32] These two prin-
ciples together with the hard and soft acids and bases princi-
ple (HSAB)[33] are among the most important chemical reac-
tivity principles that have been rationalized within the
framework of conceptual density functional theory
(DFT).[34,35] The MHP affirms that, at a given temperature,
molecular systems evolve to a state of maximum hard-
ness.[33, 36–40] The MPP was formulated on the basis of the
MHP and an inverse relation between hardness and polariz-
ability.[41] This principle states that the natural direction of
evolution of any system is towards a state of minimum po-
larizability.[42,43] A formal proof of the MHP based on statis-
tical mechanics and the fluctuation–dissipation theorem was
given by Parr and Chattaraj[38] under the constraints that the
chemical potential and the external potential must remain
constant upon distortion of molecular structure. However,
relaxation of these constraints seems to be permissible, and
in particular, it has been found that in most cases the MHP
still holds true even though the chemical and external po-
tentials vary during the molecular vibration, internal rota-
tion, or along the reaction coordinate.[44–64] Hereafter, we


will refer to the generalized MHP or MPP (GMHP or
GMPP) as the maximum hardness or minimum polarizabili-
ty principles that do not require the constancy of chemical
and external potentials during molecular change.


For nontotally symmetric molecular motions and by using
symmetry arguments, Pearson and Palke[44] showed that the
values of the average external potential (nen), hardness (h),
polarizability (a), and chemical potential (m) for the positive
deviation are the same as those for the negative deviation
from equilibrium. Thus, (@h/@Q)= (@a/@Q)=0, and more
importantly, (@m/@Q)= (@nen/@Q)=0 at the equilibrium ge-
ometry, in which Q is a nontotally symmetric normal-mode
coordinate. In conclusion, the chemical and external poten-
tials are roughly constant[32,65] for small distortions along
nontotally symmetric normal modes, thus nearly following
the two conditions of Parr and Chattaraj.[38] As a conse-
quence, the MHP and MPP are expected to be obeyed for
nontotally symmetric vibrations, as confirmed by most nu-
merical calculations of hardness and polarizability along
nontotally symmetric normal modes performed so
far.[37, 44–46,64] For this reason, the breakdown of the MHP and
MPP for the nontotally symmetric b2u mode of benzene is
particularly relevant. In contrast, for totally symmetric dis-
tortions, the situation is completely different. In this case,
starting from the equilibrium geometry, nen and m keep in-
creasing or decreasing as the nuclei approach each other,
and then the GMPP cannot be applied. Therefore, the equi-
librium structure is not a maximum/minimum of hardness/
polarizability for displacements along totally symmetric
normal modes.


We have found in previous work,[32,66,67] small polycyclic
aromatic hydrocarbons (PAHs) with nontotally symmetric
BLA modes that disobey the GMHP and GMPP. The break-
down of these two principles for nontotally symmetric vibra-
tional motions in PAHs was extended later to molecules
without a p-conjugated structure or even without p


bonds.[68] To arrive at these results, we have developed a
method that diagonalizes the second derivative of the polar-
izability with respect to the nontotally symmetric normal co-
ordinates (a’’).[32] This method provides the distortions that
produce the largest polarizability changes, which correspond
to nuclear displacements that have a more marked GMPP
or anti-GMPP character than the original vibrational modes.


One can expect that BLA modes in PAHs that break the
GMHP and GMPP will have similar properties to the b2u vi-
brational mode of benzene, which is, among the different vi-
brational modes of benzene, the one that likely produces
the largest reduction in aromaticity. Indeed, the nontotally
symmetric distortion that produces the maximum break-
down of the GMPP implies a distortion of the equilibrium
geometry that produces the largest reduction in polarizabili-
ty. In aromatic systems, this diminution in polarizability is
usually related to the localization of p electrons, which is ex-
pected to be especially important in the region with a more
delocalized electron cloud. Thus, it is likely that the nonto-
tally symmetric distortion that produces the maximum fail-
ure of the GMPP may have the largest components in the
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most aromatic ring(s) of the system. To investigate this hy-
pothesis, we analyze in this paper a series of PAHs having
well-defined local aromaticities to determine whether nonto-
tally symmetric vibrational distortions that disobey the
MHP and MPP are mainly located in the most aromatic
ring(s). Related to our study, it has been found[69] that the
energy of out-of-plane deformations correlates well with
changes in the degree of aromaticity of the conjugated
system of whole molecules as well as specific rings. For this
reason, Zhigalko and co-workers proposed using the lowest
out-of-plane vibration frequency and the ring-deformation
energy as aromaticity indexes.[69] Finally, we must note that
the GMPP is usually more restrictive that the GMHP.
Therefore, the nontotally symmetric distortions that disobey
the GMPP normally also disobey the GMHP (our experi-
ence indicates that a failure of the GMHP does not imply
an unavoidable breakdown of the GMPP).


Computational Methods


In this work, we used the GAUSSIAN 98 package of programs[70] to per-
form the geometry optimizations and polarizability, frequency, and NICS
calculations. The diagonalization of a’’ was carried out at the Hartree–
Fock (HF)[71] level of theory using the Pople standard 6-31G basis set[72]


for the twenty aromatic molecules studied in this work. To analyze the
basis set and electron correlation effects, HF/6-311G(d) and B3LYP/6-
311G(d)[73–75] calculations were performed for the smallest eight PAHs
analyzed. The NICS calculations were carried out at the HF/6-31+G(d)
level of theory using the HF/6-31G optimized geometry.


The elements of the Hessian matrix of the polarizability with respect to
the nontotally symmetric normal coordinates (k, l) were calculated as
shown in Equation (1):


a00
kl ¼
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in which a is the isotropic average polarizability [Eq. (2)]:
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where E is the analytical energy and F is the static electric field. By intro-
ducing Equation (2) into (1), Equation (3) is produced:
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in which H is the Hessian matrix of the energy with respect to the nonto-
tally symmetric normal coordinates.


To evaluate a00
kl we used two methods, both of them equally correct, al-


though they have different computational requirements. In the first
method, a00


kl was obtained by numerical differentiation of the analytical
first derivatives of the isotropic average polarizability, a’. The magnitude
of the displacement for the numerical derivatives with respect to vibra-
tional coordinates was 0.04 au. This procedure requires 2N+1 frequency
calculations, in which N is the number of nontotally symmetric normal
coordinates. The stability of these derivatives was checked by repeating


the calculation with displacements of 0.02 and 0.08 au. In the second
method, the a00


kl elements were calculated by second numerical differen-
tiation of the Hessian matrix of the analytical energy with respect to the
three directions of the static electric field (Fx, Fy, Fz). The electric fields
used for the numerical differentiation were �0.0016, �0.0032, �0.0064,
�0.0128, �0.0256, and �0.0512 au (in the x, y, and z directions). The ad-
vantage of this procedure is that it implies the same number of frequency
calculations independent of the number of the moleculeQs normal modes.
We further verified the validity of the negative signs of the eigenvalues
obtained by diagonalization of the a’’ Hessian matrices by carrying out
single-point isotropic average polarizability calculations along the post-
diagonalization vibrational distortions.[32]


Results and Discussion


Figure 1 depicts the molecules studied in this work, and
Table 1 contains the diagonal terms and eigenvalues of a’’
corresponding to the nontotally symmetric distortions that
before or/and after diagonalization break the GMPP for the
eight PAHs evaluated at the HF/6-31G, HF/6-311G(d), and
B3LYP/6-311G(d) levels. The same information computed
at the HF/6-31G level for the rest of the studied PAHs is
collected in Table 2. Figure 2 depicts the postdiagonalization
nuclear distortions that show the largest negative eigenval-
ues, which correspond to the eigenvectors with the most
marked anti-GMPP character, for each aromatic system an-
alyzed.


In a previous study,[32] we have established a set of simple
rules to a priori predict, without calculations, whether a
given p-conjugated molecule will show nontotally symmetric
vibrations with anti-GMPP character. According to these
rules, nontotally symmetric vibrations in a given p-conjugat-
ed molecule will obey the GMPP either if the molecule does
not have BLA-like vibrations or if all possible BLA move-
ments in the molecule transform as the totally symmetric
representation. On the other hand, if one or more BLA
movements do not transform as the totally symmetric repre-
sentation, the GMPP is disobeyed by some of the nontotally
symmetric vibrational modes of the molecule.


Applying these guidelines to the twenty systems given in
Figure 1, we find that all the molecules, except benzocyclo-
butadiene and benzo[g]quinoline, present at least a nonto-
tally symmetric vibration mode that refuses to comply with
the GMPP. This fact is corroborated by the results collected
in Tables 1 and 2. Benzocyclobutadiene and benzo[g]quino-
line show special characteristics and they will be discussed
separately at the end of this section.


The results displayed in Table 1 show that while the diag-
onal elements of the a’’ matrix are dependent on the meth-
odology used to compute them, the eigenvalues of the diag-
onalization of a’’ are almost totally basis set and electron
correlation independent. This fact is confirmed by the dis-
placement vectors corresponding to the postdiagonalization
nuclear distortions evaluated at the HF/6-31G level and de-
picted in Figure 2, which are identical to those yielded by
the HF/6-311G(d) and B3LYP/6-311G(d) methods. The ei-
genvectors obtained from the diagonalization of a’’ indicate
the linear combinations of nontotally symmetric vibrational
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modes (for a given eigenvector all implicated vibrational
modes belong to the same symmetry species) that produce
the largest polarizability changes.


As can be seen in Tables 1 and 2, the diagonalization of
a’’ is required to show all the symmetry species that violate
the GMPP (e.g., the b1u in anthracene or the b3g, b1u, and b3u


in pentacene appear after diagonalization). The diagonaliza-
tion of a’’ also reduces the number of vibrational displace-
ments that break the GMPP and simultaneously increases
the absolute value of their negative eigenvalues. This con-
centration of information facilitates the analysis of our re-
sults. In the case of acenaphtylene at the B3LYP/6-311G(d)
level, the diagonalization of a’’ is essential for finding mo-
lecular distortions that do not follow the GMPP, displaying


the utility of this method for
detecting these kinds of molec-
ular distortions.


We shall begin our discussion
on the relation between the
breakdown of GMPP and aro-
maticity by analyzing first the
two molecules that have a
unique type of ring (benzene
and naphthalene). In these two
systems, the postdiagonalization
nuclear distortions of the
carbon atoms display an evi-
dent BLA distortion (see
Figure 2). On the other hand,
biphenylene, acenaphthylene,
fluorene, and anthracene-9,10-
dione show two types of rings:
one is an aromatic 6-MR (rings
A of the Figure 1) with a nega-
tive NICS value and the other
is a nonaromatic center (rings
B) with a positive NICS value.
The differentiation between the
two rings is also reflected in
Figure 2, where only the most
aromatic ring A presents the
expected BLA distortion. Pyra-
cylene, a controversial aromatic
system,[26,76,77] presents a similar
structure with two different
rings. It contains a 5-MR
(center B) that is clearly nonar-
omatic according to magnetic
(ring currents and NICS),[77]


geometric (HOMA),[26] and
electronic (aromatic fluctuation
index, FLU) criteria of aroma-
ticity.[76] Moreover it presents a
6-MR (center A) with an inter-
mediate aromaticity as indicat-
ed by HOMA, ring currents,
PDI, and FLU results.[76, 77]


However, according to NICS values this 6-MR possesses
only slight aromaticity. Recent work[77] has shown that the
magnetic field produced by paratropic ring currents of the
adjacent 5-MRs in pyracylene leads to an artificial underes-
timation of the aromaticity of the 6-MRs by NICS. This
result supports the intermediate aromatic character of the 6-
MRs in pyracylene. Accordingly, the postdiagonalization dis-
tortion depicted in Figure 2 presents a negative eigenvalue
with a clear BLA movement in the aromatic 6-MRs (note
that one cannot construct a BLA movement in an odd-
membered ring).


The anthracene, acridine, phenanthrene, and tetracene
molecules present two types of aromatic 6-MRs with nega-
tive NICS values. As can be seen in Figure 2, the BLA post-


Figure 1. A schematic representation of the molecules studied in this work.
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diagonalization distortions properly indicate the most aro-
matic center of these molecules. In a similar way, [4]hel-
icene, triphenylene, and chrysene contain two types of aro-


matic 6-MRs. For these mole-
cules, the postdiagonalization
displacements are less informa-
tive than in the previous sys-
tems because all the carbon
atoms show important transla-
tions. However, only the most
aromatic 6-MR presents a clear
BLA, that is, an alternation of
increased and decreased adja-
cent bond lengths around the 6-
MR.


It is worth noting that pery-
lene is the only studied mole-
cule with two large negative ei-
genvalues (�3.273 and �3.106
with b3g and b2u symmetry, re-
spectively). As can be seen in
Figure 2, the postdiagonaliza-
tion distortion of b3g symmetry
shows a quasi-BLA movement
for ring A (see Figure 1), while
the center B presents a se-
quence of short–long–long–
short–long distances, indicating
that the most aromatic center is
ring A. In contrast, the b2u dis-
tortion displays a BLA in the
five rings, without making an
obvious differentiation between
centers A and B.


Finally, [5]helicene, penta-
cene, and picene contain three
kinds of aromatic 6-MRs with
negative NICS values. The
method of diagonalization of a’’
in the pentacene molecule
allows, by only looking at the
b2u distortion of Figure 2, the
determination of the relative ar-
omaticity order of the three
rings. While ring A contains
fixed atoms, rings B and C
show significant displacement
of the carbon atoms, although
only the most aromatic ring C
displays a BLA distortion. This
result is consistent with the
NICS values indicating that
ring A is more aromatic than B,
and this, in turn, more aromatic
than C. On the other hand, the
postdiagonalization displace-
ments in [5]helicene and picene


simply show the largest components of the BLA mode in
the most aromatic ring.


Table 1. HF/6-31G, HF/6-311G(d), and B3LYP/6-311G(d) diagonal terms (diag) and eigenvalues (eigen) of
the Hessian matrices of the polarizability (a’’) with respect to the nontotally symmetric modes, which break
the GMPP for the smallest PAHs analyzed.


Molecules HF/6-31G HF/6-311G(d) B3LYP/6-311G(d)
diag a’’ eigen a’’ diag a’’ eigen a’’ diag a’’ eigen a’’


benzene b2u �0.425 �1.077 �0.914 �1.356 �0.506 �0.872
�0.176


benzocyclobutadiene[a] a1 �0.118 �0.938 �0.167 �1.009 �0.076 �0.850
�0.091 �0.042 �0.037


naphthalene b2u �0.752 �1.585 �0.665 �1.824 �0.620 �1.702
�0.174 �0.332 �0.207
�0.032 �0.100


biphenylene b1u �0.680 �2.368 �0.983 �3.030 �1.402 �2.356
�0.495 �0.922 �0.155 �0.017
�0.387 �0.177


acenaphthylene b2 �0.328 �1.842 �0.361 �2.077 �1.601
�0.153 �0.309


pyracylene b2u �0.129 �1.913 �0.276 �2.155 �0.015 �1.593
�0.105 �0.035 �0.224 �0.083
�0.002 �0.050


fluorene b2 �0.649 �1.884 �1.300 �2.319 �0.406 �1.817
�0.184 �0.101 �0.030


anthracene b2u �2.015 �3.905 �1.819 �4.502 �1.825 �3.527
�1.001 �0.081 �0.949 �0.106 �0.973 �0.678
�0.069 �0.630 �0.462
�0.022 �0.229


�0.012
b1u �0.013 �0.012 �0.002


[a] The diagonal terms and eigenvalues of the Hessian matrices of the polarizability (a’’) are with respect to
the totally symmetric modes.


Table 2. HF/6-31G diagonal terms (diag) and eigenvalues (eigen) of the Hessian matrices of the polarizability
(a’’) with respect to the nontotally symmetric modes, which break the GMPP for the heaviest PAHs analyzed.


Molecules HF/6-31G Molecules HF/6-31G
diag a’’ eigen a’’ diag a’’ eigen a’’


anthracene-9,10-dione b2u �0.762 �1.880 perylene b3g �0.817 �3.273
�0.384 �0.618 �0.069


acridine b2 �2.359 �3.930 �0.452 �0.055
�0.321 �0.115 �0.225
�0.143 b2u �1.512 �3.106


benzo[g]quinoline[a] a’ �1.250 �3.798 �0.276 �0.018
�0.635 �0.066 �0.090
�0.083 �0.029 b1u �0.004 �0.169
�0.069 �0.015 �0.104
�0.058 au �0.006


phenanthrene b2 �0.330 �1.435 triphenylene e’ �0.921 �1.797
�0.058 [5]helicene b �0.273 �1.734


[4]helicene b �1.126 �2.141 �0.002 �0.053
�0.122 �0.360 pentacene b2u �4.568 �10.799


tetracene b2u �3.832 �6.812 �2.662 �1.526
�0.564 �0.045 �1.432 �0.074
�0.454 �0.028 �1.036 �0.015
�0.378 �1.014
�0.326 b3g �0.095


b1u �0.042 b1u �0.107
b3g �0.045 �0.037


chrysene bu �0.916 �2.321 b3u �0.014
�0.353 �0.548 picene b2 �0.138 �2.131
�0.140 �0.017 �0.214
�0.137


[a] The diagonal terms and eigenvalues of the Hessian matrices of the polarizability (a’’) are with respect to
the totally symmetric modes.
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At the beginning of this section, we mentioned that ben-
zocyclobutadiene and benzo[g]quinoline show special char-
acteristics. The diagonalization of a’’ with respect to the
nontotally symmetric normal coordinates and the direct ap-
plication of the set of simple rules based on the symmetry of
the possible BLA movements lead to the same conclusion;
that is, the GMPP is obeyed by all nontotally symmetric dis-
tortions of these molecules. Thus, with the present method-
ology is not possible to ascertain the most aromatic center
in these molecules. As an alternative method, we have in-
vestigated whether the diagonalization of a’’ with respect to
the totally symmetric normal coordinates can provide infor-


mation that cannot be obtained in this case from the nonto-
tally symmetric vibrations. It is important to remark that to-
tally symmetric distortions of the equilibrium geometry are
neither a maximum nor minimum of properties such as a, m,
or nen. Notwithstanding, their eigenvalues apprise the curva-
ture of the polarizability along these symmetric displace-
ments and indicate whether we are near or far from a polar-
izability maximum or minimum.


As can be seen in Figure 2, the application of this method
to benzocyclobutadiene and benzo[g]quinoline help in deter-
mining the relative aromatic character of the different rings.
In benzo[g]quinoline, this method only points out the most


Figure 2. A schematic representation of the displacement vectors corresponding to the postdiagonalization nuclear distortions that show the most
marked anti-GMPP character of each aromatic molecule (the most negative eigenvalue) obtained at the HF/6-31G level. The depicted displacement vec-
tors of the non-hydrogen atoms have been multiplied by two in the representation for clarity. The numbers inside the molecular rings are the NICS
values of these rings calculated at the HF/6-31+G(d) level with the HF/6-31G optimized geometry.
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aromatic ring; nevertheless, the difference in aromaticity be-
tween centers A and C is small. Certainly, it is possible to
apply the diagonalization of the Hessian matrices of the po-
larizability along totally symmetric modes to the rest of the
molecules, although the results do not provide much more
information than that obtained from the diagonalization
along nontotally symmetric modes. For instance, by applying
this methodology to systems like naphthalene, biphenylene,
or fluorene one obtains large negative eigenvalues with
postdiagonalized totally symmetric movements, which give
exactly the same information as the diagonalization with re-
spect to the nontotally symmetric displacements. In contrast,
systems like benzene, pyracylene, or perylene only show
positive eigenvalues or a few low negative eigenvalues that
have postdiagonalization distortions without any relation to
BLA motions and aromaticity. Nevertheless, in some cases
the diagonalization along totally symmetric modes can be
useful to complement the information obtained from the
nontotally symmetric modes. As an example, the totally
symmetric postdiagonalization movements of [5]helicene
and picene (see Figure 3) differentiate between the two


most aromatic rings (centers A and C), which show BLA
distortion from the less aromatic ring (center B). However,
at variance with the nontotally symmetric, the totally sym-
metric postdiagonalization displacements assign similar aro-
matic character to centers A and C.


Conclusion


Aromaticity is a property associated with the cyclic delocali-
zation of p electrons, resulting in extra stabilization of aro-
matic molecules and destabilization of antiaromatic species.
The evaluation of aromaticity is usually based on the classi-
cal aromaticity criteria: structural-, magnetic-, energetic-,
and reactivity-based measures. In this work, we have intro-
duced a new way to qualitatively determine the most aro-
matic region of a PAH. This method finds the nontotally
symmetric BLA distortions that produce the maximum
breakdown of the GMPP (anti-GMPP), by means of diago-
nalization of the Hessian matrix of the polarizability with re-
spect to the vibrational nontotally symmetric normal coordi-
nates. Our method is then used to assign the highest local ar-
omaticity to the rings that have the largest components of
such anti-GMPP vibrational displacements. We have applied
this methodology to a large set of PAHs and we have shown
that predictions of the most aromatic centers given by the
present method and those expected from NICS calculations
fully coincide.
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Introduction


The organization and confinement of molecular catalysts
may considerably modify their properties, as clearly demon-
strated in various systems, in particular in the case of dendri-
meric catalysts. Indeed, a strong influence of the generation
number of the dendrimer has been observed on reactions
occurring at the dendrimer surface. One example is the
enantioselective reduction of a prochiral ketone by NaBH4
in presence of chiral amphiphilic dendrimers prepared from
polyamidoamine (PAMAM) and d-gluconolactone.[1] Coop-
erative effects have been also reported for dendrimeric Co–
salen complexes, which exhibit enhanced catalytic activity in
the hydrolytic kinetic resolution of terminal epoxides tuned
by the generation number.[2] The peculiar effects observed
in these two examples suggest that proper molecular orien-
tation and density of the catalytic centers at the dendrimer/
solution interface are crucial. In the burgeoning field of sup-
ported molecular catalysts, similar questions arise concern-


Abstract: Monolayers at the gas/water
interface have been used as an adjusta-
ble catalytic system in which the mo-
lecular density may be modified. MnIII–
salen complexes bearing perfluoroalkyl
substituents have been organized as a
Langmuir film on an aqueous subphase
containing a urea/hydrogen peroxide
adduct (UHP, the oxidant) and cinnam-
yl alcohol (the substrate). The catalytic
activity of the monolayer for the epoxi-
dation of the alkene dissolved in water
has been demonstrated and the reac-
tion kinetic investigated. For a constant
area per molecule of catalyst, the reac-
tion rate exhibits first-order depend-
ence on oxidant concentration and
zero-order dependence on alkene con-


centration, in agreement with the reac-
tion orders reported for MnIII–salen-
catalyzed epoxidation reactions carried
out in solution. Furthermore, kinetic
experiments suggest an enhanced activ-
ity of the catalysts assembled in a
Langmuir film relative to that observed
in bulk reaction. Finally, varying the
molecular density of the catalyst at the
gas/water interface highlights an impor-
tant dependence of the catalytic activi-
ty of the layer with the mean molecular


area. A strong increase of the catalytic
properties of the monolayer was ob-
served for a mean molecular area of
140–145 62, an increase which was sup-
posedly related to a modification of the
MnIII–salen complex orientation at the
interface upon compression. This hy-
pothesis was supported by PM-IRRAS
(polarization modulation infrared re-
flection adsorption spectroscopy) ex-
periments performed in situ on the
monolayer. Such results demonstrate
that a soft and adjustable molecular
system like a Langmuir film can be
used to better understand the reactivity
in various heterogeneous and/or pseu-
dohomogeneous (such as those based
on dendrimers) catalytic systems.
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ing the influence of the local organization of the active spe-
cies on the macroscopic catalytic properties. Whatever the
strategy used to immobilize the catalytic center on an organ-
ic or inorganic solid support may be,[3–6] it is often difficult
to point out the influence of the molecular architecture on
chemical activity, because of the lack of homogeneity of the
modified surface of the solid support. Therefore, develop-
ment of model systems in which the molecular catalytic cen-
ters are organized with a well-defined molecular density and
mean orientation with respect to the normal of a surface is
highly desirable. To this end, the generation of Langmuir–
Blodgett films from appropriately modified molecular cata-
lysts has been proposed. Manganese[7] or iron[8] porphyrins
as well as rhodium complexes of 4,4’-dialkylbipyridines[9]


have been thus structured on a solid substrate leading to
well-defined, supported catalytic systems. Those studies pro-
vided new insights on the major influence of molecular ar-
chitecture on the catalytic activity. In addition, we recently
suggested that a monolayer of a fluorous MnIII–salen com-
plex at the fluid gas/liquid interface was able to catalyze a
chemical reaction and that the compression state of the film
modified the efficiency of the catalytic process.[10] In this
paper, we demonstrate that such a film catalyzes the epoxi-
dation of a particular alkene dissolved in the subphase. The
reaction follows kinetic behavior similar to that observed in
bulk, but the activity of the catalyst in the organized system
is appreciably enhanced. Furthermore, we show that the
effect of the compressed state of the monolayer on its cata-
lytic activity can be explained in terms of change in the cata-
lyst orientation during the compression. This modification in
the organization was demonstrated by PM-IRRAS (polari-
zation modulation infrared reflection adsorption spectrosco-
py) experiments performed at the gas/water interface.


Experimental Section


Materials : Urea/hydrogen peroxide adduct (UHP) and cinnamyl alcohol
were obtained from Aldrich and were used without further purification.
Water for the subphase was purified by a Purite Select apparatus and
had a resistivity higher than 16MWcm. Chloroform used as spreading
solvent was HPLC grade from SDS. Synthesis of the amphiphilic catalyst
3 was carried out as described in a previous publication.[10] The amphi-
philic complexes 1 and 2 were prepared by metalation of the correspond-
ing racemic salen ligands derived from trans-1,2,-diaminocyclohexane,
following a procedure described previously for enantiopure analogues.[11]


Details are given as Supporting Information. (E)-3-Pheny1–2,3-epoxypro-
pan-l-ol was prepared as described in the literature.[12]


Methods : The amphiphile solutions were kept at �18 8C between experi-
ments to limit solvent evaporation. Isotherms were obtained with a
NIMA trough (type 601BAM) equipped with a Wilhelmy plate and
maintained at 20 8C. The compression speed of the monolayer was close
to 3 62molecule�1min�1. A BAM2plus from NFT was used for the Brew-
ster angle microscopy experiments.


The reaction experiments were performed on a Langmuir–Blodgett labo-
ratory-made trough (maximum available surface ca 1100 cm2, volume of
the subphase ca. 340�40 mL including a ca. 30 mL dipping well) working
at room temperature and under partial nitrogen atmosphere.[13] For the
catalysis experiments, the subphase was an aqueous solution containing
UHP (typical concentration 5M10�5 molL�1) and cinnamyl alcohol (typi-


cal concentration 10�5 molL�1). Shortly after spreading, the monolayer
was compressed (if necessary) with a speed of about 35 62molecule�1


min�1 to increase the molecular density to the desired value. Then, the
area per molecule was kept constant during the experiment. After 6 h,
the whole subphase was recovered and extracted with approximately
20 mL of HPLC grade dichloromethane. The solvent of the organic solu-
tion was evaporated under reduced pressure and the residue was kept at
�18 8C until GC analysis.
GC analyses for Langmuir experiments were performed with a Varian
Chrompack (CP-3800) apparatus equipped with a SGE nonpolar capilla-
ry column (BPX5 30 mM0.25 mm) (injector temperature: 250 8C; splitless
injection mode; carrier gas: Helium at 1 mLmin�1; initial oven tempera-
ture: 30 8C, 2 min; rate 1: 15 8Cmin�1; final temperature 1: 150 8C, 15 min;
rate 2: 20 8Cmin�1; final temperature 250 8C, 2 min; detector (FID) tem-
perature: 300 8C). The retention times were found to be about 12.5 min
for the cinnamyl alcohol and 13.6 min for the corresponding epoxide.
The calibration for such analyses was performed by injection of solutions
containing a known concentration of cinnamyl alcohol or its epoxide as
well as an external reference (1,4-dichlorobenzene).


For kinetic experiments in bulk, GC analyses were performed on an Agi-
lent 6850 instrument (column: HP-1 100% dimethylpolysiloxane 30 mM
320 mmM0.25 mm) (injector temperature=150 8C; splitless injection
mode; carrier gas: Helium at 1 mLmin�1; detector (FID) temperature=
280 8C).


Built-up films were obtained by the vertical lifting method with a dipping
speed set to 1 cmmin�1. Films (19 layers) were transferred from the gas/
pure water interface onto optically polished calcium fluoride substrate (Y
type transfer with a transfer ratio of ca. 0.7 for a transfer pressure of
10 mNm�1).


Infrared spectra were recorded on a Perkin Elmer FT 1760-X spectrome-
ter. For spectra of the pristine powder of 3, KBr pellets (containing ca.
0.5 wt% of 3) were used.


PM-IRRAS measurements : The PM-IRRAS (polarization modulation
infrared reflection adsorption spectroscopy) experimental set-up has
been described previously.[14,15] It is based on the fast modulation of the
incident IR beam between parallel (p) and perpendicular (s) polariza-
tions. The processing of the intensity of the reflected beam leads to the
differential reflectivity spectrum DR/R= (Rp�Rs)/(Rp+Rs). In the case of
the water substrate, the calculated spectra were then divided by those of
the subphase (normalized PMIRRAS spectra) to remove the contribu-
tion of the liquid water absorption. The spectra were collected by a
Nexus 870 spectrometer working with an 8 cm�1 resolution (two levels of
zero-filling) and equipped with a liquid-nitrogen-cooled HgCdTe detector
(SAT). Those measurements were performed on a Teflon Langmuir
trough from Nima, equipped with a Wilhelmy balance and a plate made
of Whatman paper for the surface pressure measurement.


Results and Discussion


Selection of the catalyst : Metal–salen complexes were
chosen as target compounds because they are versatile cata-
lysts in a variety of chemical transformation.[16] Despite the
fact that their properties in solution have been widely inves-
tigated, limited amount of data is available concerning the
behavior of such compounds at the gas/water interface. To
select a suitable complex for the generation of Langmuir
films, three MnIII–salen derivatives with different hydrophil-
ic–hydrophobic balances were examined. These complexes
are characterized by the presence of perfluoroalkyl chains, a
structural feature that should facilitate the formation of
stable Langmuir films,[17] and were easily synthesized by a
modification of a literature procedure.[11] Compound 1
formed Langmuir films with an onset of the surface pressure
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found for about 102 62molecule�1 and a slow collapse at
18 mNm�1. However, the stability of the monolayer versus
time was poor, especially for surface pressure higher than
6 mNm�1. This instability was not compatible with the goal
of the study for which well-defined molecular density at the
interface was required. Generally, stability may be increased
by means of longer hydrophobic tails or by increasing the
number of such groups. Therefore, compound 2 was spread
at the gas/water interface. Langmuir films of this compound
exhibit enhanced stability versus time and have a collapse
point at 14 mNm�1 and approximately 98 62molecule�1. Un-
fortunately, Brewster angle microscopy (BAM) demonstrat-
ed that those Langmuir films were formed by the coexis-
tence of monolayer with thicker “crystallites”. Hydrophobic
interactions between molecules of 2 were thus too high and
were stabilizing three-dimensional aggregates of compound
2 at the gas/water interface. This not purely bidimensional
system was therefore also not suitable for further investiga-
tions. Intermediate hydrophobicity between compounds 1
and 2 was then attempted by selecting compound 3. The
compression isotherm of this salen derivative showed an in-
crease of the surface pressure for an area close to
180 62molecule�1 on pure water and a collapse which ap-
peared at about 24 mNm�1 and approximately 115 62mole-
cule�1. This last value is comparable to the average area of a
salen complex with a conformation in which the average
MnN2O2 plane is more or less perpendicular to the sur-
face.[18] The monolayer was quite stable versus time and the
BAM experiments demonstrated that the Langmuir film
was homogeneous, with a gaseous/liquid phase transition at
zero surface pressure (see insert of Figure 1). Chemical sta-
bility of compound 3 at the gas/water interface was also con-
firmed by comparison of the IR spectrum of the pristine
compound with that of multilayers obtained by transfer of
the Langmuir onto a solid substrate (see Supporting Infor-
mation). Compound 3 was therefore selected as potential
catalyst in Langmuir film.


Selection of the substrate and the oxidant : Several vinyl and
allyl compounds were initially selected as potential reac-
tants. For example, trans-stilbene was first tested. Its poor
solubility in water was sufficient for its use as a reactant.
However, various experiments demonstrated that uncata-
lyzed oxidation of stilbene occurred without any monolayer.
Therefore, a less reactive (and more soluble) vinyl molecule,
that is, cinnamyl alcohol, was chosen. No spontaneous oxi-
dation was detected for this compound. Concerning the oxi-
dant, a large panel of compounds was also available.[19–22]


We reasoned that a mild oxidant endowed with high solubil-


ity and stability in water would be preferable. Therefore, the
1:1 adduct between urea and hydrogen peroxide, noted
UHP, (in which the hydrogen peroxide is bound to urea by
hydrogen bonding[23]) was chosen, in particular because of
its stability and easiness to handle.[24]


Effect of the substrate and the oxidant on the surface prop-
erties of the catalyst : The effect of the substrate and the oxi-
dant dissolved in the subphase was then investigated. In-
creasing the concentration of UHP (in the range 0 to
10�4 molL�1) induced a destabilization of the monolayer
and led to steeper compression isotherms (see Figure 1).
Indeed, on increasing the UHP concentration up to
10�4 molL�1, the collapse pressure decreased from 24.4 to
12.7 mNm�1 (the corresponding molecular area increased
only slightly from 115 to ca 125 62) and the onset shifted
from 183 without UHP to about 153 62. These results point
toward an interaction between the hydrogen peroxide
coming from UHP and the monolayer (i.e., either oxidation
of compound 3) and/or (partial) adsorption of urea along
the surface. The destabilization of the monolayer clearly
limits the range of UHP concentration that one could use
for the catalytic experiments.
Similar experiments were carried out with increasing con-


centration of cinnamyl alcohol in the subphase (see
Figure 2). For a 10�5 molL�1 concentration, the compression
isotherm of 3 was just slightly shifted toward larger areas.
No destabilization of the monolayer was observed. Increas-
ing the concentration (up to 5M10�5 molL�1) did not induce
further modifications in the isotherms. Such a change may
be related to a slight adsorption of cinnamyl alcohol along
the monolayer.
Therefore, a monolayer consisting of 3 could be used on a


subphase containing UHP (concentration up to ca


Figure 1. Compression isotherms of 3 on UHP solution of various con-
centrations (0 molL�1, 1.25M10�5 molL�1, 5M10�5 molL�1, and
10�4 molL�1) at 20 8C. The arrow indicates the evolution for increasing
concentrations of UHP. Insert: typical image of the monolayer obtained
at zero surface pressure by Brewster angle microscopy (real size of the
image: 430M536 mm2).
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10�4 molL�1) and cinnamyl alcohol for catalytic experiments.
Typical experiments were performed with a solution of cin-
namyl alcohol and UHP (10�5 and 5M10�5 molL�1, respec-
tively) in as the subphase. Kept for 18 h in the Langmuir
trough without any monolayer spread at its interface, no oxi-
dation of cinnamyl alcohol could be detected by gas chro-
matography (GC) after extraction of the subphase with di-
chloromethane. To limit any (undetected) bulk oxidation, a
shorter reaction time (6 h) was used in order to assess the
catalytic effect of a monolayer of MnIII–salen 3. Thus, after
spreading and compression (if needed), the monolayer was
kept at constant molecular area during 6 h. The whole sub-
phase was recovered and extracted with dichloromethane to
be quickly analyzed by GC. Chromatograms demonstrated
that some epoxide of cinnamyl alcohol was formed in the
subphase in the presence of the monolayer. To assess this
catalytic effect of the monolayer, a GC calibration curve
was obtained in order to quantify the area of the epoxide
peak (a few tenths to few percents of the area of the peak
associated to the unreacted cinnamyl alcohol). The influence
of three experimental parameters (concentration of UHP,
concentration of cinnamyl alcohol, and mean molecular area
of the catalyst) on the outcome of the reaction was then in-
vestigated.


Effect of substrate and oxidant concentrations on the reac-
tion : Various concentrations of cinnamyl alcohol were used
in the range 2.5M10�6 to 10�5 molL�1 for a constant concen-
tration of UHP (10�5 molL�1). The area per catalyst of 3
was kept constant (ca. 150 62), as well as the total surface of
the catalytic monolayer (774 cm2). Under such conditions,
the percentage of epoxide recovered after 6 h was more or
less constant and found to be around 5.0�0.6%. This sug-
gested that the kinetics of the reaction was independent of
the concentration of the substrate. Kinetic studies have
shown that the rate of the epoxidation of indene catalyzed
by MnIII–salen complexes is zero-order for the substrate
both under aqueous/organic biphasic conditions[25] and in


homogeneous organic solution,[26] with aqueous NaOCl or
UHP as primary oxidants. Even if those bulk experiments
were performed with a cocatalyst (e.g., an N-oxide or am-
monium acetate which bind to the catalytic center) and for
much higher concentrations of different reactants, it is rea-
sonable to assume that the behavior found with the Lang-
muir film is similar to that described in solution. In contrast,
a clear dependence of the reaction rate with the concentra-
tion of the oxidant UHP was observed in the Langmuir
trough. As shown in Figure 3, increasing the concentration


of UHP (up to 10�4 molL�1, concentration of cinnamyl alco-
hol maintained at 10�5 molL�1, molecular area of 3 at
150 62, total surface of the catalytic monolayer: 774 cm2) re-
sulted in an increase in the percentage of recovered epoxide.
This linear dependency is consistent with the results of ki-
netic experiments in solution, which demonstrated that the
epoxidation kinetics is first-order with respect to the UHP
concentration.[26]


Effect of the molecular density of the catalyst on the reac-
tion : Kinetic investigations in bulk have also shown that the
epoxidation of indene is first-order with respect to the cata-
lyst concentration. This should correspond, in our experi-
ment, to a linear dependence of the reaction rate on the mo-
lecular density of the catalyst at the interface. To check this
hypothesis, we measured the percentage of epoxide formed
depending on the mean molecular area of the catalyst, but
keeping the surface pressure to zero. In this case, the mono-
layer should be maintained in the biphasic gaseous/liquid
state. Any change in the mean molecular area should
modify the ratio between the surface occupied by the liquid
phase and that occupied by the gaseous phase, but should
not induce any structural or orientational change in the two
phases. If one neglects the catalytic activity due to the gas-
eous domains (in which the molecular density is very low),
the rate of epoxidation should therefore be proportional to


Figure 2. Compression isotherms of 3 at 20 8C on a) pure water and b) an
aqueous solution of cinnamyl alcohol (10�5 molL�1).


Figure 3. Molar percentage of epoxide recovered from the subphase after
6 h of reaction for various concentrations of the UHP oxidant. For all
these experiments, the total surface of the monolayer was 774 cm2, the
molecular area of 3 was maintained at about 150 62 and the cinnamyl al-
cohol concentration was 10�5 molL�1.
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the molecular density of the catalyst 3. However, experi-
mentally, the whole subphase was recovered and analyzed
by GC, but the surface of the subphase was only partially
covered by the catalytic monolayer (because of the com-
pression necessary to modify the molecular density). To
take into account such an experimental limitation, we de-
fined an apparent rate of reaction per unit of monolayer sur-
face as the molar percentage of epoxide recovered after a
given time of reaction (evaluated after calibration of the
GC, see Experimental Section) divided by the product of
the time of reaction and the surface of the catalytic mono-
layer expressed in cm2 of the monolayer. Figure 4 shows the


plot of this apparent rate of reaction versus the mean molec-
ular density of the catalyst along the interface. Within the
experimental error, a linear dependency between the rate
and the density was found, as expected. Finally, experiments
performed at zero surface pressure and for a mean molecu-
lar area of 254 62 for various reaction times suggested a
linear increase of the epoxide percentage with the reaction
time (see Supporting Information). Because the extent of
the reaction was low in all our experiments, this linear de-
pendency is in agreement with the bulk kinetic experiments.
All those results indicate that the catalytic process at the
gas/water interface is kinetically similar to that in bulk in
which the catalyst oxidation is the rate-determining
step.[25,26] Therefore, a comparison between reaction rate
constants for the process in bulk and in the organized
system is possible. In bulk, in which the reaction rate can be
expressed as kbulk0 [UHP][catalyst], values of kbulk0 of 0.7–
1.7m�1 min�1 depending on the MnIII–salen complex can be
estimated from literature data for the epoxidation of indene
by UHP at 2 8C in a 1:1 dichloromethane/methanol mix-
ture.[26] Analogously, kinetic investigation of the epoxidation
of cinnamyl alcohol performed at 20 8C with UHP and cata-
lyst 3 in 1:1 dichloromethane/methanol (see Supporting In-
formation), but in the absence of a cocatalyst to better fit


conditions used for the Langmuir film experiments, led to
an estimated kbulk0 constant of 0.2–0.3m�1 min�1. The rate
constant for the organized system can be estimated assum-
ing the number of moles of catalyst spread at the interface
divided by the total volume of the subphase as the catalyst
concentration. A value of kmonolayer0 of about 50–100m�1 min�1


was thus calculated from the data previously obtained in the
Langmuir film experiments. Such a rough estimation shows
nonetheless that the catalytic process is much more efficient
in the monolayer than in solution. This might be related to
the adsorption of the oxidant along the interface (the in-
crease in the local concentration inducing a faster reaction
than expected). However, other examples of catalytic Lang-
muir–Blodgett films (i.e., on solid supports) have also
shown better catalytic efficiency of those thin films with re-
spect to the similar reaction in solution.[7,9] In those systems
as well as in ours, the particular orientation adopted by the
catalytic center along the interface might explain this higher
catalytic efficiency.
The previous measurements were performed at zero sur-


face pressure and without any expected change in the mo-
lecular organization in the liquid phase of the monolayer. It
was therefore interesting to probe the catalytic effect of the
monolayer for higher surface pressures and for a monolayer
in a monophasic state. Figure 5 shows the plot of the molar


percentage of recovered epoxide versus the mean molecular
area of the catalyst 3 spread at the gas/water interface. For
large areas (above ca. 160 62), the slight increase of the per-
centage of epoxide for higher molecular density corresponds
to the linear dependency of the rate of reaction with the
molecular density, as discussed above. For smaller areas, the
formation of epoxide appeared to be strongly enhanced. A
two–threefold increase in the percentage of epoxide was ob-
served when the monolayer was compressed resulting in an


Figure 4. Evolution of the apparent rate of epoxidation (see text) with
the molecular density of 3 at the gas/water interface and at zero surface
pressure. The cinnamyl alcohol and UHP concentrations were 10�5 and
5M10�5 molL�1, respectively.


Figure 5. Molar percentage of epoxide recovered from the subphase after
6 h of reaction for various areas per molecule of 3. The spread quantity
of 3 was around 7.7�0.3M10�8 mol for the experiments corresponding to
mean molecular areas below 160 62. The cinnamyl alcohol and UHP con-
centrations were 10�5 and 5M10�5 molL�1, respectively. The plotted line
visualizes the dependence of the area per molecule on the catalytic activ-
ity.
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area per molecule of up to about 140 62. Reaction rates de-
fined as the percentage of epoxide formed per h and per
cm2 of catalytic monolayer were also calculated taking into
account the decrease of the surface of the catalytic monolay-
er with the compression. Comparison with reaction rates ex-
pected on the basis of the simple law deduced from data ob-
tained at zero surface pressure confirmed the enhanced cat-
alytic activity of the monolayer for those specific molecular
area of catalyst (see Supporting Information). This striking
effect of the compressed state of 3 on its catalytic activity
demonstrated the importance to build model systems based
on a controllable interface. Again, multiple causes, such as
adsorption of the oxidant along the interface, cooperative
effects similar to those observed in the ring-opening of ep-
oxides catalyzed by dendrimeric CoIII–salen complexes,[2]


and the effect of the surface pressure might be invoked.
However, we believe that the primary reason of the ob-
served phenomenon is the modification of the catalyst orien-
tation with the compression. In particular, the average
MnN2O2 plane of 3 should be less and less tilted with re-
spect to the normal of the interface with increasing com-
pression. This should modify the access (easiness and main
relative orientation) either of the oxidant or of cinnamyl al-
cohol to the manganese center. To check this hypothesis, we
performed PM-IRRAS measurements at the gas/water inter-
face in order to probe the molecular orientation of catalyst
3 upon varying on the state of compression of the monolay-
er. Indeed, this technique, which combines Fourier trans-
form IR reflection spectroscopy with fast modulation of the
polarization of the incident beam, is sensitive to the molecu-
lar orientation relative to the interface. Transition moments
parallel (or perpendicular) to the interface give upwards (or
downwards) oriented bands. Figure 6 shows typical spectra
obtained for a monolayer of 3 spread on pure water for vari-
ous mean molecular areas. The weakness of the recorded
absorbance was due to the low density of the catalyst (com-
pared to the classical amphiphilic molecules such as fatty
acids). However, several interesting features of those spectra
were clearly observed. When the monolayer was com-
pressed, bands at about 1150 and 1205 cm�1 increased in in-


tensity. Simultaneously, a negative band appeared around
1255 cm�1. Those peaks corresponded to those recorded for
the catalyst in a KBr pellet (at 1150, 1208, and 1248 cm�1).
They were associated to the fluorinated tails,[27] and more
precisely to ns(CF2) and d(CF2), d(CCC) and n(CC), and
na(CF2) and r(CF2), respectively. Since the bands around
1208 and 1248 cm�1 were broad and overlapping, we concen-
trated our analysis on the band at 1150 cm�1, which is as-
signed to an E1 symmetry and a dipole moment perpendicu-
lar to the main axis of the fluorinated tail.[27,28] To analyze
the change in intensity of this band with the concentration,
we calculated its normalized intensity defined as the product
of the molecular area of the catalyst by its PM-IRRAS ab-
sorbance. This calculation considers the increase of the in-
tensity due to the change in the molecular density with the
compression.[29] Figure 7 (top) shows the evolution of the
normalized intensity at 1150 cm�1 with the mean molecular
area of 3 spread on pure water. The increase of the normal-
ized intensity of this band demonstrated that the fluorinated
tail had a different orientation at low and high surface pres-
sures. Indeed, the normalized intensity of this degenerated
E1 band should be proportional to cos


2(a)+cos(768), in
which a is the mean tilt angle of the tail with respect to the
normal of the interface.[14,15] Therefore, the IR data suggest-


Figure 6. PM-IRRAS spectra of a monolayer of catalyst 3 spread on pure
water.


Figure 7. Normalized absorbance of the PM-IRRAS peaks at 1150 (top)
and 1611 cm�1 (bottom) for a monolayer of 3 spread on pure water (full
circles) or a 5M10�5 molL�1 UHP subphase (open circles). The lines are
plotted to improve the visualization of the results.
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ed that this tilt angle decreased during the compression. If
one assumed a vertical position of those chains at the col-
lapse, the previous curve led to an evaluation of the mean
tilt angle at low surface pressure in the liquid phase of ap-
proximately 608. This result is in agreement with the in-
crease in the monolayer thickness during the compression,
which was deduced from the evolution of the relative reflec-
tivity of the Langmuir film measured by BAM.[30] The PM-
IRRAS measurements performed on a 5M10�5m UHP sub-
phase showed similar behavior compared to pure water (see
Figure 7, top).
Another interesting feature of those IR spectra was the


presence of a band at 1615 cm�1 (sometimes with a shoulder
at 1625 cm�1 observable in some of the recorded spectra).
This band clearly corresponded to the peak recorded for 3
dispersed in a KBr pellet at 1613 cm�1 with a shoulder at
1622 cm�1. It was assigned to stretching vibrations of the CN
bond with some contributions of vibrations of the phenyl
rings and CO group chelating the metal atom.[31,32] The tran-
sition moment corresponding to this band should lie within
the average MnN2O2 plane of 3 (even though its exact orien-
tation within this plane is unknown). It may therefore be
used as a probe of the orientation of the catalytic center.
The evolution of the normalized intensity of this peak
versus the compression of the monolayer was found to be
quite different relative to that associated with the fluorinat-
ed tails. As shown in Figure 7 (bottom), this intensity was
more or less constant for large areas per molecule, but de-
creased strongly for higher molecular densities. This de-
crease was already suggested by the fact that the band van-
ished for high surface pressure in the PM-IRRAS spectrum
of the layer (see Figure 6). Because this band should not be
degenerate, its intensity should be proportional to
sin2(b)�sin2(388), in which b is the mean tilt angle with re-
spect to the normal of the interface of the transition
moment associated to the IR peak.[14,15] Therefore, the IR
data suggested that compression below 160 62 induced a de-
crease of the angle b, which may finally reach the magic
angle of PM-IRRAS (388) for high surface pressure. As
before, results obtained on a 5M10�5 molL�1 UHP subphase
were quite similar (see Figure 7). This result demonstrated
that the catalytic center of 3 has different orientations at
low and high surface pressures as suggested by the catalytic
experiments.
Finally, concerning these data, a strong decrease of the re-


covered percentage of epoxide (or of the apparent reaction
rate) was found for areas smaller than about 130 62. Such a
drop in the catalysis efficiency may be related to an increas-
ing difficulty for the reactant to reach the catalytic centers;
however, it may also just be related to the slow collapse of
the monolayer as suggested by Figure 1.
All these results point to the large influence of the organi-


zation of catalysts on their activities and demonstrate that a
soft interface, such as the gas/water interface, can be a
useful model to better understand supported molecular cat-
alysis. Further experiments are currently in progress to eval-
uate the influence of the molecular structure of the catalyst


on its orientation along the gas/water interface and the con-
sequence on its catalytic activity. In the case of chiral MnIII–
salen complexes, the effect of the orientation and that of the
molecular packing on the stereoselectivity of the epoxida-
tion will be also analyzed.
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Introduction


Alkenyl groups are important ligands in organometallic
chemistry, because they are related to many metal-mediated


transformations of alkynes and alkenes. However, to date,
the number of reports dealing with triruthenium–carbonyl
cluster complexes containing alkenyl ligands is relatively
small,[1–5] despite the fact that some of these clusters have
been recognized as intermediates or as catalyst precursors
for alkyne–alkene co-dimerization[6] and alkyne hydrogena-
tion,[7] dimerization,[2b] polymerization,[2b] and hydroformyla-
tion[2c] processes. Without exception, these alkenyl–triruthe-
nium cluster complexes arise from reactions of alkynes with
triruthenium precursors containing hydride ligands.


In this context, we have recently reported the reactivity of
the hydrazido-bridged hydrido–carbonyl–triruthenium com-
plex [Ru3(m-H)(m3-k


2-HNNMe2)(CO)9]
[8] (1) with a variety


of terminal and internal alkynes without a-hydrogen atoms,
showing that the products may have their alkenyl ligands in
edge-bridging or face-capping positions (Scheme 1) and that


Abstract: The reactions of the hydri-
do–triruthenium cluster complex [Ru3-
(m-H)(m3-k


2-HNNMe2)(CO)9] (1; H2N-
NMe2=1,1-dimethylhydrazine) with al-
kynes that have a-hydrogen atoms give
trinuclear derivatives containing edge-
bridging allyl or face-capping alkenyl
ligands. Under mild conditions (THF,
70 8C) the isolated products are as fol-
lows: [Ru3(m3-k


2-HNNMe2)(m-k
3-1-syn-


Me-3-anti-EtC3H3)(m-CO)2(CO)6] (2)
and [Ru3(m3-k


2-HNNMe2)(m-k
3-1-syn-


Me-3-syn-EtC3H3)(m-CO)2(CO)6] (3)
from 3-hexyne; [Ru3(m3-k


2-HNNMe2)-
(m-k3-3-anti-PhC3H4)(m-CO)2(CO)6] (4),
[Ru3(m3-k


2-HNNMe2)(m-k
2-MeCCHPh)-


(m-CO)2(CO)6] (5) and [Ru3(m3-k
2-


HNNMe2)(m3-k
2-PhCCHMe)(m-CO)2-


(CO)6] (6) from 1-phenyl-1-pro-
pyne; [Ru3(m3-k


2-HNNMe2)(m-k
2-3-anti-


PrC3H4)(m-CO)2(CO)6] (7), [Ru3(m3-k
2-


HNNMe2)(m3-k
2-BuCCH2)(m-CO)2(CO)6]


(8), and [Ru3(m3-k
2-HNNMe2)(m3-k


2-
HCCHBu)(m-CO)2(CO)6] (9) from 1-
hexyne; [Ru3(m3-k


2-HNNMe2)(m3-k
2-


HOH2CCCH2)(m-CO)2(CO)6] (10) from
propargyl alcohol; and [Ru3(m3-k


2-
HNNMe2)(m3-k


2-MeOCH2CCH2)(m-CO)2-
(CO)6] (11) from 3-methoxy-1-propyne.
The regioselectivity of these reactions
depends upon the nature of the alkyne
reagent, which affects considerably the
kinetic barriers of important reaction
steps and the stability of the final prod-
ucts. It has been established that the
face-capped alkenyl derivatives are not
precursors to the allyl products, which
are formed via edge-bridged alkenyl in-
termediates. At higher temperature


(toluene, 110 8C), the complexes that
have allyl ligands with an anti substitu-
ent are isomerized into allyl derivatives
with that substituent in the syn posi-
tion, for example, 4 into [Ru3(m3-k


2-
HNNMe2)(m-k


3-3-syn-PhC3H4)(m-CO)2-
(CO)6] (14). The diene complex
[Ru3(m-H)(m3-k


2-HNNMe2)(m-k
4-trans-


EtC4H5)(CO)7] (13) has been obtained
from the thermolysis of compounds 2
and 7 at 110 8C (3 and [Ru3(m3-k


2-
HNNMe2)(m-k


2-3-syn-PrC3H4)(m-CO)2-
(CO)6] (12) are also formed in these
reactions). A DFT theoretical study
has allowed a comparison of the ther-
modynamic stabilities of isomeric com-
pounds and has helped rationalize the
experimental results. Mechanistic pro-
posals for the synthesis of the allyl
complexes and their isomerization
processes are also provided.
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the nature of the substituents of the alkyne reagent strongly
affects the stability of each product.[5]


Carrying out that study,[5] we observed that the use of
some alkynes that have a-hydrogen atoms as reagents led
not only to alkenyl derivatives, but also to cluster complexes
with edge-bridging allyl ligands. As very few reactions of hy-
drido–carbonyl–triruthenium clusters with alkynes that have
a-hydrogen atoms had been hitherto reported and none of
them gave allyl derivatives,[3a,b] we decided to perform a
thorough study on the reactivity of complex 1 with internal
and terminal alkynes that have a-hydrogen atoms, such as 3-
hexyne, 1-phenyl-1-propyne, 1-hexyne, propargyl alcohol,
and 3-methoxy-1-propyne.


Triruthenium cluster complexes with organic allyl ligands
are very rare. To our knowledge, the only precedents are
[Ru3(m-k


3-C3H5)(m3-PPhCH2PPh2)(CO)8] and [Ru3(m3-k
5-


HabqCHCHCHR)(m-CO)2(CO)6] (H2abqH=2-amino-7,8-
benzoquinoline; R=H, C�CSiMe3), which contain edge-
bridging allyl ligands. The former was prepared by treating
the anion [Ru3(m3-PPhCH2PPh2)(CO)9]


� with allyl chlo-
ride,[9] whereas the H2abqH-derived clusters were synthe-
sized from [Ru3(m3-k


5-Habq)(CO)9] and propargyl alcohol or
1-trimethylsilyl-1,4-pentadiyne and contain an edge-bridging
allyl fragment attached to a face-capping Habq group.[10]


Quite a few cluster complexes containing s-dimetalated allyl
ligands (MCR1CR2CR3M) are known. They have been pre-
pared by treating non-hydridic ruthenium clusters with al-
kynes of the type R1CHR2C�CR3,[11] and also by inserting
alkynes R1C�CR2 into an Ru�CR3 bond of complexes of
the type [Ru3(m-H)3(m3-CR


3)(CO)9],
[12] but these s-dimeta-


lated allyl ligands are attached to only one additional metal
atom through a typical k3-allyl coordination. One penta-[13]


and one hexaruthenium[14] cluster have been shown to con-
tain edge-bridging allyl ligands.


We now report that some reactions of complex 1 with al-
kynes that have a-hydrogen atoms lead to cluster complexes
with edge-bridging allyl ligands and that these complexes


can be transformed into derivatives containing edge-bridg-
ing dienes or isomeric allyl ligands. X-ray diffraction, IR
and NMR spectroscopy, and calculations of minimum-
energy structures by DFT methods have been used to char-
acterize the products. Comparisons of the absolute energies
of isomeric compounds (obtained by DFT calculations)
have helped rationalize the experimental results. Mechanis-
tic proposals that account for the observed transformations
are also provided.


Results and Discussion


Reactivity studies : The reactivity of compound 1 with 3-
hexyne, 1-phenyl-1-propyne, 1-hexyne, propargyl alcohol,
and 3-methoxy-1-propyne was studied. All reactions were
carried out in a systematic way with THF as solvent and a
1:1.1 cluster-to-alkyne ratio. The reaction solutions were stir-
red at reflux temperature until the consumption of the start-
ing complex 1 was complete (observed by IR spectroscopy
and/or spot TLC). Most reactions gave mixtures of several
isomeric products that were separated by chromatographic
methods (mostly TLC). Very weak chromatographic bands
were not worked up. All isolated products are shown in
Schemes 2–5.


The reaction of 1 with 3-hexyne (Scheme 2) gave two iso-
meric allyl derivatives (2 and 3) that differ in the orientation
of the allyl substituents. While the ethyl and methyl groups
of complex 2 are in anti and syn positions, respectively, both


substituents are in syn positions in complex 3. Curiously,
under analogous reaction conditions, the reactions with 1-
phenyl-1-propyne and 1-hexyne (Schemes 3 and 4) gave
mixtures of three products consisting of one allyl derivative
with a substituent in anti position (4 and 7) and two isomeric
face-capped alkenyl derivatives (5, 6, 8, and 9), while the re-
actions of compound 1 with propargyl alcohol and 3-meth-
oxy-1-propyne did not afford any allyl derivative, but only a
face-capped alkenyl product with the two hydrogen atoms
in a gem arrangement (10 and 11; Scheme 5). In no case did
we obtain compounds with edge-bridging alkenyl ligands,


Scheme 1. Reactivity of compound 1 with alkynes having no a-hydrogen
atoms.


Scheme 2. Reaction of compound 1 with 3-hexyne.
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despite the fact that derivatives of this type are generally
the products of reactions of hydrido–carbonyl cluster com-
plexes with alkynes that have no a-hydrogen atoms.[1–5]


To check whether the face-
capped alkenyl products could
be transformed into their allyl
isomers or not, compounds 8
and 9 (both arising from the re-
action of compound 1 with 1-
hexyne in refluxing THF,
15 min) were individually
heated in refluxing THF. While
compound 9 remained unal-
tered, a complete transforma-
tion of the gem isomer 8 into
the trans isomer 9 was observed
after 2 h. This long reaction
time contrasts with the short re-
action time required for the re-
action of compound 1 with 1-
hexyne, which gave compound
9 as the major product after
15 min in refluxing THF. This
implies that the trans isomer 9
observed in the reaction of 1
with 1-hexyne should not arise,


at least to a great extent, from the gem isomer 8. On the
contrary, it is reasonable to propose that both the gem and
trans isomers formed from 1 in short reaction times arise
from a common early hydrido–alkyne intermediate that
evolves through different pathways (Markonikoff and anti-
Markonikoff insertions) to give the observed products.[5]


Therefore, the allyl complexes do not arise from their face-
capped alkenyl isomers.


The thermolysis of the anti-ethyl-syn-methyl allyl complex
2 in toluene at reflux temperature for 25 min gave a mixture
of the hydrido–diene derivative 13 and two allyl complexes,
the syn-ethyl-syn-methyl complex 3 and the syn-propyl com-
plex 12 (Scheme 6). An analogous treatment of the anti-
propyl allyl complex 7 afforded the same mixture of prod-
ucts. These reactions proceeded very slowly in refluxing
THF. Compound 12 was only observed in these thermolysis
reactions and could not be obtained pure, because it could
not be separated from complex 3 by crystallization or chro-
matographic methods.


Curiously, the anti-phenyl allyl complex 4 underwent a re-
arrangement process in refluxing toluene that ended in the
syn-phenyl allyl isomer 14 as the only final product
(Scheme 7).


Scheme 3. Reaction of compound 1 with 1-phenyl-1-propyne.


Scheme 4. Reaction of compound 1 with 1-hexyne.


Scheme 5. Reactions of compound 1 with propargyl alcohol and 3-
methoxy-1-propyne.


Scheme 6. Thermolysis of compounds 2 and 7.
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The results shown in Schemes 6 and 7 indicate that the
allyl complexes are not involved (as intermediates) in the
synthesis of the face-capped alkenyl derivatives. The isomer-
ization of the anti-substituted allyl derivatives (2, 4, and 7)
into the syn-substituted ones (3, 14, and 12, respectively)
suggests that the latter are more stable than the former. In
addition, the transformations of 2 and 7 into 12 and 3, re-
spectively, imply a 1,4-migration of a hydrogen atom within
the corresponding allyl ligand and the slippage of the bridg-
ed Ru–Ru edge over the ligand carbon atoms. Such process-
es may be related to the observation of the diene derivative
13 as a side product accompanying the isomerization prod-
ucts (Scheme 6). Proposals addressing mechanistic aspects
of the synthesis of the allyl complexes and their isomeriza-
tion processes are given and commented below.


X-ray diffraction studies : The structures of compounds 2, 3,
and 8 were determined by X-ray diffraction. A selection of
interatomic distances is given in Table 1. For comparison


purposes, a common atomic numbering scheme has been
used.


The structures of compounds 2 and 3 (Figures 1 and 2, re-
spectively) correspond to two isomeric allyl derivatives and
are nearly identical. In both cases, the hydrazido group caps
the metal triangle in the same way as that found previously


in complex 1[8] and in most of its derivatives.[5,15] The allyl
ligand spans the same Ru–Ru edge as the amido fragment
of the hydrazido group and is attached to Ru1 through the
carbon atoms C5 and C6 and to Ru2 through C4 and C5,
the distances from the central carbon atom C5 to Ru1 and
Ru2 being 0.35–0.40 Q longer than those from C4 and C6 to
Ru2 and Ru1, respectively. The dihedral angle between the
planes defined by the allyl C4, C5, and C6 atoms and the
Ru3 triangle is 63.5(9)o in 2 and 61.9(4)o in 3. Both com-
pounds have eight CO ligands, two of which are bridging
and six are terminal. The Ru�Ru distances, ranging from
2.74 to 2.77 Q, confirm the presence of Ru�Ru single
bonds.[16] The only noticeable difference between these com-
pounds is the arrangement of the ethyl and methyl groups
on the allyl fragment. While the methyl group is in a syn po-


Scheme 7. Isomerization of compound 4 into 14.


Table 1. Selected interatomic distances (Q) in compounds 2, 3, 8, and 13.


2[a] 3[a] 8[a] 13[b]


Ru1�Ru2 2.744(1) 2.7702(6) 2.7141(9) 2.796
Ru1�Ru3 2.760(1) 2.7553(6) 3.7849(2) 3.012
Ru2�Ru3 2.753(1) 2.7477(6) 2.8200(9) 2.763
N1�Ru1 2.106(8) 2.125(5) 2.139(8) 2.108
N1�Ru2 2.107(8) 2.127(4) 2.091(8) 2.111
N2�Ru3 2.207(7) 2.218(4) 2.226(7) 2.220
C3�Ru1 2.44(1)
C3�Ru2 2.292
C3�Ru3 2.34(1)
C4�Ru1 2.329(8)
C4�Ru2 2.21(1) 2.197(6) 2.226(9) 2.311
C4�Ru3 2.280(9)
C5�Ru1 2.56(2) 2.538(6) 2.423
C5�Ru2 2.60(1) 2.552(6)
C6�Ru1 2.20(1) 2.177(6) 2.248
C3�C4 1.51(2) 1.509(9) 1.40(1) 1.400
C4�C5 1.37(2) 1.426(9) 1.51(1) 1.446
C5�C6 1.49(2) 1.398(9) 1.52(1) 1.418


[a] X-ray diffraction data. [b] Calculated by DFT methods.


Figure 1. Molecular structure of compound 2.


Figure 2. Molecular structure of compound 3.
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sition in both compounds, the ethyl group is anti in 2 and
syn in 3.


Figure 3 shows the structure of compound 8. In this case,
two face-capping ligands are placed at either sides of the
metal triangle, the hydrazido ligand and an alkenyl ligand.


The alkenyl ligand has two H
atoms on C3 in gem positions
and one n-butyl group on C4,
attached to Ru2 through C4
and to Ru1 and Ru3 through
both C3 and C4. The cluster
shell is completed with six ter-
minal and two bridging CO li-
gands. The length of the Ru1�
Ru3 edge, 3.7849(2) Q, is out
of the bonding range for Ru�
Ru bonds.[16] Despite being an
open triangular cluster, its elec-
tron count is 48 and thus dis-
obeys the EAN rules (EAN=


effective atomic number).[17]


Trimetallic clusters bearing
face-capping alkenyl ligands
are scarce. While [Os3(m-H)(m3-
h2-CF3CCHCF3)(CO)10]


[18] and
[WRu2(m-NPh)(m3-h


2-
CF3CCHCF3)(h


5-C5Me5)(CO)7]
[19] are closed 48-electron tri-


angular clusters, SRss-FinkSs complexes [Ru3{m3-NS(O)-
MePh}(m3-h


2-RCCHR)(m-CO)(CO)7]
[3a] and the face-capped


alkenyl products derived from 1 and alkynes without a-hy-
drogen atoms[5] are open (two Ru�Ru bonds) 48-electron
triangular clusters.


IR spectroscopy: This spectroscopic technique was very
useful to assign the type of hydrocarbon ligand contained in


each product, because all the face-capped alkenyl deriva-
tives have the same absorption pattern in the carbonyl-
stretching region of their IR spectra (Table 2) and an analo-
gous situation occurs for the allyl derivatives (Table 3). The
IR spectrum of the unique diene complex 13 (Table 3) is
quite different from all the others. Within each group,
changes in the nature of the alkenyl or allyl ligand substitu-
ents slightly affect the wavenumber of the nCO bands, but
they do not significantly alter the relative transmittance of
the absorptions (the band pattern is maintained). Unfortu-
nately, the nCO absorptions of these complexes are also
almost unaffected by the position of the substituents on the
alkenyl or allyl ligands and, consequently, the stereochemis-
try of the alkenyl and allyl ligands could not be established
by this spectroscopic technique.


It is curious that all the face-capped alkenyl derivatives
reported in this article have two bridging carbonyl ligands
(they have analogous IR spectra and complex 8 has been
characterized by X-ray diffraction), whereas two types of
carbonyl ligand arrangements have been observed in face-
capped alkenyl products derived from complex 1 and al-
kynes without a-hydrogen atoms; one arrangement is analo-
gous to that of the alkenyl products described herein and
the other consists of one bridging and seven terminal car-
bonyl ligands.[5]


NMR spectroscopy : The 1H NMR data of the compounds
with face-capping alkenyl ligands are given in Table 4. All
these products contain one hydrogen atom on the C=C frag-
ment of alkenyl ligand that is always cis to the Ru atom s-
bonded to the alkenyl ligand and that arises from the origi-
nal hydride of the starting complex 1. The resonance of this
proton is observed in the range d=4.62–2.94 ppm. An addi-
tional resonance is observed for alkenyls derived from ter-
minal alkynes. For compounds 8, 10, and 11, which have two


Figure 3. Molecular structure of compound 8.


Table 2. IR data (recorded in CH2Cl2) for the compounds with face-capping alkenyl ligands.


Alkenyl ligand nCO [cm�1]


5 MeC=CHPh 2058 (w), 2017 (vs), 1989 (m), 1957 (m), 1849 (w, br), 1824 (w, br)
6 PhC=CHMe 2060 (w), 2010 (vs), 1991 (m), 1956 (m), 1852 (w, br), 1791 (w, br)
8 BuC=CH2 2057 (w), 2018 (vs), 1986 (m), 1955 (m), 1948 (w), 1929 (w, br), 1801 (w, br)
9 HC=CHBu 2059 (w), 2017 (vs, br), 1987 (m), 1956 (m), 1925 (w, br), 1802 (w, br)
10 HOCH2C=CH2 2054 (w), 2018 (vs, br), 1979 (m, sh), 1951 (m), 1828 (w, br), 1799 (w, br)
11 MeOCH2C=CH2 2060 (w), 2024 (vs, br), 1988 (m, sh), 1956 (m), 1822 (w, br), 1797 (w, br)


Table 3. IR data (recorded in CH2Cl2) for the compounds with edge-bridging allyl and diene ligands.


Hydrocarbon ligand nCO [cm�1]


2 1-syn-Me-3-anti-EtC3H3 2059 (m), 2014 (vs), 1984 (s), 1962 (m), 1843 (w), 1799 (m)
3 1-syn-Me-3-syn-EtC3H3 2057 (m), 2013 (vs), 1984 (s), 1962 (m), 1843 (w), 1801 (m)
4 3-anti-PhC3H4 2060 (m), 2021 (vs), 1989 (s), 1968 (m), 1849 (w), 1805 (m)
7 3-anti-PrC3H4 2058 (m), 2017 (vs), 1984 (s), 1965 (m), 1846 (w), 1801 (m)
12[a] 3-syn-PrC3H4 –
13 trans-EtCH=CHCH=CH2 2064 (s), 2000 (s, sh), 1992 (vs), 1936 (m), 1919 (m)
14 3-syn-PhC3H4 2060 (m), 2019 (vs), 1989 (s), 1968 (m), 1850 (w), 1806 (m)


[a] This compound could not be separated from complex 3. Therefore, its IR spectrum could not be recorded.
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H atoms in gem positions, this resonance always appears at
a lower chemical shift (in the range d=2.46–2.05 ppm) with
a small coupling constant (J in the range 5.3–4.4 Hz). For
compound 9, which has two H atoms in a mutual trans ar-
rangement, this resonance is observed at a higher chemical
shift (d=6.01 ppm) with a greater coupling constant (J=
13.5 Hz). For compounds 5 and 6, the relative arrangement
of their methyl and phenyl substituents was clearly indicated
by the multiplicities of the methyl and C=CH resonances.
Thus, for compound 5 both resonances are singlets, whereas
for compound 6 both resonances are coupled to each other
(J=5.1 Hz). This indicates that in 6 the alkenyl hydrogen
atom and the methyl group are attached to the same carbon
atom. Therefore, the stereochemistry of the alkenyl ligands
in these complexes can be assigned by using simple
1H NMR spectroscopy.[5]


The 1H NMR spectra of the allyl derivatives are more
complicated (Table 5). The assignments shown in Figure 4
for the allyl protons were made with the help of selective
proton-decoupled and COSY experiments. In general, the
Hsyn�Hcentral couplings (range: J=8.6–7.3 Hz) are greater
than the Hsyn�Hanti couplings (range: J=5.9–2.9 Hz) and


smaller than the Hanti�Hcentral couplings (range: J=12.7–
11.1 Hz). Their chemical shifts are low, as expected for
metal-shielded protons. These trends have also been ob-
served in other tri-[9,10] and binuclear[20] complexes with m-
allyl ligands.


It is noteworthy that some complexes have resonances at
unusually low chemical shifts (close to zero or even nega-
tive). This occurs for many of the Hanti protons of the allyl
compounds and for one of the diasterotopic methylene pro-
tons of compounds 2 (Ha) and 7 (Hf). Such a great shielding
seems to indicate that these protons are close to metal
atoms. As commented below, this fact has important mecha-
nistic implications in some isomerization processes in which
the allyl complexes are involved.


The stereochemistry of the diene group of compound 13
is trans. This was easily deduced from its 1H NMR spectrum,
which shows that He is coupled to Hd with a large coupling
constant (J=12.4 Hz), typical of a trans He�Hd arrangement,
being also coupled to the methylene group protons. In addi-
tion to the signals of the diene and hydrazido groups, the
1H NMR spectrum of 13 also shows a singlet at d=


�11.49 ppm, corresponding to the hydride ligand.


Table 4. 1H NMR data (recorded in CDCl3 at 20 8C) for the compounds with face-capping alkenyl ligands.


Alkenyl ligand d [ppm]


5 MeC=CHPh 7.61 (d, J=7.1 Hz, 2H; Ph), 7.38 (m, 3H; Ph), 4.62 (s, 1H; CH), 2.71 (s, 3H; CH3), 2.23 (s, 3H; CH3), 2.20 (s, 3H; CH3),
1.94 (s, 1H; NH)


6 PhC=CHMe 7.21 (m, 5H; Ph), 2.94 (q, J=5.1 Hz, 1H; CH), 2.72 (s, 1H; CH3), 2.30 (s, 1H; CH3), 2.25 (d, J=5.1 Hz, 3H; CH3),
2.04 (s, 1H; NH)


8 BuC=CH2 4.05 (d, J=5.3 Hz, 1H; CH), 2.61 (s, 1H; CH3), 2.46 (d, J=5.3 Hz, 1H; CH), 2.39 (m, 2H; CH2), 2.06 (s, 1H; CH3),
1.99 (s, 1H; NH), 1.18 (m, 4H; 2 CH2), 0.78 (t, J=6.7 Hz, 3H; CH3)


9 HC=CHBu 6.01 (d, J=13.5 Hz, 1H; CH), 3.41 (dt, J=13.5, 5.1 Hz, 1H; CH), 2.61 (s, 1H; CH3), 2.41 (m, 1H; CHH),
2.16 (m, 1H; CHH), 1.71 (m, 2H; CH2), 1.56 (m, 2H; CH2), 1.01 (t, J=7.5 Hz, 3H; CH3)


10 HOCH2C=CH2 4.16 (dd, J= 12.8, 5.2 Hz, 1H; CHH), 4.01 (dd, J= 12.8, 5.2 Hz, 1H; CHH), 3.96 (d, J= 4.4 Hz, 1H; CHH),
2.66 (s, 3H; CH3), 2.07(s, 3H; CH3), 2.05 (d, J= 4.4 Hz, 1H; CHH), 1.97 (s, 1H; NH), 1.60 (t, J= 4.4 Hz, 1H; OH)


11 MeOCH2C=CH2 3.83 (d, J= 4.9 Hz, 1H, CHH), 3.73 (d, J= 10.8 Hz, 1H; CHH), 3.63 (d, J= 10.8 Hz, 1H; CHH), 3.14 (s, 3H; OCH3),
2.63 (s, 3H; CH3), 2.08 (d, J= 4.9 Hz, 1H; CHH), 2.03 (s, 3H; CH3), 1.87 (s, 1H; NH)


Table 5. 1H NMR data (recorded in CDCl3 at 20 8C) for the compounds with edge-bridging allyl and diene ligands.


Hydrocarbon ligand d [ppm]


2 1-syn-Me-3-anti-EtC3H3 4.42 (ddd, J=13.1, 8.6, 5.0 Hz, 1H; CH), 2.39 (d, J=5.9 Hz, 3H; CH3), 1.97 (dd, J=12.3, 8.6 Hz, 1H; CH),
1.93 (s, 3H; CH3), 1.87 (s, 3H; CH3), 1.45 (dq, J=12.3, 5.9 Hz, 1H; CH), 1.31 (ddq, J=13.1, 11.8, 6.8 Hz,
1H; CHH), 1.15 (t, J=6.8 Hz, 3H; CH3), 0.68 (s, 1H; NH), �0.32 (ddq, J=11.8, 6.8, 5.0 Hz, 1H; CHH)


3 1-syn-Me-3-syn-EtC3H3 2.91 (ddq, J=14.6, 7.4, 3.1 Hz, 1H; CHH), 2.28 (d, J=5.9 Hz, 3H; CH3), 2.04 (ddq, J=13.9, 7.4, 3.1 Hz,
1H; CHH), 1.92 (m, 1H; CH), 1.87 (s, 6H; 2 CH3), 1.79 (m, 1H; CH), 1.46 (t, J=7.4 Hz, 3H; CH3),
0.55 (m, 1H; CH), 0.38 (s, 1H; NH)


4 3-anti-PhC3H4 7.11 (m, 3H; Ph), 6.85 (m, 2H; Ph), 5.75 (d, J=8.9 Hz, 1H; CH), 3.43 (dd, J=8.9, 3.6 Hz, 1H; CH),
2.50 (dt, J=12.7, 8.9 Hz, 1H; CH), 1.92 (s, 6H; 2 CH3), 0.84 (dd, J=12.7, 3.6 Hz, 1H; CH), 0.49 (s, 1H; NH)


7 3-anti-PrC3H4 4.62 (ddd, J=13.3, 7.3, 4.4 Hz, 1H; CH), 3.45 (dd, J=7.3, 4.4 Hz, 1H; CH), 2.13 (dt, J=11.2, 7.3 Hz, 1H; CH),
1.95 (s, 3H; CH3), 1.78 (s, 3H; CH3), 1.62 (m, 2H; CH2), 1.41 (m, 1H; CHH), 0.93 (t, J=7.4 Hz, 3H; CH3),
0.56 (s, 1H; NH), 0.45 (dd, J=11.2, 4.4 Hz, 1H; CH), �0.36 (dtd, J=13.3, 9.8, 4.4, 1H; CHH)


12[a] 3-syn-PrC3H4 3.61 (dd, J=7.5, 3.2 Hz, 1H; CHH), 2.39 (t, J=7.2 Hz, 3H; CH3), �0.27 (dd, J=11.9, 3.2 Hz, 1H; CHH)
13 trans-EtCH=CHCH=CH2 4.20 (dd, J=12.4, 5.3 Hz, 1H; CH), 3.84 (dt, J=12.4, 8.7 Hz, 1H; CH), 3.11 (dd, J=8.1, 2.6 Hz, 1H; CH),


2.66 (m, 1H; CHH), 2.50 (s, 3H; CH3), 2.44 (s, 3H; CH3), 2.14 (m, 1H; CHH), 1.19 (t, J=8.11 Hz, 3H; CH3),
1.09 (s, 1H; NH), 0.70 (ddd, J=12.8, 8.1, 5.3 Hz, 1H; CH), �0.80 (dd, J=12.8, 2.6 Hz, 1H; CH),
�11.49 (s, 1H; m-H)


14 3-syn-PhC3H4 7.36 (m, 4H; Ph), 7.23 (m, 1H; Ph), 3.67 (dd, J= 7.9, 2.9 Hz, 1H; CHH), 2.88 (br td, J=11.1, 7.9 Hz, 1H; CH),
1.91 (s, 6H; 2CH3), 1.84 (d, J= 11.1 Hz, 1H; CH), 0.54 (s, 1H; NH), �0.12 (dd, J= 11.1, 2.9 Hz, 1H; CHH)


[a] This compound could not be separated from complex 3. Only the resonances that could be unequivocally assigned to this complex are given.
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Theoretical calculations : Minimum-energy structure calcula-
tions were carried out by using DFT methods. Calculations
were performed on selected real molecules (products isolat-
ed in the present work) and on hypothetical ones with the
aim of not only comparing their thermodynamic stability
(important in order to rationalize the experimental results),
but also to assign or confirm the structures of compounds
for which no X-ray diffraction data were available. No sim-
plified model compounds were used for the calculations.
Calculated structures are assigned Roman numbers, irre-
spectively of whether they correspond to real (also designat-
ed with Arabic numbers) or hypothetical compounds. Com-
puter-generated images of all these structures and their
atomic coordinates are given as Supporting Information.


For the cases in which both experimental (X-ray diffrac-
tion) and theoretical (DFT calculations) structural data
were obtained, the structural parameters given by both
methods are practically identical. This fact validates the cal-
culations.


Figure 5 shows the relative energies of a family of isomer-
ic clusters formally derived from complex 1 and 3-hexyne.
Without exception, the allyl derivatives (I–IV) are more
stable than the alkenyl derivatives (V, VI). Within the group
of allyl derivatives, structure I, which has the ethyl and
methyl substituents in syn positions, is the most stable, and
structure IV, which has these substituents in anti positions,
the least stable. The face-capped alkenyl complex (VI) is
overall the least stable isomer, being 2.87 kcalmol�1 less
stable than the edge-bridged alkenyl isomer (V).


Compounds 14 and 4 are the only two possible allyl deriv-
atives of 1-phenyl-1-propyne. However, the asymmetry of
this alkyne provokes an increase of the number of possible
alkenyl isomers (Figure 6). Again, the allyl derivatives are
the most stable isomers, with the syn isomer (structure VII)
being 3.60 kcalmol�1 more stable than the anti isomer
(structure VIII). Within the group of alkenyl derivatives, the
edge-bridged products (IX and X) are more stable than the
face-capped ones (XI and XII), with those that have the hy-


Figure 4. 1H NMR assignments of the allyl and diene protons of compound 2, 3, 4, 7, 13, and 14. The arrows connect protons coupled to each other. The
numbers nearby the arrows represent coupling constants (Hz).


Figure 5. Relative energies (kcalmol�1) of DFT-calculated minimum-
energy structures of isomeric products formally derived from compound
1 and 3-hexyne. The energy of the most stable structure is assigned as
0.00 kcalmol�1.
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drogen and phenyl groups in gem arrangement (IX and XI)
being more stable than those that have these groups in trans
arrangement (X and XII).


For the derivatives of 1-hexyne, the energetic situation
(Figure 7) is analogous to that found for the derivatives of
1-phenyl-1-propyne (Figure 6). In this case, for both the
edge-bridged and face-capped alkenyl derivatives, those
with the alkenyl hydrogen atoms in a gem arrangement (XV
and XVII) are less stable than those with these hydrogen
atoms in a trans arrangement (XVI and XVIII, respective-
ly). This trend has also been observed for alkenyl complexes
derived from compound 1 and terminal alkynes with no a-
hydrogen atoms.[5] The face-capped trans-alkenyl complex 9
(XVIII) is even more stable than the edge-bridged trans-al-
kenyl derivative (XVI). It is also interesting to note that all


the allyl and alkenyl derivatives
of 3-hexyne (Figure 5) and 1-
hexyne (Figure 7) are isomers
and that compound 3 (structure
I) is 0.94 kcalmol�1 less stable
than 12 (structure XIII).


Figure 7 also shows the rela-
tive energies computed for
products formally derived from
compound 1 and propargyl al-
cohol. In this case, although the
number and type of isomers co-
incide with those derived from
1-hexyne, the energies do not
follow the trends found for the
alkynes commented above,
probably due to the presence of
the oxygen atom. Thus, al-
though the allyl derivatives
(XIX and XX) are again more


stable than the alkenyl ones (XXI-XXIV), the most stable
structure corresponds to the anti isomer XX, and the trans
face-capped alkenyl XXIV is more stable than any of the
edge-bridged isomers (XXI and XXII).


As commented above, DFT methods were also used to
shed light on structural aspects of compounds for which no
X-ray diffraction data were available. Among the com-
pounds of this kind reported in this work, the diene complex
13 is the most noticeable one, because is different from all
the others. The trans stereochemistry of the internal C=C
bond of the diene ligand was inferred from the 1H NMR
spectrum of the compound and was imposed in the input
used for the calculation. The position of the hydride ligand,
spanning the Ru1�Ru3 edge, was also included in the calcu-
lation input model. The DFT-optimized structure is shown


in Figure 8. A selection of in-
teratomic distances is given in
Table 1. A closed triruthenium
unit is capped by the Me2NNH
ligand in the same way as that
found in the allyl compounds 2
and 3 (see above). The metal
atoms of the edge bridged by
the amido fragment are also
spanned by the diene ligand in
such a way that each metal
atom is attached to two carbon
atoms, Ru1 to C5 and C6, and
Ru2 to C3 and C4. The distan-
ces between the carbon atoms
of the butadiene fragment are
consistent with the coordination
of both alkene moieties, the
central C4�C5 distance being
slightly longer (1.446 Q) than
the C3�C4 and C5�C6 distan-
ces (1.400 and 1.418 Q, respec-


Figure 6. Relative energies (kcalmol�1) of DFT-calculated minimum-energy structures of isomeric products
formally derived from compound 1 and 1-phenyl-1-propyne. The energy of the most stable structure is as-
signed as 0.00 kcalmol�1.


Figure 7. Relative energies (kcalmol�1) of DFT-calculated minimum-energy structures of two families of iso-
meric products formally derived from compound 1 and 1-hexyne (XIII–XVIII) or propargyl alcohol (XIX–
XXIV). The energy of the most stable structure of each family of isomers is assigned as 0.00 kcalmol�1.
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tively). As a consequence of the presence of the hydride
ligand, the Ru1�Ru3 edge is about 0.23 Q longer than the
other two edges. As far as we are aware, there is only one
previous example of a complex with a conjugated diene
ligand bridging two metal atoms, namely, the 1,3-cyclohexa-
diene derivative [Ru5(m5-C)(k


6-C6H6)(k
4-C6H8)(CO)10].


[21]


Mechanistic considerations on the synthesis of the allyl de-
rivatives and their isomerization processes : In a previous
work with alkynes lacking a-hydrogen atoms,[5] we showed
that their reactions with complex 1 follow an associative
mechanism and that the initially formed hydrido–alkyne in-
termediate evolves toward edge-bridged and face-capped al-
kenyl products through two different reactions pathways,
whose activation energies depend upon the alkyne substitu-
ents. The results of the DFT calculations shown in Fig-
ures 5–7 demonstrate that, for alkynes with a-hydrogen
atoms, the allyl derivatives are the most stable isomers and
that the edge-bridged alkenyl derivatives are generally more
stable than their isomers with face-capped alkenyl ligands.
However, it is curious that no edge-bridged alkenyl deriva-
tives have been observed as products of any of the reactions
of compound 1 with alkynes with a-hydrogen atoms, al-
though this type of alkenyl derivative is often the product of
reactions of compound 1 with alkynes without a-hydrogen
atoms.[5]


All these facts led us to propose that the allyl derivatives
arise from a rapid transformation of edge-bridged alkenyl
clusters. If this is true, and taking into account that we have
experimentally checked that the face-capped alkenyl prod-
ucts are not precursors to the allyl complexes, even at high
temperature (toluene, 110 8C), the regioselectivity of the re-
actions shown in Schemes 2–5 should be directly related to
the rates of formation of the edge-bridged and the face
capped alkenyl complexes from the initial hydrido–alkyne
intermediate. In other words, the regioselectivity of the reac-
tions depends upon the nature of the alkyne R groups, be-
cause this factor seems to affect to a great extent the kinetic
barriers of important reaction steps. Thus, for the reaction
of 1 with 3-hexyne (Scheme 2), we propose that the face-
capped alkenyl products should be formed at a much slower
rate than the edge-bridged ones (or not formed at all) and
that the transformation of the latter into the allyl derivatives


(which are the only observed products) should take place
immediately. In contrast, in the reactions of 1 with propargyl
alcohol and 3-methoxy-1-propyne (Scheme 5), the rates of
formation of edge-bridged alkenyl derivatives should be
negligible compared with that of the face-capped gem-alken-
yl complexes (which are the only observed products). Com-
parable reaction rates would lead to mixtures of allyl and
face-capped alkenyl products, as occurs in the reactions
shown in Schemes 3 and 4.


Scheme 8 shows a mechanistic proposal that accounts for
the transformation of edge-bridged alkenyl derivatives into
allyl products with an R group in the anti position (com-


pounds 2, 4 and 7). It involves the activation of a Ca�H
bond of the alkenyl ligand (B!C) and the migration of the
so formed hydride ligand to the s-bonded vinyl C atom
(C!2, 4, or 7). An alternative proposal in which the hy-
dride is transferred through the NH-bridged Ru�Ru edge
may also be possible.


As demonstrated by DFT calculations (Figures 5–7), the
allyl derivatives 2, 4, and 7, which have an R substituent in
the anti position, are thermodynamically less stable than
their isomers 3, 14, and 12, respectively, which have the R
substituent in the syn position. In fact, all anti-R allyl com-
plexes can be isomerized into the corresponding syn-R allyl
derivatives when heated in toluene at reflux temperature.
Scheme 9 contains a mechanistic proposal for such a rear-
rangement. It involves the 1,3-migration of the Hanti hydro-
gen atom (via the hydrido intermediates E and F, or via the
NH-bridged Ru�Ru edge) from the C1 to the C3 carbon
atom (G). Rotation of the RH2C�CH bond would facilitate


Scheme 8. Proposal of reaction pathway for the synthesis of the allyl de-
rivatives 2, 4, and 7 from their corresponding edge-bridged alkenyl iso-
mers (carbonyl ligands have been omitted for clarity).


Figure 8. DFT-optimized molecular structure of compound 13.
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the activation of the appropriate C�H bond (H). A subse-
quent migration of the so formed hydride to the C1 carbon
atom (via the hydrido intermediates I and J, or via the NH-
bridged Ru�Ru edge) would render the corresponding
isomer with the R group in the syn position. This proposal is
valid for any R group and is
supported by the fact that the
chemical shifts of the Hanti pro-
tons of the allyl complexes are
very low (see above), indicating
short Ru···Hanti distances.


An alternative reaction path-
way that would also account for
the anti to syn rearrangement
of CH2R groups of allyl com-
plexes is depicted in Scheme 10.
It involves the activation of one
of the C�H bonds of the CH2R
group in the anti position to
give a 50-electron hydrido–
diene intermediate (K) that
may release a CO ligand to
give 13 or may decoordinate
one of its alkene moieties (L).
Rotation about the diene C�C
single bond in L and subse-
quent recoordination of the
pendant alkene moiety (M)
would allow the transfer of the
hydride to the adjacent termi-


nal CHR fragment of the diene to render a product with an
allyl ligand with a CH2R group in a syn position. This reac-
tion pathway is supported by the isolation of the diene com-
plex 13 from thermolysis reactions of compounds 2 and 7 in
refluxing toluene and by the fact that the 1H NMR signals
of one of the protons of the anti CH2R group of compounds
2 and 7 appear are very low chemical shifts (see above), in-
dicating short Ru···H distances.


As commented above, the thermolysis of complex 2 in re-
fluxing toluene gave the same mixture of products as the
thermolysis of complex 7 (compounds 3, 12, and 13, in a ca.
1.4:1.3:1 molar ratio). This implies that, in these reactions,
most steps are reversible and that the anti to syn rearrange-
ment processes shown in Scheme 10 (and/or Scheme 9) are
concomitant with processes that involve a 1,4-migration of a
hydrogen atom and a movement of the bridged Ru�Ru
edge over the hydrocarbon chain. Scheme 11 shows a mech-
anistic proposal for the transformation of complex 7 into
complex 3. The activation of one of the C�H bonds of the
CH2Et group (K) and the edge-to-edge migration of the so
formed hydride ligand would lead to intermediate N. De-
coordination of the appropriate alkene moiety (O), followed
by rotation about its single C�C bond and recoordination of
the pendant alkene moiety (P) would promote the migration
of the hydride ligand onto the diene terminal C atom that
bears the Me group, rendering complex 3. An analogous re-
action pathway starting from complex 2 would also lead to
complex 3 (Scheme 11). The transformation of 2 into 12
would imply the reaction sequence 2!3 (Scheme 9, 10, and/
or 11), 3!7 (Scheme 11, reverse way), and 7!12 (Scheme 9
and/or 10).


Scheme 9. Mechanistic proposal for the anti to syn rearrangement of the
R groups of edge-bridging allyl derivatives through edge-bridging alkenyl
intermediates (carbonyl ligands have been omitted for clarity).


Scheme 10. Mechanistic proposal for the anti to syn rearrangement of CH2R groups of edge-bridging allyl de-
rivatives through edge-bridging alkene intermediates (carbonyl ligands have been omitted for clarity).
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Conclusion


As stated in the Introduction, all the hitherto published re-
ports devoted to reactions of alkynes with face-capped hy-
drido–triruthenium cluster complexes,[1–5] including those
dealing with alkynes that have a-hydrogen atoms,[3a,b] de-
scribe that the products of these reactions are alkenyl deriv-
atives. This contribution demonstrates for the first time that
hydrido–triruthenium cluster complexes may be transformed
into allyl derivatives when treated with alkynes that have a-
hydrogen atoms.


We have shown that the selectivity of the reactions is in-
fluenced by the nature of the alkyne reagents and that the
allyl derivatives arise from edge-bridged alkenyl intermedi-
ates. DFT calculations have demonstrated that the allyl de-
rivatives are thermodynamically more stable than both their
edge-bridged and face-capped alkenyl isomers. However, in
some instances (e.g., the cases of propargyl alcohol and 3-
methoxy-1-propyne), the formation of allyl derivatives is ki-
netically disfavored and the reactions end in face-capped al-
kenyl products, because they are formed with lower energy
barriers than the corresponding edge-bridged alkenyl inter-
mediates. Therefore, the kinetic aspects of the migratory in-
sertion processes (formation of the alkenyl ligand from the
corresponding hydrido–alkyne intermediate complex) have
crucial influence on the selectivity of the reactions. DFT cal-
culations have also shown that allyl complexes that have R
substituents in anti positions are less stable than those in
which these substituents are in syn positions. This also ra-
tionalizes the isomerization processes that have been ob-
served at 110 8C, for which reasonable reaction pathways
have been proposed.


The results reported in this article, coupled to those re-
ported recently on reactions of complex 1 with alkynes that
do not have a-hydrogen atoms,[5] represent a rather wide
picture of the reactivity of alkynes with hydrazido-bridged


hydrido–carbonyl–triruthenium
cluster complexes and comple-
ment previous data on the reac-
tivity of alkynes with hydrido–
carbonyl–triruthenium cluster
complexes containing other
face-capping ligands.


Experimental Section


General : Solvents were dried over Na-
[Ph2CO] (THF, diethyl ether, hydro-
carbons), or CaH2 (dichloromethane,
1,2-dichloroethane) and distilled under
nitrogen prior to use. The reactions
were carried out under nitrogen, using
Schlenk-vacuum line techniques, and
were routinely monitored by solution
IR spectroscopy and by spot TLC on
silica gel. Compound 1 was prepared
as described elsewhere.[4, 8] Alkyne re-
agents were purchased from commer-
cial sources. IR: Perkin–Elmer FT Par-


agon 1000X. NMR: Bruker AV-400 and DPX-300, room temperature,
TMS as internal standard (d=0 ppm). Microanalyses: Perkin–Elmer
2400. MS: VG Autospec double-focusing mass spectrometer operating in
the FAB+ mode; ions were produced with a standard Cs+ gun at about
30 kV; 3-nitrobenzyl alcohol (NBA) was used as matrix. All isolated
products gave satisfactory C, H, N, microanalyses (Supporting Informa-
tion). All their FAB+ mass spectra showed the corresponding molecular
ion (Supporting Information).


Reaction of 1 with 3-hexyne—synthesis of [Ru3(m3-k
2-HNNMe2)(m-k


3-1-
syn-Me-3-anti-EtC3H3)(m-CO)2(CO)6] (2) and [Ru3(m3-k


2-HNNMe2)(m-
k3-1-syn-Me-3-syn-EtC3H3)(m-CO)2(CO)6] (3): A solution of compound 1
(50 mg, 0.081 mmol) and 3-hexyne (10 mL, 0.089 mmol) in THF (30 mL)
was stirred at reflux temperature for 20 min. The color changed from
dark to bright yellow. The solvent was removed under reduced pressure
and the residue was separated by TLC (silica gel), by using hexane/di-
chloromethane/acetone (10:2:0.5) as eluant. Extraction of the first band
(dark yellow) allowed the isolation of compound 2 as a dark yellow solid
(17 mg, 28%). Extraction of the second dark yellow band afforded a 1:10
mixture of compounds 2 and 3. Slow diffusion of hexane layered onto a
solution of this mixture in dichloromethane (1 mL) afforded dark yellow
crystals of compound 3 (6 mg, 10%).


Reaction of 1 with 1-phenyl-1-propyne—synthesis of [Ru3(m3-k
2-


HNNMe2)(m-k
3-3-anti-PhC3H4)(m-CO)2(CO)6] (4), [Ru3(m3-k


2-
HNNMe2)(m3-k


2-MeCCHPh)(m-CO)2(CO)6] (5), and [Ru3(m3-k
2-


HNNMe2)(m3-k
2-PhCCHMe)(m-CO)2(CO)6] (6): A solution of compound


1 (50 mg, 0.081 mmol) and 1-phenyl-1-propyne (11 mL, 0.089 mmol) in
THF (30 mL) was stirred at reflux temperature for 20 min. The color
changed from yellow to orange. The solvent was removed under reduced
pressure and the residue was supported onto TLC plates (silica gel).
Hexane/acetone (10:1) eluted three bands. The bands were extracted and
the corresponding solutions were evaporated to dryness, giving, in order
of elution, compounds 4 (yellow solid, 12 mg, 21%), 5 (yellow solid,
9 mg, 16%) and 6 (orange solid, 8 mg, 14%).


Reaction of 1 with 1-hexyne—synthesis of [Ru3(m3-k
2-HNNMe2)(m-k


2-3-
anti-PrC3H4)(m-CO)2(CO)6] (7) and [Ru3(m3-k


2-HNNMe2)(m3-k
2-


BuCCH2)(m-CO)2(CO)6] (8): A solution of compound 1 (50 mg,
0.081 mmol) and 1-hexyne (10 mL, 0.089 mmol) in THF (30 mL) was stir-
red at reflux temperature for 15 min. The color changed from yellow to
orange. The solvent was removed under reduced pressure and the residue
was separated by TLC (silica gel). Repeated elution with hexane/di-
chloromethane (5:1) allowed the separation of two bands. The first band
afforded compound 7 as a yellow solid (9 mg, 15%). The second band


Scheme 11. Mechanistic proposal for the isomerization of compounds 2 and 7 into complex 3 through the slip-
page of the bridged Ru-Ru edge over the ligand chain (carbonyl ligands have been omitted for clarity).
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contained a 2.5:1 mixture of compounds 8 and 9 (1H NMR spectroscopic
identification). Slow diffusion of a 3:1: hexane/toluene solvent mixture
layered onto a solution of the complex mixture in dichloromethane
(1 mL) allowed the isolation of compound 8 as orange crystals (11 mg,
20%).


Reaction of 1 with propargyl alcohol—synthesis of [Ru3(m3-k
2-


HNNMe2)(m3-k
2-HOCH2CCH2)(m-CO)2(CO)6] (10): A solution of com-


pound 1 (50 mg, 0.081 mmol) and propargyl alcohol (5 mL, 0.089 mmol)
in THF (30 mL) was stirred at reflux temperature for 20 min. The color
changed from yellow to orange. The solvent was removed under reduced
pressure, the residue was dissolved in dichloromethane (2 mL), and the
resulting solution was supported onto a silica gel chromatographic
column (3Y10 cm) packed in hexane. Hexane/dichloromethane (1:1)
eluted compound 10, which was isolated as an orange solid after solvent
removal (39 mg, 65%).


Reaction of 1 with 3-methoxy-1-propyne—synthesis of [Ru3(m3-k
2-


HNNMe2)(m3-k
2-MeOH2CCCH2)(m-CO)2(CO)6] (11): A solution of com-


pound 1 (50 mg, 0.081 mmol) and 3-methoxy-1-propyne (7 mL,
0.089 mmol) in THF (30 mL) was stirred at reflux temperature for
20 min. The color changed from yellow to orange. The solvent was re-
moved under reduced pressure and the residue was separated by TLC
(silica gel), by using hexane/dichloromethane (3:2) as eluant. Extraction
of the major band (first, orange) allowed the isolation of compound 11 as
an orange solid (18 mg, 34%).


Thermolysis of compound 8 at 110 8C—synthesis of [Ru3(m3-k
2-


HNNMe2)(m3-k
2-HCCHBu)(m-CO)2(CO)6] (9): Compound 8 (10 mg) was


stirred in THF (20 mL) at reflux temperature for 2 h. Solvent removal
under reduced pressure and crystallization of the residue from dichloro-
methane/hexane afforded compound 9 as yellow crystals (6 mg, 66%).


Thermolysis of compound 7 at 110 8C—synthesis of [Ru3(m-H)(m3-k
2-


HNNMe2)(m-k
4-trans-EtC4H5)(CO)7] (13): A solution of compound 7


(20 mg, 0.027 mmol) in toluene (20 mL) was stirred at reflux temperature
for 25 min to give a 1.4:1.2:1 mixture of compounds 3, 12, and 13
(1H NMR spectroscopy of the crude reaction mixture). The solvent was
removed under reduced pressure and the residue was dissolved in di-
chloromethane (2 mL). The resulting
solution was separated by TLC (silica
gel). Hexane/dichloromethane (3:1)
eluted two yellow bands, which were
extracted with dichloromethane. The
corresponding solutions were evapo-
rated to dryness, giving, in order of
elution, compound 13 (orange solid,
4 mg, 22%) and a mixture of com-
pounds 3 and 12, which could not be
separated.


Thermolysis of compound 4 at
110 8C—synthesis of [Ru3(m3-k


2-
HNNMe2)(m-k


3-3-syn-PhC3H4)(m-
CO)2(CO)6] (14): A solution of com-
pound 4 (15 mg, 0.021 mmol) in tolu-
ene (10 mL) was stirred at reflux tem-
perature for 30 min. The solvent was
removed under reduced pressure, the
residue was dissolved in dichlorome-
thane (2 mL), and the resulting solu-
tion was supported onto a silica gel
chromatographic column (3Y5 cm)
packed in hexane. Hexane/dichloro-
methane (1:1) eluted compound 14,
which was isolated as a yellow solid
after solvent removal (13 mg, 87%).


X-ray structures of 2, 3, and 8 : Dif-
fraction data were collected on a
Nonius Kappa-CCD diffractometer by
using graphite-monochromated CuKa


radiation (l=1.54180 Q). Data were
reduced to F2


o values. Absorption cor-


rections were applied using XABS2[22] (for 2 and 3) or SORTAV[23] (for
8). The structures were solved by Patterson interpretation using the pro-
gram DIRDIF-96.[24] Isotropic and full matrix anisotropic least square re-
finements were carried out using SHELXL-97.[25] All non-H atoms were
refined anisotropically. Refinement of the model proposed for 8 con-
verged with a high discrepancy index. A difference Fourier synthesis
showed two sets of three peaks forming two triangles identical to that de-
fined by the Ru atoms of the main fragment. After obtaining analogous
results from six different data sets, we concluded that, due to disorder or
twining, the molecule was situated in the crystal in three different inde-
pendent positions. We included the six peaks in the final model as Ru
atoms with a site-occupancy factor of 0.05 and the atoms of the main Ru3


fragment with a site-occupancy factor of 0.9. This treatment resulted in
good final discrepancy indexes. This unusual crystallographic problem
has previously been observed on a few occasions.[12c,26] The molecular
plots were made with the PLATON program package.[27] The WINGX
program system[28] was used throughout the structure determinations. De-
tails of the data collection and refinement parameters are given in
Table 6.


CCDC-269582 (2), CCDC-269583 (3), and CCDC-269584 (8) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Theoretical calculations : All the structure optimizations were performed
by hybrid DFT, within the Gaussian 98 program suite,[29] by using the
BeckeSs three-parameter hybrid exchange-correlation functional[30] con-
taining the B3LYP non-local gradient correction.[31] The LANL2DZ
basis set, with relativistic effective core potentials, was used for the Ru
atoms.[32] The basis set used for the remaining atoms was the 6-31G with
addition of (d,p)-polarization for all atoms. All optimized structures were
confirmed as minima by calculation of analytical frequencies. For each
calculation, the input model molecule was based on one of the X-ray-de-
termined structures reported in this article, conveniently modified by
changing the appropriate R groups.


Table 6. Crystal, measurement, and refinement data for the compounds studied by X-ray diffraction.


2 3 8


formula C16H18N2O8Ru3 C16H18N2O8Ru3 C16H18N2O8Ru3


Mr 669.53 669.53 669.53
color yellow-orange yellow-orange yellow
cryst system monoclinic monoclinic monoclinic
space group P21/a P21/n C2/c
a [Q] 13.1609(11) 10.6332(4) 30.2736(13)
b [Q] 10.8710(9) 16.1546(7) 9.3745(4)
c [Q] 16.0299(15) 13.1513(5) 18.4076(8)
b [8] 104.296(5) 110.581(2) 124.634(3)
V [Q3] 2222.4(3) 2114.88(15) 4298.4
Z 4 4 8
F(000) 1296 1296 2592
1calcd [gcm


�3] 2.001 2.103 2.069
m [mm�1] 16.690 17.538 17.258
crystal size [mm] 0.10Y0.08Y0.05 0.13Y0.10Y0.10 0.15Y0.10Y0.75
T [K] 120(2) 120(2) 293(2)
q range [8] 2.84–68.62 4.52–68.33 3.55–68.39
min/max h, k, l �15/15, �13/12, �19/19 0/12, 0/19, �15/14 �36/29, 0/11, 0/22
collected reflns 18404 13902 16676
unique reflns 3804 3872 3922
reflns with I>2s(I) 2183 3572 3269
absorption correction XABS2 XABS2 SORTAV
max/min transmission 0.452/0.225 0.176/0.150 0.272/0.160
parameters/restraints 265/1 268/2 296/2
GOF on F2 0.937 1.064 1.013
R1 [on F, I>2s(I)] 0.0558 0.0409 0.0854
wR2 (on F


2, all data) 0.1575 0.1043 0.1993
Max/min D1 [eQ�3] 0.872/�0.975 1.177/�0.883 2.155/�2.796
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Chiral Interactions in Azobenzene Dimers: A Combined Experimental and
Theoretical Study
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Loris Giorgini[c]


Introduction


Donor–acceptor (D–A)-substituted azobenzenes are a well-
known family of organic dyes whose color can be tuned by
adjusting the strength of the D and/or A end groups.[1]


These molecules, which belong to the wider class of D–p-A
(or push–pull) chromophores, have been extensively investi-
gated for second-order NLO applications. In this context,


dispersed-red 1 is a common reference chromophore.[2] Poly-
mers functionalized with azobenzene side groups (azopoly-
mers) have been synthesized as potentially interesting mate-
rials for several applications: a fairly large concentration of
chromophores can in fact be loaded into the polymers to
obtain films of good optical quality. The properties of the
films can be finely tuned by adjusting the chromophore con-
centration, by changing the D and A substituents in the azo
dye, or by altering the nature of the polymeric backbone.[3]


Azodyes undergo a photoinduced trans–cis isomerization
that is responsible for the intriguing photochromic behavior
of azopolymers.[4] In particular, all-optical poling has been
demonstrated by shining linearly polarized light on azopoly-
mer films.[5] Even more impressive is the possibility of writ-
ing relief gratings over the surface of a film illuminated by
interference patterns of linearly polarized laser beams.[6]


Conformational chirality can be optically induced in azo-
polymer films. Elliptically polarized light induces chirality
on amorphous achiral films.[7] Moreover the resulting chiral
material can be switched between the two enantiomeric
structures by simply alternating irradiation with left and
right circularly polarized light.[8] In achiral films of liquid-
crystalline azopolymers, circularly polarized light (without a
linear component) can induce chirality.[9] In chiral polymers,
in which the azodye is grafted onto the polymeric backbone
through an enantiomerically pure chiral bridge, the native


Abstract: To investigate interchromo-
phore interactions in azobenzene poly-
mers, we have undertaken a thorough
spectroscopic analysis of the azodye
[(S)-3-pivaloyloxy-1-(4’-nitro-4-azoben-
zene)pyrrolidine] by modeling the re-
peating unit of poly[(S)-3-methacryloy-
loxy-1-(4’-nitro-4-azobenzene)pyrroli-
dine) and its dimeric derivative whose
synthesis is presented here. The analy-
sis of the electronic and Raman spectra
of the azodye in several solvents is


based on a previously proposed model
for polar chromophores in solution.
Electronic and CD spectra of the di-
meric unit are collected and analyzed
within the framework of a new model.
On the basis of the information collect-


ed from the spectroscopic analysis of
the solvated dye, this model accounts
for interchromophore interactions in
the dimer. The large CD signal mea-
sured for the dimer (amounting to
about a third of the signal measured
for the polymer) suggests the presence
of important chiral interactions in the
dimeric unit, and is modeled in terms
of a right-handed relative orientation
of the two chromophores.


Keywords: azo compounds ·
circular dichroism · Raman
spectroscopy · solvatochromism ·
UV/Vis spectroscopy


[a] Prof. Dr. A. Painelli, Dr. F. Terenziani
Dipartimento di Chimica GIAF and INSTM UdR-Parma
Universit? di Parma
viale delle Scienze 17/a, 43100 Parma (Italy)
Fax: (+39)0521-905-556
E-mail : anna.painelli@unipr.it


[b] Dr. F. Terenziani
SynthBse et ElectrosynthBse Organiques (CNRS, UMR 6510)
Institut de Chimie
UniversitC de Rennes 1, Campus de Beaulieu
BEt. 10 A, 35042 Rennes Cedex (France)


[c] Prof. Dr. L. Angiolini, Dr. T. Benelli, Dr. L. Giorgini
Dipartimento di Chimica Industriale e dei Materiali and INSTM
UdR-Bologna, Universit? di Bologna
viale Risorgimento 4, 40136 Bologna (Italy)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the authors.


Chem. Eur. J. 2005, 11, 6053 – 6063 G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6053


FULL PAPER







polymers show a well-pro-
nounced circular dichroism
(CD) signal in the region of the
visible absorption of azodyes,
demonstrating that the chirality
of the bridge induces interchro-
mophoric interactions with a
predominant helicity.[10] Succes-
sive cycles of irradiation with
circularly polarized light with
alternating L and R character
force the system into two enan-
tiomeric states with opposite
CD spectra.[11] The two enantio-
mers are temporally and ther-
mally stable, suggesting that cir-
cularly polarized light drives
chiral azopolymer films into a
genuine bistable regime.[12]


Photoinduced chirality, and
particularly the observation of
a bistable regime in chiral azo-
polymer films, makes these ma-
terials very promising for appli-
cations in optical computing
and more generally in the opti-
cal storage and manipulation of
information.[4] However, so far,
there is no clear understanding
of the mechanism of optically
induced chirality or of chiral in-
teractions in azopolymers. It is
generally accepted that chirality
is induced in these materials as a consequence of chiral in-
terchromophore interactions, but no detailed modeling of
these interactions is available. Herein, we address this fun-
damental problem in a step-by-step procedure. We first con-
centrate on an isolated chromophore in solution, (S)-3-piva-
loyloxy-1-(4’-nitro-4-azobenzene)pyrrolidine (M, Scheme 1),


that models the repeating unit of the poly[(S)-3-methacryl-
oyloxy-1-(4’-nitro-4-azobenzene)pyrrolidine] polymer. An
extensive spectroscopic study of M in different solvents
leads to the definition of a reliable molecular model for this
chromophore. We synthesized the relevant dimeric unit, 2,4-
dimethyl-glutaric acid bis(S)-3-[1-(4’-nitro-4-azobenzene)]-
pyrrolidine ester (D, Scheme 2), which corresponds to the


smallest section of the polymer where interchromophore in-
teractions are relevant. Electronic absorption and CD spec-
tra were collected for D in several solvents to gain informa-
tion on interchromophore interactions. Accordingly, we
present a model for the dimeric unit and for its spectroscop-
ic behavior in solution that takes advantage of information
collected from the spectroscopic analysis of M. The resulting
picture for interchromophore interactions is the first funda-
mental step toward the understanding of chiral interactions
in azopolymers and of supramolecular interactions in molec-
ular materials, in general.


Results and Discussion


The solvated chromophore: electronic and vibrational spec-
tra : The UV/Vis spectra of M (prepared as reported in ref-
erence [10a]) in CCl4, CHCl3, and DMSO are shown in the
top panel of Figure 1. The solvents have been selected as
representative of nonpolar, slightly polar, and strongly polar
media, respectively. The intense absorption in the visible
region is characteristic of azodyes and undergoes a well-pro-
nounced red shift with increasing solvent polarity. This
normal solvatochromism (bathochromism) is typically ob-


Scheme 1. Molecular structure of azodye M.


Scheme 2. Synthesis of dimeric azodye D.
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served for D–p-A chromophores with a neutral ground
state, that is, for chromophores whose polarity increases
upon photoexcitation.[13]


Azodyes are nonfluorescent. Therefore, to collect addi-
tional spectroscopic information, we also measured Raman
spectra of M in the same solvents with several excitation
lines. The complete assignment of the vibrational bands is
beyond the scope of this work, here we discuss the Raman
spectra just to obtain information about the coupling be-
tween electronic and vibrational degrees of freedom, as re-
quired for the modeling of the electronic and CD spectra of
M and D.


The left-hand panels of Figure 2 and Figure 3 show
Raman spectra of M in the three solvents, collected with red
(l = 647 nm) and blue (l = 476 nm) excitation lines, re-
spectively. The red excitation falls, for all solvents, below or
just at the lowest energy edge of the absorption band so
that the spectra in Figure 2 are nonresonant, or at most pre-
resonant. The blue line corresponds to a resonant excitation
for all solvents. The comparison between nonresonant and
resonant spectra supports resonant amplification of the
group of bands located at about 1340 cm�1 and of the band
at about 1590 cm�1 with respect to other bands, suggesting
that these modes have the largest coupling with the elec-
tronic degrees of freedom involved in the absorption in the
visible region. Indeed, as the solvent polarity increases, the
lowest energy band in the group of bands located at about
1400 cm�1 becomes more prominent. The dominant role of


this band at about 1340 cm�1 and of the band at 1590 cm�1 is
nicely confirmed by data in Figure 4, which shows Raman
spectra collected with several excitation lines in DMSO,
where all excitation lines are resonant or preresonant.
Moreover, as the solvent polarity increases, the two bands at
about 1340 and 1590 cm�1 undergo an appreciable red-shift
of about 7 and 5 cm�1, respectively, while all other bands are
unaffected (within 2 cm�1). Spectra collected with the yellow
(l = 568 nm) and green (l = 521 nm) lines in different sol-
vents are reported in the Supporting Information.


Figure 1. a) Experimental absorption spectra of D (heavy lines) and M
(light lines) dissolved in CCl4, CHCl3, and DMSO. b) CD spectra of D in
CCl4, CHCl3, and DMSO.


Figure 2. Raman spectra of M dissolved in different solvents, with excita-
tion line l = 647 nm. Left and right panels show experimental and calcu-
lated spectra, respectively. The experimental Raman intensities are re-
scaled to keep the height of the band at about 1140 cm�1 approximately
constant. The calculated intensities have the same (arbitrary) units in all
the spectra. The vertical dotted lines are drawn as a visual guide.


Figure 3. The same as in Figure 2, but with excitation line at l = 476 nm.


Figure 4. Raman spectra of M in DMSO, collected with different excita-
tion lines. Left and right panels show experimental and calculated spec-
tra, respectively. The experimental Raman intensities are rescaled to
keep the height of the band at �1140 cm�1 approximately constant. The
calculated intensities have the same (arbitrary) units in all the spectra.
The vertical dotted lines are drawn as a visual guide.
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Modeling the spectroscopic properties of the isolated chro-
mophore : Electronic solvatochromism of D–p-A chromo-
phores is a very well-known phenomenon with a good cover-
age in recent literature.[13–17] Its basic physics is simple and is
related to the variation of the dipole moment of D–p-A
chromophores upon photoexcitation: the ground and excited
states are stabilized by differing amounts in polar solvents
and the transition energy acquires a large dependence on
the solvent polarity.[13] Whereas this simple mechanism de-
scribes the basic physics of electronic solvatochromism, it
fails to account for some more subtle phenomena, including
the dependence of absorption intensities and band shapes
on the solvent polarity, or the common observation that the
emission bands are narrower than the absorption bands. In
recent years, two of the authors have proposed a model for
D–p-A chromophores that nicely reproduces their spectro-
scopic behavior.[18,15] The model describes the electronic
structure of the chromophore in terms of two basis states,
jDAi and jD+A�i, corresponding to the neutral and charge-
separated (zwitterionic) resonating structures of D–p-A
chromophores. The relevant electronic Hamiltonian is given
by Equation (1),[20] where 1̂ = (1�ŝz)/2 measures the weight
of the zwitterionic state, and ŝx/z is the x/z Pauli matrix. The
two basis states mix to give a ground and an excited state.


HðMÞ
el ¼ 2z1̂�


ffiffiffi
2


p
tŝx ð1Þ


The polarity of the chromophore is measured by 1, the
ground state expectation value of 1̂.[20] It depends on 2z, the
energy difference between the two basis states, and on
�


ffiffiffi
2


p
t, the matrix element responsible for the mixing of the


two states.
To describe the optical spectra of D–p-A chromophores


in solution, the model must be extended to account for the
coupling of electrons with molecular vibrations and solva-
tion degrees of freedom. As for electron-vibration coupling,
we introduce a set of coupled coordinates, Qi. The two basis
states are assigned two harmonic potential energy surfaces
with exactly the same frequencies, wi, but with displaced
minima to induce a linear dependence of 2z on the Qi
values. The strength of the coupling of the i-th coordinate is
measured by the relevant small polaron binding energy, ei,
corresponding to the relaxation energy of the jD+A�i state
along the coordinate.[21,22,24]


Solvation effects are twofold. A polar solute polarizes the
electronic clouds of the surrounding solvent molecules and
an electric field is generated at the solute site that screens
the molecular dipole moment.[21,15,17] The electronic degrees
of freedom of the solvent (typically in the ultraviolet region)
are faster that the electronic degrees of freedom responsible
for the chromophore absorption spectrum in the visible.
Therefore, the electronic component of the solvation reac-
tion field does not need to be treated explicitly because it
enters the model by a renormalization of the model parame-
ters.[21] Strictly speaking, different molecular parameters
then apply to the same chromophore in different solvents.
However, the electronic polarization is governed by the re-


fractive index of the solvent, which shows minor variations
in common organic solvents, thus justifying the use of sol-
vent-independent molecular parameters.[21]


In polar solvents, a second component of the reaction
field appears owing to reorientation of the polar solvent
molecules around the polar solute.[21] To describe polar sol-
vation, we introduce an effective solvation coordinate, Q0,
whose coupling to the electronic degrees of freedom is mea-
sured by the relaxation energy eor.


[21,18,22] At variance with
internal vibrations, the solvation coordinate describes a very
slow motion and is best treated in the classical approxima-
tion. An equilibrium position for Q0 is defined for each
chromophore in solution and depends in a self-consistent
way on the chromophore polarity.[22] However, thermal dis-
order is responsible for deviations of Q0 from the equilibri-
um. A solution of push–pull chromophores in polar solvents
can then be described as a collection of chromophores, each
one in equilibrium with the local configuration of the sur-
rounding solvent (i.e. with the local Q0), and the probability
of each configuration is weighted by the Boltzmann energy
distribution.[22,15] Local fluctuations of the reaction field in
polar solvents are therefore responsible for inhomogeneous
spectral broadening, which shows up in electronic and vibra-
tional spectra with a broadening of the absorption and non-
resonant Raman bands, and with the anomalous dispersion
with the excitation line of the Raman frequencies of strong-
ly coupled modes.[22,23]


To describe electronic and vibrational spectra of solvated
M, a set of molecular parameters must be fixed. Following
the same procedure successfully applied to phenol blue,[23,24]


we fix
ffiffiffi
2


p
t = 1 eV, as a typical value. To account for the


two Raman bands at about 1340 and 1590 cm�1, we intro-
duce two molecular vibrations with reference frequencies w1


= 1351 and w2 = 1597 cm�1, and small polaron binding en-
ergies e1 = 0.09 and e2 = 0.05 eV. Finally, the energy gap
between the zwitterionic and the neutral states is fixed as 2z
= 2 eV. With these molecular parameters fixed (see Table 1),
the evolution of electronic and Raman spectra with the sol-
vent polarity is modeled by varying just a single parameter,
eor, the solvent relaxation energy, which vanishes for nonpo-
lar solvents and increases with the solvent polarity (eor = 0,
0.57, 0.95 eV for CCl4, CHCl3 and DMSO, respectively).


Visible spectra in Figure 5 are calculated along the same
lines as those discussed in reference [15], and by adopting
the same intrinsic electronic width, G = 2900 cm�1, for all
spectra. The spectra nicely reproduce the evolution of the
absorption and emission frequencies as well as the intensi-
ties with the solvent polarity. This is a nontrivial result be-
cause all molecular parameters are kept fixed, and the sol-
vent effects are accounted for by tuning eor. In particular,
the experimental oscillator strength smoothly increases with
increasing solvent polarity. This behavior is reproduced
within our model and is understood in terms of a slight in-
crease of the molecular polarity (from 1 = 0.15 to 0.20
from CCl4 to DMSO).[25] The quantitative comparison of ab-
solute intensities fixes the dipole moment of jD+A�i to
m0�20 D.
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The same parameters used for electronic spectra were ap-
plied to the calculation of Raman spectra shown in the
right-hand panels of Figure 2, Figure 3, and Figure 4 (other
results are reported in the Supporting Information). Spectra
are calculated as described in the literature,[22–24] and by
fixing the intrinsic vibrational linewidth as g = 10 cm�1. The
model reproduces the red shift of the Raman bands of the
two coupled modes with increasing solvent polarity, as well
as the variation of the relative Raman intensities. This is
particularly evident for data in Figure 4, which shows
Raman spectra collected in DMSO with different excitation
lines from preresonant (red excitation) to fully resonant
(blue excitation). Figure 2 and Figure 3 show instead spectra
collected with a single excitation line (red and blue, respec-
tively), in different solvents. The variations of the intensities
are clearly related to the electronic solvatochromism, so
that, in both cases, spectra collected in DMSO are more res-
onant with the chosen excitation line than those in CCl4.


[26]


Overall, the agreement between the experimental and the
calculated spectra for M is very good, giving us confidence
in the adopted model and on the estimated molecular pa-
rameters.


The dimer: synthesis and characterization : The synthesis of
D (Scheme 2) starts from commercial dimethyl 2,4-dimeth-
yl-glutarate (ratio meso/dl 1/0.7), which is converted to 2,4-
dimethyl-glutaric acid[27] (ratio meso/dl 1/0.7), and succes-
sively esterified with the azoic alcohol (S)-(�)-3-hydroxy-1-
(4’-nitro-4-azobenzene)pyrrolidine, (S)-HAP-N, prepared as
previously reported.[10] The chemical structure was con-
firmed by 1H NMR, 13C NMR, and FT-IR (see the Experi-
mental Section). Accurate measurements of the optical ac-


tivity with the sodium D line were hindered by the strong
absorption of the azoaromatic chromophore at that wave-
length. However, previous data concerning the optical
purity of the 4’-unsubstituted pivaloyl or methacryloyl deriv-
atives prepared through a similar synthetic pathway[10,28,29]


suggest an enantiomeric excess larger than 95% in those
compounds, thus excluding the racemization of the pyrroli-
dine chiral ring in the synthetic process. We therefore attrib-
ute a similar optical purity to the (S)-HAP-N residue linked
to the side chain of D. The H NMR spectra, reported in
Figure 6, provide information on the amount of meso and
racemic stereoisomers of the 2,4-dimethylglutarate residue.


The methylene protons of the glutaric moiety are magnet-
ically equivalent in the racemic isomer and produce a well-
defined double triplet centered at d = 1.75 ppm. In the case
of the meso isomer, these protons are nonequivalent and
appear in the NMR spectrum as two double doublets of
doublets centered at d = 2.10 and 1.45 ppm. From the inte-
grated intensities of these signals, we estimate the molar
amount of the meso form of the 2,4-dimethyglutarate resi-
due in the sample to be 32%. Analogous values are ob-
tained by analyzing the resonances of the methyl groups in
the 13C NMR spectra; the resulting stereoisomeric composi-
tion of D is well determined (ratio SRSS/(SSSS + SRRS) 1/
2.1). The stereoisomeric composition of D is by chance simi-
lar to that usually obtained for polymethacrylate derivatives
prepared by radical polymerization (70% of syndiotactic
dyads of the stereogenic centers in the main chain).[10,29, 30] In
fact, the SRSS stereoisomer is the structural model for the
isotactic dyad and the SSSS and SRRS stereoisomers are
models for the syndiotactic dyad of poly[(S)-MAP-N]. The
content of syndiotactic dyads in this polymer amounts to
about 72%.[10] Therefore, the study of D in its native stereoi-
someric composition offers important information on the
behavior of the relevant polymer. The synthesis and separa-
tion of enantiomerically pure dimers and oligomers is diffi-
cult; however, we are currently working on this with the aim
of collecting more detailed information on stereochemical
interactions in azobenzene polymers.


Electronic absorption and circular dichroism (CD) spectra
of D in different solvents (see the Experimental Section)
are shown in Figure 1. Dimerization barely affects the elec-
tronic absorption spectra, except for a small decrease in the
intensity. The negligible excitonic effects in absorption spec-
tra of D point to weak interchromophore interactions. The
sizeable CD signal observed in the visible region instead
demonstrates a finite chiral interaction between the chromo-
phores. Specifically, when normalized to the concentration
of the chromophoric units, the CD signal measured for D is
� 1=3 of the signal measured for the corresponding poly-
mer,[10] suggesting that the CD signal exhibited by the poly-
mer may be attributable to the presence of fairly short chain
segments with a well-defined skewness, and does not neces-
sarily imply long-range chiral order.


The dimer: interchromophore interactions from electronic
and CD spectra : To describe D, we assume that each chro-


Figure 5. Calculated a) absorption spectra of D (heavy lines) and M
(light lines), and b) circular dichroism spectra of D in different solvents.
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mophore is surrounded by its own solvation sphere. This ap-
proximation is justified by the fairly large interchromophore
distance and is supported by the strong similarity of absorp-
tion spectra measured for M and D (Figure 1). Within this
approximation, the model parameters extracted from the
study of M can be transferred to the analysis of D. We
therefore describe the electronic structure of D based on a
model recently proposed to describe interacting D-p-A
chromophores.[31,32] The relevant Hamiltonian is given by
Equation (2), where the first term describes the two chro-
mophores based on the Hamiltonian in Equation (1), with
the index i running on the two chromophores.


Hel ¼
X
i¼1,2


ð2z1̂i�
ffiffiffi
2


p
tŝx,iÞ þ V1̂11̂2 ð2Þ


The last term accounts for interchromophore interactions,
with V measuring the electrostatic interaction between two
zwitterionic, jD+A�i, chromophores.


This Hamiltonian must be ex-
tended to account for electron-
vibration coupling and for sol-
vation effects. For D, we only
discuss electronic (absorption
and CD) spectra so that we can
adopt a simplified description
of electron–vibration coupling.
To describe the Raman spectra
of M in the section on the sol-
vated chromophore above, we
accounted for two coupled
modes per chromophore (the
two modes with frequency w1


and w2 in Table 1). However,
such a detailed description of
the vibrational degrees of free-
dom is not actually required to
model the electronic spectra.
Electronic spectra of polar
chromophores in solution are
fairly broad and structureless,
so that accounting for just one
effective coupled vibration is
most often enough.[15,17,23] In
particular, the electronic ab-
sorption spectra of M in
Figure 5, calculated by account-
ing for both coupled vibrations,
is superimposed, at the scale of
the figure, with the spectrum
calculated by accounting for
just the most strongly coupled
mode (that with frequency w1


in Table 1). Therefore, in the


following, we adopt a simplified description for the elec-
tron–vibration coupling by only accounting for a single cou-
pled vibration per chromophore. The relevant vibrational
Hamiltonian is then represented by Equation (3), where i
runs on the two chromophoric sites, and Q1,i and P1,i are the
coordinate and conjugated momentum that describe the
coupled harmonic oscillator relevant to the i-th chromo-
phore. Finally, w1 and e1 are the frequency of the oscillator
and the corresponding small polaron binding energy, respec-
tively: they are the same for both chromophores, and their
values are taken from Table 1.


Hvib ¼
X
i¼1,2


1
2
ðw2


1Q
2
1,i�P2


1,iÞ�
ffiffiffiffiffiffiffi
2e1


p
w1Q1,i1̂i ð3Þ


Figure 6. 1H NMR spectra of the azodye D in CDCl3. The resonances marked with an asterisk belong to the
solvent.


Table 1. Molecular parameters fixed for M and the three eor correspond-
ing to the three solvents of interest. Units: eV.


eor


z
ffiffiffiffi
2t


p
w1 e1 w2 e2 CCl4 CHCl3 DMSO


1.0 1.0 0.17 0.09 0.20 0.05 0 0.57 0.95
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Similarly, we model polar solvation by introducing two ef-
fective solvation coordinates Q0,i, with i running on the two
chromophoric sites. The solvation relaxation energy, eor, rel-
evant to each solvent is taken from Table 1, which results
from the spectroscopic analysis of M. The two solvation co-
ordinates enter as classical coordinates, the relevant Hamil-
tonian is given by Equation (4), where the frequency w0 as-
signed to the effective solvation coordinate is irrelevant.[21]


Hsolv ¼
X
i¼1,2


1
2
w2


0Q
2
0,i�


ffiffiffiffiffiffiffiffi
2eor


p
w0Q0,i1i ð4Þ


The total Hamiltonian H = Hel + Hvib + Hsolv can be di-
agonalized exactly for fixed Q0,1, Q0,2, to span the distribu-
tion of the reaction fields surrounding the two chromo-
phores.


Whereas solvation coordinates are treated as classical var-
iables, vibrational coordinates must be treated quantum me-
chanically. For fixed Q0,1 and Q0,2, the total Hamiltonian de-
scribes a complex system with coupled electrons and molec-
ular vibrations. Herein, we present results obtained from the
direct (nonadiabatic) diagonalization of the Hamiltonian.
Specifically, a complete basis for the problem is obtained
from the direct product of the electronic basis multiplied by
the vibrational basis. As for the electronic basis, the two-
states per chromophore lead to four basis states: jDA,DAi,
jD+A� ,DAi, jDA,D+A�i, jD+A� ,D+A�i. As for the vibra-
tional states, an oscillator must be considered for each chro-
mophore, and an infinite basis set is associated with each os-
cillator, composed of states with 0, 1, ···, N vibrational
quanta. The matrix elements of the total Hamiltonian for
fixed Q0,1, Q0,2, can be easily written on the complete basis
and a numerically exact diagonalization of the problem can
be obtained by truncating the vibrational basis to a finite N,
such that a further increase in N does not affect the results.
The dimension of the resulting basis set, 4N2, increases rap-
idly with N. In the present case of weak coupling, N = 4 is
typically sufficient for the calculation of the optical spectra.


The nonadiabatic diagonalization of the Hamiltonian in
Equation (4) goes along the lines already discussed for a
single chromophoric unit.[33, 34] The resulting eigenstates, jni,
with energies En, enter the expression for the absorption
spectra according to Equation (5),[15] where the sum runs
over all the excited states, and j0i represents the ground
state.


eð~nÞ½Lmol�1 cm�1�


¼ 10pL
3 ln 10�hce0


1ffiffiffiffiffiffi
2p


p
X


n


~nn0jh0jm̂jnij2exp
�
� 1
2


�
~nn0�~n


s


�2� ð5Þ


L is the Avogadro number, c the speed of light, e0 the
vacuum permittivity (SI units), and ñ is the wavenumber in
cm�1. The dipole moment operator is defined as the vectori-
al sum of the dipole moments relevant to the isolated chro-
mophores: m̂ = m̂1 + m̂2


[32] .


The CD spectra are calculated with Equation (6),[35,36]


Deð~nÞ½Lmol�1 cm�1� ¼ 80L
3 ln 10�hc2e0


X
n


~n3Gn0


ð~n2n0�~n2Þ2 þ ~n2G2
n0


Rn0


ð6Þ


where Rn0 is defined according to Equation (7):


Rn0 ¼ ðEn�E0Þ
2�h


R
!


� ðhnjm̂1j0i � h0jm̂2jniÞ ð7Þ


R
!


is the vector that joins the two chromophores. Both
absorption and CD spectra calculated for each Q0,1, Q0,2 are
weighted according to a Boltzmann distribution and are
then summed to calculate the total spectra that fully account
for electron–vibration coupling and for solvation effects, in-
cluding inhomogeneous broadening from polar solvation.


The geometry of D, and more precisely the relative orien-
tation of the chromophores, enters the calculation of the ab-
sorption spectra in the definition of the total dipole moment
operator, m̂, the vectorial sum of the dipole moments of
each chromophore. Both the orientation and the distance
between the chromophores enter the calculation of the CD
spectra, through the Rn0 factor in Equation (7). On the
other hand, the geometry of D implicitly enters the Hamil-
tonian through V, in Equation (1), which measures the
energy of the electrostatic interactions between the two
chromophores in the zwitterionic state. To relate V to the
dimer geometry, we model each jD+A�i as a rigid segment
of length l, with unit positive and negative charges at the
two extremes. The two chromophores are attached perpen-
dicularly to the oligomeric chain, modeled as a rigid seg-
ment of length R. Based on typical bond lengths, we fix R =


4 N and l = 10 N, so that V is fully defined by q, the dihe-
dral angle between the chromophores (Figure 7). The explic-
it expression for V is discussed in the Experimental Section.


Figure 8 shows the evolution with the dihedral angle, q, of
the absorption and CD spectra calculated for D in CCl4.


Only angles between 0 and 1808 are shown. Spectra for
�180<q<08 can be obtained easily: upon changing the sign
of q, the absorption spectra are invariant, whereas CD spec-
tra change their sign. The results in Figure 8 were obtained
from the complete diagonalization of the electronic and vi-
brational Hamiltonian; however, the basic physics underly-
ing the spectroscopic behavior of D can be understood


Figure 7. Schematic representation of the considered dimer. Polar mole-
cules are represented by arrows; l is the dipole length, R the interchro-
mophore distance, and q is the angle formed by the two dipoles.
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based on a simple excitonic (or coupled oscillator)
model.[36,37, 38] The M!M* excitation responsible for the visi-
ble absorption in M (topmost left panel) corresponds to two
excitations in the dimer because each one of the two chro-
mophores can be excited. The two chromophores are equiv-
alent, and it is convenient to combine the two singly excited
states as follows: jE�i = (jMM*i� jM*Mi), where jMMi
represents the dimeric unit and the asterisk marks the excit-
ed chromophore within the dimer. Interchromophore inter-
actions split the two states by 2 V1(1�1), and, because inter-
chromophore interactions are always repulsive for the
adopted geometry, jE�i corresponds to the lowest excita-
tion.[37,38] For aligned molecules (q = 0), all oscillator
strength resides on jE+i, and the observed spectrum is
largely blue-shifted with respect to M. For antiparallel orien-
tation (q = 1808), only E� is active in absorption: indeed
the red-shift with respect to M is negligible in this case since
the effects of intermolecular interactions are smaller for this
orientation. Of course, no CD signal is observed for aligned
molecules (either parallel or antiparallel) owing to the lack
of chirality. For nonaligned molecules, both E+ and E� have
a finite intensity for absorption: for q = �908 the two tran-
sitions have the same intensity, and the resulting absorption
spectrum is broad. For �90<q<908 (90<q<2708) E+ (E�)
dominates the absorption spectrum: asymmetric absorption
spectra are calculated for q = 308 and 1508.


A common measure of the strength of the CD spectrum is
given in terms of the so-called chiral anisotropy coefficient,
g, defined as the ratio between the CD signal and the ab-
sorbance measured for the same sample at the same fre-
quency (usually the maximum of the CD spectrum).[41] To
avoid ambiguities and uncertainties caused by the choice of
a specific frequency, we define the integrated g factor to be
the ratio of the area underlying the absolute value of the
CD signal divided by the area underlying the absorption


band. Our model for D in CCl4 gives an integrated g factor
increasing from 0 at q = 0 to q�154P10�5 at q = 908 and
then decreasing again to vanish at q = 1808. The experi-
mental g value for D in CCl4, g�6.0P10�5, then imposes q


close to 0 or 1808. Based on the similarity between absorp-
tion spectra of D and M, we safely locate q close to 1808 in
CCl4. Specifically, adopting the model parameters for the
chromophore as obtained from the spectroscopic analysis of
M above, and with the specific choice of the dimer geometry
discussed above, the best fit of the CD spectrum in CCl4
fixes q�1788. The resulting absorption and CD spectra are
shown in Figure 5. The same or very similar angles lead to
the best fits of absorption and CD spectra in CHCl3 and
DMSO (Figure 5) with the integrated g factor �4.2P10�5


and �6.5P10�5, respectively.


A preliminary discussion of chiral interchromophore inter-
actions in the polymer side chains : The success of the pro-
posed model in the description of absorption and CD spec-
tra of D invites us to extend the discussion to the relevant
polymeric material. A detailed description of chiral inter-
chromophore interactions in the polymer requires a system-
atic spectroscopic analysis of trimeric and oligomeric units.
Oligomers are challenging in view of both their chemical
synthesis and theoretical analysis. However, some prelimina-
ry discussion of interchromophore interactions in the macro-
molecular chain is presented based on information collected
for D. A crude model for an oligomer is obtained by extend-
ing the dimer model to NM sites (i.e. considering a perfectly
ordered chiral structure made up of NM chromophores): The
i index in Equation (2) then runs up to NM and electrostatic
interaction, Vij, among all sites are accounted for. Solving
the complete electronic and vibrational problem on the
(2N)NM basis is challenging for NM>2; however, the solution
of the electronic Hamiltonian on the 2NM basis is trivial up
to fairly large NM. The resulting CD spectra cannot give any
precise description of experimental spectra, and particularly
of band shapes, but they do offer qualitative information on
the NM dependence of the CD signal. Just as an example, if
we construct a trimer in DMSO with the same dihedral
angle between adjacent chromophores as for the dimer
(1778) we get a CD response of approximately the same
magnitude as for the dimer but with the opposite sign. This
result can be easily rationalized: the CD spectra of NM inter-
acting chromophores roughly corresponds to the sum of the
CD spectra resulting from all interactions between pairs of
chromophores. In a trimer, we then must sum up two equal
contributions from the dimeric interaction between nearest
neighbors plus the next-nearest neighbor interaction be-
tween two chromophores located 8 N apart and with a dihe-
dral angle of �3548. This last interaction leads to a CD
signal that is larger than the sum of the previous two, and
has the opposite sign, thus justifying the inversion of the cal-
culated CD signal when going from a dimeric to a trimeric
unit. Further increases in NM give larger and larger CD re-
sponses, but still leads to a CD signal with the wrong sign,
with respect to the experimental results. Therefore, we must


Figure 8. Absorption (c) and CD (a) spectra calculated for D in
CCl4, for q values shown in each panel. The panel marked with M shows
the spectra calculated for the isolated M. Absorption and CD spectra are
reported in arbitrary units, but the corresponding units are the same in
all panels.
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conclude that the dihedral angle between adjacent chromo-
phores changes on going from D to the polymeric system.
Experimental spectra for the macromolecular chain can be
simulated quite nicely for q�1508. This estimate, based on
an oversimplified description of the polymer, is very rough
and represents a preliminary result to be confirmed by fur-
ther experimental and theoretical studies. However, we un-
derline that a decrease of the dihedral angle when going
from a dimeric to an oligomeric unit is expected, based on
simple electrostatic arguments, which suggest reduced
angles in order to release electrostatic repulsion between
non nearest-neighbor chromophores. Overall, within our ap-
proach, the experimental negative Cotton effect observed in
the CD spectra of D is related to a right-handed chiral con-
formation of the two chromophores. The observation of a
Cotton effect with the same sign for the polymer can be sim-
ilarly explained based on a right-handed conformational
structure, such as that relevant to a right-hand helix.


Conclusions


We have presented a combined theoretical and experimental
investigation of interchromophore interactions in azoben-
zene derivatives. The analysis starts from the quantitative
description of the chromophoric unit, based on an extensive
spectroscopic study of the chromophore in solution. The di-
meric unit was then synthesized as an interesting model
system to investigate interchromophore interactions in azo-
polymers. The analysis of CD spectra of D in several sol-
vents proved particularly useful in this respect.


The model proposed for optical spectra of D is very
simple and only accounts for electrostatic interchromophore
interactions. Moreover, the adopted geometry is somewhat
arbitrary, leading to an oversimplified expression for V (see
the Experimental Section). In spite of these limitations, the
model nicely reproduces experimental absorption and CD
spectra. In particular, in both CHCl3 and DMSO, in agree-
ment with experimental data, we calculated somewhat less
intense absorption spectra for D than for M, as a conse-
quence of 1) the decrease of the chromophore polarity
caused by interchromophore interactions, 2) the increased
broadening in D. The effect is much reduced in CCl4, lead-
ing to some discrepancy with respect to the experimental
data. This minor discrepancy could be cured by assigning a
small eor to this nonpolar solvent;[25] however, we do not be-
lieve the accuracy of the model is high enough to justify the
effort. In any case, our aim is not the detailed fit of the ex-
perimental features, nor a precise estimate of microscopic
parameters: indeed, the estimated dihedral angles depend
on the specific choice of l and R. Instead, our results demon-
strate that, starting with an extensive spectroscopic analysis
of the solvated M chromophore, enough information can be
obtained to construct a model for the dimeric unit, D. This
bottom-up analysis of molecular materials is a first step in
the understanding of interchromophore interactions. Specifi-
cally, we demonstrate here that both electronic and CD


spectra of D can be understood in terms of classical electro-
static interactions, based on a realistic description of the D
geometry.


The CD signal in our model is attributed to the intrinsical-
ly chiral interaction between the two chromophoric units for
any dihedral angle other than 0 or 1808. The presence of a
chiral C center in the side chain is instrumental in favoring
the chiral orientation of the chromophores, but, by itself, it
is irrelevant to the spectroscopic behavior in the visible
region. In this respect, our model shares the same physics
with the standard excitonic picture that is usually adopted to
describe CD spectra of interacting chromophores.[36,39, 40]


However, a major difference must be noted. In fact, the
electrostatic interchromophore interactions are modeled in
the electric dipole approximation in the standard picture.
This approximation, strictly valid only in the long-distance
regime (l!R), describes each chromophore as an electric
dipole: it corresponds to repulsive/attractive interactions for
parallel/antiparallel molecules, and predicts vanishing inter-
actions for perpendicularly oriented chromophores. In our
more realistic picture, where the two molecules are anch-
ored through their D site to the rigid polymeric backbone
(Figure 7) interchromophore interactions are always finite
and repulsive, having their maximum (minimum) value for
parallel (antiparallel) molecules. This has, of course, impor-
tant spectroscopic consequences that are most evident in
CD spectra: in our geometry, the CD spectrum only vanish-
es for parallel or antiparallel chromophores, whereas in the
standard model the CD signal vanishes for parallel, antipar-
allel, and perpendicular chromophores. The vanishing of the
CD signal for parallel (or antiparallel) chromophores is triv-
ially related to the lack of chirality in both models. Struc-
tures with perpendicular chromophores stay chiral unless
the two chromophores are anchored in the middle, which is
always the case for point-dipole molecules. Indeed, in the
dipole approximation, perpendicular chromophores do not
interact and no CD signal is expected in any case.


Our model for CD spectra fully accounts for the coupling
of electronic degrees of freedom with vibrational and solva-
tion degrees of freedom. This allows us to discuss CD and
absorption spectra on the same footing and gives informa-
tion not only on the amplitude of the CD signal, but also on
the band-shape of the CD spectra. In particular, coupling to
slow degrees of freedom (including internal vibrations and
polar solvation coordinates) is responsible for the observa-
tion of broad absorption and CD spectra. In this respect, we
underline that the amount of the exciton splitting (E+�E�)
cannot be directly extracted from the energy difference be-
tween the positive and negative CD peaks in the case of broad
spectra. CD spectra are, in fact, the difference of spectra rel-
evant to the E+ and E� absorption. In the case of broad
spectra, that is, when E+�E� is smaller than the bandwidth,
the apparent exciton splitting, obtained from the frequency
difference between the positive and negative CD peaks,
measures the amount of broadening and not the true split-
ting. A reliable estimate of the exciton splitting can only be
obtained via a detailed fit of both absorption and CD spectra.
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Experimental Section


Synthesis of model compound M : This was synthesized as previously re-
ported.[10]


Synthesis of D : An excess of KOH in water (4.8 g, 5 mL) was added to a
solution of dimethyl 2,4-dimethylglutarate (Aldrich, ratio meso/dl 1/0.7)
in ethanol (7.41 mmol, 9.5 mL), and the mixture was kept under reflux
for 4 h. The solvent was eliminated under reduced pressure and the re-
sulting white solid was dissolved in water. The solution was acidified
(pH 1) with concentrated aqueous HCl, and the precipitated material
was filtered, dissolved in diethyl ether, and dried with Na2SO4. The aque-
ous solution was repeatedly washed with ether, and the organic phases
were collected and dried. The solvent was evaporated, and the pure prod-
uct (ratio meso/dl 1/0.7) was immediately used for the following reaction.
The diacidic derivative (0.622 mmol) was dissolved in dry CH2Cl2 under a
nitrogen atmosphere with the azoic alcohol (S)-(�)-3-hydroxy-1-(4’-nitro-
4-azobenzene)-pyrrolidine [(S)-HAP-N, 2.47 mmol], prepared as previ-
ously reported.[10] 4-(Dimethylamino)pyridinium 4-toluenesulfonate
(DPTS, 1.24 mmol) and 1,3-diisopropylcarbodiimide (DIPC, 1.60 mmol)
were added to the solution, and the mixture was stirred for five days at
room temperature. The product was purified by column chromatography
(SiO2, CHCl3) followed by crystallization in hot toluene (yield 29%).
M.p. 209–211 8C; FT-IR: ñ = 3068 (nCH, arom.), 2982 and 2949 (nCH,
aliph.), 1733 (nCO, ester), 1605 and 1516 (nC=C, arom.), 1140 (nC�O), 861
and 823 (dCH 1,4-disubst. arom. ring) cm�1; 1H NMR: d = 8.35 (dd, 4H,
arom 3’-H), 7.90 (m, 8H, arom metha to amino group and 2’-H), 6.60
(dd, 4H, arom ortho to amino group), 5.45 (m, 2H, 3-CH), 3.80–3.35 (m,
8H, 2- and 5-CH2), 2.45 (m, 2H, backbone CH), 2.25 (m, 4H, 4-CH2),
2.10 and 1.45 (2ddd, 2H, backbone CH2 meso form), 1.75 (2t, 2H, back-
bone CH2 racemic form), 1.15 (d, 6H, CH3 meso form), 1.10 ppm (d, 6H,
CH3 racemic form); 13C NMR: d = 176.4 (CO), 156.5 (arom C-NO2),
151.1, 148.1, 144.7 (arom C-N=N-C and C-NCH2), 126.9, 125.4, 123.3
(arom 3’-C, 2’-C and 3-C), 112.4 (arom 2-C), 74.1 (CH-O), 54.3 (CH-
CH2-N), 46.5 (CH2-CH2-N), 38.0 (main chain CH2-CH), 31.8 (CH2-CH2-
N), 18.4 (CH3 racemic form), 18.0 ppm (CH3 meso form).


General procedures : 1H and 13C NMR spectra were obtained at room
temperature in 5–10% CDCl3 solutions with a Varian NMR Gemini300
spectrometer. Chemical shifts are given with respect to tetramethylsilane
(TMS) as the internal reference. 1H NMR spectra were recorded at
300 MHz with the following experimental conditions: 24000 data points,
4.5 kHz spectral width, 2.6 s acquisition time, 64 transients. 13C NMR
spectra were recorded at 75.5 MHz, under full proton decoupling, with
the following experimental conditions: 24000 data points, 20 kHz spectral
width, 0.6 s acquisition time, 64000 transients. UV/Vis absorption spectra
of CHCl3, CCl4, and DMSO solutions were recorded at 25 8C in the 700–
250 nm spectral region with a Perkin-Elmer Lambda19 spectrophotome-
ter. The cell path length was 0.1 cm. Concentrations of azobenzene chro-
mophore of �3P10�4 molL�1 were used. CD spectra were recorded at
25 8C on a Jasco810A dichrograph with the same path lengths and solu-
tion concentrations as for UV measurements. De values, expressed as
Lmol�1 cm�1, were calculated with Equation (8), where the molar elliptic-
ity [q] in degcm2dmol�1 refers to one azobenzene chromophore.


De ¼ ½q�=3300 ð8Þ


Raman spectra were collected with a Renishow System-1000 Raman mi-
croscope, equipped with a Kr laser. The spectral resolution was about
1 cm�1. The following excitation lines were used: 647 nm (red), 568 nm
(yellow), 521 nm (green), 476 nm (blue). Spectra obtained with the
568 nm and the 521 nm excitation lines for the solutions in CCl4, CHCl3,
and DMSO are reported in the Supporting Information.


Modeling electrostatic interactions : V represents the electrostatic interac-
tion between two zwitterionic chromophores. Each zwitterionic chromo-
phore was modeled in terms of a pair of unit positive and negative charg-
es at the two extremes of a rigid rope of length l = 10 N. The two chro-
mophores are perpendicularly attached to the polymeric backbone at a
distance of R = 4 N (Figure 7) and define a dihedral angle q. Based on
this simplified picture for the D geometry, V can be calculated by means


of Equation (9), where e0 is the vacuum dielectric permittivity, and n2,
the squared refractive index of the solvent, accounts for the dielectric
screening of electrostatic interactions at optical frequencies.


V ¼ e2


4pe0n2


�
1
R


þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ 4 l2sin2ðq=2Þ


p � 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ R2


p
	


ð9Þ


Modeling the screening of electrostatic interactions caused by the solvent
is nontrivial, and deserves some discussion. Interchromophore interac-
tions and their screening in solution haven been extensively covered in
recent literature; however, most often with reference to centrosymmetric
chromophores or to molecules with no permanent dipole moment.[42] In
this case, the only relevant electrostatic interactions involve transition
dipole moments and should therefore be screened by the dielectric con-
stant at optical frequencies, that is, by the squared refractive index. The
problem is more complex in the case of polar chromophores: electrostat-
ic interactions in the ground state involve static charge distributions and
should be screened by the static dielectric constant, whereas transient in-
teractions involving either transition or excited state dipole moments
should be screened by the squared refractive index. The electrostatic in-
teraction V in Equation (1) enters into the definition of the ground-state
chromophore polarity,[32] and in this respect it should account for the
static dielectric screening. But the very same quantity also enters the def-
inition of the exciton splitting[32] where the dielectric constant at optical
frequencies should play a role. Certainly, there is no ambiguity with re-
spect to in nonpolar solvents, where the static dielectric constant is virtu-
ally equal to the squared refractive index. In contrast, the difference is
large in strongly polar solvents. For example, in DMSO the static dielec-
tric screening is about 10 times larger than the screening at optical fre-
quencies. To the best of our knowledge, a general solution to this inter-
esting problem is lacking. For the specific system we are discussing in this
paper, we take advantage of the comparatively small value of the
ground-state dipole moment of M and then adopt the same screening
model for interchromophore interactions as is usually adopted for nonpo-
lar chromophores, or, in other words, we screen V in Equation (1) by the
squared refractive index of the solvent. We can appreciate the quality of
this approximation by comparing the ground-state polarity calculated for
the chromophores in D in the hypothesis of optical or static dielectric
screening for interchromophore interactions. In CCl4, the two screenings
are virtually identical and lead to the same ground-state polarity 1�0.16.
In CHCl3, static screening leads to 1�0.17, to be compared with a value
of 0.16 obtained in the adopted approximation. By the way, the largest
difference was found in DMSO, with 1 = 0.20 and 0.18 for static and op-
tical screening, respectively. In any case, the two results differ by no
more than 10%, well within the uncertainties of the proposed model.
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Characterization of the Monovalent Ion Position and Hydrogen-Bond
Network in Guanine Quartets by DFT Calculations of NMR Parameters


Tanja van Mourik*[a] and Andrew J. Dingley*[b]


Introduction


Hydrogen bonds (H-bonds) play key roles in the formation
and stabilization of biomacromolecular structures and as
participants in enzymatic and chemical reactions.[1,2] Since
the experimental detection of spin–spin coupling constants
between nuclei on both sides of the H-bond in nucleic
acids[3–14] and proteins,[15–23] the measurement of these cou-
plings has emerged as a valuable tool to study biomolecular
structure and function. Such electron-mediated scalar cou-
plings identify H-bonding partners, and thus in favorable
cases, the H-bond network in biomacromolecules can be es-
tablished directly via a single NMR experiment. Several re-
ports have shown that trans-H-bond scalar couplings yield
quantitative information on H-bond geometries due to their
dependence on the overlap of the donor and acceptor orbi-
tals.[3,17,24, 25] Changes in the magnitude of the coupling con-
stants have been used to yield information on changes in H-


Abstract: Conformational stability of
G-quartets found in telomeric DNA
quadruplex structures requires the co-
ordination of monovalent ions. Here,
an extensive Hartree–Fock and density
functional theory analysis of the ener-
getically favored position of Li+ , Na+ ,
and K+ ions is presented. The calcula-
tions show that at quartet–quartet dis-
tances observed in DNA quadruplex
structures (3.3 5), the Li+ and Na+


ions favor positions of 0.55 and 0.95 5
outside the plane of the G-quartet, re-
spectively. The larger K+ ion prefers a
central position between successive G-
quartets. The energy barrier separating
the minima in the quartet-ion-quartet
model are much smaller for the Li+


and Na+ ions compared with the K+


ion; this suggests that K+ ions will not


move as freely through the central
channel of the DNA quadruplex. Spin–
spin coupling constants and isotropic
chemical shifts in G-quartets extracted
from crystal structures of K+- and Na+


-coordinated DNA quadruplexes were
calculated with B3LYP/6-311G(d). The
results show that the sizes of the trans-
hydrogen-bond couplings are influ-
enced primarily by the hydrogen bond
geometry and only slightly by the pres-
ence of the ion. The calculations show
that the RN2N7 distance of the N2-
H2···N7 hydrogen bond is characterized


by strong correlations to both the
chemical shifts of the donor group
atoms and the h2JN2N7 couplings. In con-
trast, weaker correlations between the
h3JN1C6’ couplings and single geometric
factors related to the N1-H1···O6=C6
hydrogen bond are observed. As such,
deriving geometric information on the
hydrogen bond through the use of
trans-hydrogen-bond couplings and
chemical shifts is more complex for the
N1-H1···O6=C6 hydrogen bond than
for the N2-H2···N7 moiety. The com-
puted trans-hydrogen-bond couplings
are shown to correlate with the experi-
mentally determined couplings. How-
ever, the experimental values do not
show such strong geometric dependen-
cies.
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bond geometry when biomacromolecules experience differ-
ent physicochemical environments.[26–31]


Computational studies by using density functional theory
(DFT) and ab initio molecular orbital methods have repro-
duced the trends, but not necessarily the magnitude, of the
measured trans-H-bond couplings and donor and acceptor
chemical shifts in nucleic acids[4,13,32] and proteins.[33–37] Spin–
spin couplings are recognized to be one of the most difficult
molecular observables to calculate, and increasing the size
of the basis sets has not led to the calculated couplings
matching the experimental values.[38] Most of these studies
have relied solely on calculating the dominant contribution
of the Fermi contact (FC) term to the overall coupling con-
stant, and have neglected the diamagnetic spin-orbit, the
paramagnetic spin-orbit, and the spin-dipole terms. Only a
few recent studies, examining the H-bonds in the protein
ubiquitin[39] and model peptides[40] have considered the influ-
ence of all four Ramsey[41] terms to the size of the trans-H-
bond scalar couplings.
DNA quadruplexes that form from tandem repeats of


short guanine-rich sequences found in telomeres are recog-
nized to play important biological roles, interact with a
number of proteins, and may be potential therapeutic tar-
gets against cancer.[42,43] The guanine quartet (G-quartet)
motif observed in quadruplexes is characterized by four in-
plane guanine bases hydrogen bonding together in a cyclic
arrangement. The formation of G-quartets is crucially de-
pendent on the interaction of monovalent cations with the
guanine O6 atoms, and the type of ion present influences
the stability and conformation of the quadruplexes. The lo-
cation of the monovalent ions is different between the
sodium/lithium and potassium quadruplex structures. The
observed differences in the coordination positions of the K+


and Na+ or Li+ ions are considered to be due to the differ-
ent ionic radii of the ions.[44, 45] The smaller Na+/Li+ ion is
capable of residing within the plane of a G-quartet, whereas
the larger K+ ions bind between two G-quartets. Further,
the Na+ ion is less constrained by steric clashes than K+


and can occupy a range of positions that reduce electrostatic
repulsion between the adjacent ions. Experimental,[46] mo-
lecular dynamics,[47] and DFT[48–52] studies have examined
the influence and preference of monovalent cations to the
energetic stability of G-quartets. The results revealed that
the K+ ion rather than the Na+ ion is preferred.[46,53] Appa-
rently, the preference of K+ over Na+ is primarily due to
the greater cost of Na+ dehydration with respect to K+ ,
whereas the intrinsic free energy of Na+ binding by G-quar-
tets is more favorable than that of K+ .[46,49]


Two-bond (h2JNN) and three-bond (h3JNC’) trans-H-bond
couplings have been measured for the N-H···N and N-
H···O=C H-bond moieties in the sodium-bound Oxy-1.5
DNA quadruplex which is formed by a C2-symmetric dimer
of the oligonucleotide d(G4T4G4).


[54] The Oxy-1.5 quadru-
plex contains the repeat sequence d(T4G4) found in the pro-
tozoan Oxytricha nova telomeres. The sodium and potassi-
um Oxy-1.5 quadruplexes possess the same structural topol-
ogy, where the 16 guanine bases of the two monomers build


a central core of four stacked hydrogen-bonded G-quartets
and the thymines of each monomer form ordered loops con-
necting diagonally opposed corners of the bottom and top
G-quartets. The detected trans-H-bond couplings verify the
G·G Hoogsteen hydrogen bond network found in the
NMR[55–57] and crystal structures[58,59] of the Oxy-1.5 DNA
quadruplexes.
Here, we report the use of quantum chemistry calcula-


tions to characterise the H-bond network in G-quartets of
the Na+-, and K+-bound Oxy-1.5 DNA quadruplex and in
coplanar C4h and S4 symmetric G-quartet structures with
and without ion coordination. We compute h2JN2N7 and
h3JN1C6’ couplings and the isotropic chemical shifts of the
nuclei involved in the N-H···N and N-H···O=C H-bond moi-
eties for G-quartets in the K+ and Na+ coordinated Oxy-1.5
DNA quadruplexes and the C4h symmetric structures. The
results show that the magnitudes of the trans-H-bond scalar
couplings are influenced primarily by geometric factors and
only slightly (~4%) by the presence of the ions. Calcula-
tions are performed to examine the influence of Na+ , Li+


and K+ ions on the stability and conformation of the G-
quartets. The results illustrate that at quartet–quartet distan-
ces observed in the crystal structures, the smaller Na+/Li+


ions show two shallow minima located just outside the plane
of the G-quartet, whereas the larger K+ has a single mini-
mum centered between two quartets. At larger quartet–
quartet distances the energy barrier between the two opti-
mal positions for the Na+/Li+ ions increases, and the ions
converge to a position coplanar with the G-quartet. The re-
sults show that the smaller Na+/Li+ ions have rather low
energy barriers that under physiological conditions are most
likely overcome by vibrational and thermodynamic effects.
Consequently the movement of these ions through the cen-
tral pore of the DNA quadruplex is presumably energetical-
ly unimpeded. In contrast, K+ ion G-quartet models show
much larger energy barriers for the movement of the ion
through the central cavity of the G-quartets, indicating that
the K+ ions will not move as freely through the central
channel of the DNA quadruplex.


Computational Methods


Optimization of the structure of the guanine quartet : The structure of
the guanine quartet (G-quartet) at C4h and S4 symmetry was fully opti-
mized by using NWChem,[60] with density functional theory (DFT) by
using the B3LYP[61–63] and B97[64] functionals employing basis sets ranging
from 6-31G(d) to 6-311++G(d,p). Similar calculations using Gaussian
03[65] failed to converge or converged to an alternative structure contain-
ing bifurcated hydrogen bonds, whereas using NWChem both the Hoogs-
teen H-bonded structure observed in crystallographic and NMR stud-
ies,[56–59] as well as the bifurcated structure could be optimized. The con-
vergence problems experienced with Gaussian 03 may have arisen from
the larger threshold for removal of linear dependencies (see below). The
“fine” integration procedure was used for the evaluation of the ex-
change-correlation contribution to the density functional, except for the
calculations on the S4-symmetric structures, which used the “xfine” inte-
gration grid.
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Calculation of monovalent ion position in G-quartet : The calculations on
the G-quartet/metal ion complexes were performed with Gaussian 03.[65]


Structures of the tetrad with a Li+ , Na+ and K+ ion were optimized at
the B3LYP/6-31+G(d) level of theory, using GaussianOs “ultrafine” inte-
gration grid. The interaction energy between the monovalent ion and the
G-quartet was computed employing the counterpoise procedure[66] to cor-
rect for basis set superposition error (BSSE):


DE ¼ EfG4�Mþg
G4�Mþ ðR,rÞ�EfG4�Mþg


G4 ðR,rÞ�EfG4�Mþg
Mþ ðR,rÞ þ DUdef


G4 ð1Þ


R symbolizes the intermolecular geometrical parameters and r denotes
the intramolecular geometry of the G-quartet. The subscripts indicate the
molecular system (G4 represents G-quartet, whereas M+ represents
metal ion), whereas the superscripts indicate whether the energy calcula-
tion was done in the monomer {G4} or dimer {G4-M+} basis set. The last
term is the G4 deformation energy (DU),[67] which was calculated as the
energy difference between G4 fixed at the geometry it adopts in the
complex (r), and G4 at its equilibrium geometry re (i.e., fully optimized):


DUdef
G4


¼ EfG4g
G4


ðrÞ�EfG4g
G4


ðreÞ ð2Þ


The first three terms in Equation (1) were computed with the Gaussian
03s counterpoise option. This option ensured that the proper integration
grid points were used for the ghost atoms. Care had to be taken with the
computation of the deformation energy [Eq. (2)]: Both NWChem and
Gaussian 03 encountered near-linear dependencies when employing basis
sets with diffuse functions, which was solved by removing the eigenvec-
tors belonging to the smallest eigenvalues. However, NWChem and
Gaussian 03 have slightly different thresholds for removal of these linear
dependencies, and thus, the resulting basis sets are different sizes. For ex-
ample, in B3LYP/6-31+G(d) calculations on the C4h symmetric G-quar-
tet, NWChem eliminates eight basis functions, whereas Gaussian 03 elim-
inates no functions. In general, calculations performed with Gaussian 03
eliminated fewer functions compared with NWChem. As explained in
the previous section, EfG4g


G4
(re) was computed with NWChem. Conse-


quently, to retain proper counterpoise EfG4g
G4


(r) was also calculated with
NWChem.


HF/6-31G(d), B3LYP/6-311G(d,p), and B3LYP/6-311+G(d,p) single-
point calculations were performed on the G4-Li+-G4 system, whereas
HF/6-31G(d) single-point calculations were performed for the G4-M+-
G4 model where M+ represents either Na+ and K+ and for the G4-M+-
G4-M+ model with M+ representing all three monovalent ions. For the
G4-M+-G4 model the distance between the G-quartet planes was kept
fixed at a range of distances, and the metal ion was placed at specific po-
sitions on the line connecting the midpoints of the G-quartet moieties.
The G-quartet structures were kept rigid at their C4h-symmetric geome-
tries optimized with B3LYP/6-311++G(d,p) or the C4h-symmetric G-
quartet structure optimized in the presence of a monovalent ion with
HF/6-31G(d). For the G4-M+-G4-M+ model, the quartet–quartet and
ion–ion distances were fixed at 3.3 5, and the two moieties were moved
relative to each other.


Calculation of NMR properties : NMR chemical shifts and spin–spin cou-
pling constants were computed at the DFT/B3LYP level with the 6-


311G(d) basis set using Gaussian 03. This basis set was found to yield
intra-base spin–spin couplings for guanine very close to those computed
using larger basis sets such as 6-311++G(d,p) (see Supporting Informa-
tion). Polarization functions on hydrogen atoms and diffuse functions
appear to have little influence on the computed couplings. In contrast,
the use of a triple-zeta basis set for the valence orbitals generally im-
proves the agreement between the experimental and calculated cou-
plings. For example, for the 1JN1H1 coupling the discrepancy with the ex-
perimental value decreases from 13 to 4 Hz when the basis set is in-
creased from 6-31+G(d) to 6-311+G(d) (see Supporting Information).
We did not consider the basis set dependence of the inter-base spin–spin
coupling constants. However, a recent study on the basis set dependence
of h3JNC’ couplings


[68] showed that these couplings are not as sensitive to
the size of the basis set as some other couplings previously studied.[38]


Spin–spin coupling constants were computed as the sum of the four
Ramsey terms[41] (i.e., Fermi contact, spin-dipolar, paramagnetic spin-
orbit and diamagnetic spin orbit terms). We computed the NMR proper-
ties for the C4h-symmetric quartets optimized with B3LYP/6-311++G-
(d,p), and for the same optimized G-quartets with monovalent ions
placed coplanar in the central cavity without subsequent reoptimization.
In addition, we computed the NMR parameters for C4h-symmetric G-
quartets optimized with B3LYP/6-31+G(d) in the presence of a Na+ or
K+ ion, and for G-quartets taken from the X-ray crystal structures of the
K+- (PDB accession number 1JPQ) and Na+-loaded (PDB accession
number 1JB7) DNA quadruplexes. For the inner and outer G-quartets
extracted from the crystal structures, the positions of the hydrogen atoms
were optimized with B3LYP/6-31G(d) using NWChem.


The shielding tensors were computed using the gauge-independent
atomic orbital (GIAO) method.[69,70] The 1H, 13C and 15N NMR chemical
shifts reported in this study are isotropic values, indirectly referenced to
tetramethylsilane (TMS), CH4, and liquid ammonia. The structures of
CH4 and NH3 were first optimized at the B3LYP/6-311++G(d,p) level of
theory and the shielding tensors were computed with B3LYP/6-311G(d).
The TMS (1H) magnetic shielding (32.1 ppm) was obtained from the cal-
culated shielding of gas-phase CH4 and the known experimental differ-
ence (0.13 ppm) between gas-phase CH4 and TMS.[71] The 13C magnetic
shielding (190.2 ppm) was calculated from gas-phase CH4. The liquid
NH3 (


15N) magnetic shielding (252.9 ppm) was obtained from the calcu-
lated shielding of gas-phase NH3 and the experimental difference be-
tween gas-phase NH3 and liquid CH3NO2 (399.3 ppm)[72,73] and the exper-
imental difference between liquid NH3 and liquid CH3NO2


(381.9 ppm).[74]


Results and Discussion


DFT calculated geometries of guanine quartets : The G-
quartet structure was optimized at both C4h and S4 symme-
tries. Two different C4h-symmetric G-quartet structures were
calculated. In one structure the guanine bases are linked by
Hoogsteen G·G base pair H-bonds (Figure 1b), whereas the


Figure 1. Structures of the S4 and planar C4h G-quartets optimized with DFT in the absence of monovalent ions. The S4 structure depicts Hoogsteen G·G
base pair H-bonds (a), whereas both Hoogsteen G·G base pairing (b) and bifurcated N-H···O H-bond (c) structures are calculated for the C4h G-quartet.
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second structure contains bifurcated N-H···O H-bonds (Fig-
ure 1c). In contrast, only the G·G Hoogsteen base-paired S4-
symmetric G-quartet structure was calculated (Figure 1a).
The S4-and C4h-symmetric structures are essentially iso-ener-
getic (the S4 structure is 0.43 kJmol�1 more stable at the
B3LYP/6-311++G(d,p) level) at this level of theory, in
agreement with previous results by Meyer et al.[51] The S4-
symmetric non-planar G-quartet is a true minimum on the
B3LYP potential energy surface,[51] whereas the existence of
imaginary frequencies indicates that the two C4h-symmetric
structures are transition states. In variance with the results
of Meyer et al.,[51] which showed four imaginary frequencies
for the C4h-symmetric structures optimized with B3LYP/
DZVP, we find only one imaginary frequency using B3LYP/
6-311G(d,p); this indicates that the C4h-symmetric structures
are first-order transition states at the B3LYP/6-311G(d,p)
level of theory.
The calculated structure of the Hoogsteen C4h-symmetric


G·G base-paired G-quartet is in agreement with crystal
structure data[58,59] and NMR results examining the H-bond
network of the oligonucleotide d(G4T4G4) which dimerizes
to form a C2-symmetric quadruplex with Hoogsteen G·G
base-pairs.[57] The bifurcated H-bonded G-quartet is similar
to the structure found previously by HF and B3LYP calcula-
tions on the guanine[48,52] and isoguanine[75] quartet. The
Hoogsteen G·G base paired and the bifurcated H-bonded
G-quartet are essentially iso-energetic in the absence of a
monovalent ion (Table 1). As previously observed,[52] the rel-


ative stability of the two G-
quartet structures is dependent
on the level of theory applied.
Using B3LYP with the 6-
31G(d) and 6-311G(d,p) basis
sets, the Hoogsteen G·G base-
paired quartet is favored over
the bifurcated H-bond G-quar-
tet structure. The inclusion of
diffuse functions, which has
previously been reported to be
important for calculating rela-
tive energies by DFT,[76] shifts
the energy term to favor the
bifurcated G-quartet structure.


The use of a larger basis set with diffuse functions favors the
bifurcated structure, however the energy difference
(0.06 kJmol�1) is negligible. In contrast, using the largest
basis set (6-311++G(d,p)) with a different functional (B97)
gave a DE value that favors the Hoogsteen G·G base-paired
quartet. Thus, electronic structure calculations do not un-
equivocally predict whether the bifurcated or the Hoogsteen
G·G base-paired quartet is the preferred structure. An
Atoms-in-Molecules (AIM) study[50] showed that the H-
bonds are weaker in the bifurcated arrangement than in the
Hoogsteen G·G base-paired quartet, indicating that the
greater stability (at some levels of theory) of the bifurcated
quartet structure compared to the Hoogsteen G·G base-
paired quartet likely stems from decreased repulsion of the
O6 atoms (which are further apart in the bifurcated struc-
ture), rather than from a more efficient hydrogen-bonding
network. This advantage of the bifurcated arrangement is
non-existent in a metal-containing quartet, providing a pos-
sible explanation for the observation that the addition of a
monovalent ion to the bifurcated structure induces the for-
mation of Hoogsteen G·G based-paired structure.[49] As
metal-containing G-quartets do not seem to adopt the bifur-
cated structure, a result which is in agreement with experi-
mental data that show only the Hoogsteen G·G base-paired
geometric arrangement of the G-quartets, we have not con-
sidered the bifurcated structure any further in this study.


C4h-symmetric G-quartet structures optimized with a mon-
ovalent ion positioned in the middle of the G-quartet (Fig-
ure 2a) were observed to be not true minima as indicated by
the existence of imaginary frequencies (Table 2). The mini-
mum-energy structure for the K+ G-quartet is the C4-sym-
metric geometry in which the G-quartet surface forms a
convex conformation with the apex positioned directly
below the K+ ion (Figure 2b). This indicates that the K+ ion
prefers to be positioned non-coplanar to the G-quartet. The
monovalent ion is located 1.57 5 above the plane of the O6
atoms (taken as the average of all guanine atoms). The K+-
bound C4h-symmetric structure has one imaginary frequency,
which indicates that this conformation is a transition state.
The transition state links the equivalent C4-symmetric


Table 1. Relative stability [kJmol�1] of the C4h-symmetric bifurcated H-
bonded G-quartet complex with respect to the Hoogsteen G·G H-
bonded complex.


Level of theory DE [kJmol�1][a]


B3LYP/6-31G(d) 2.51
B3LYP/6-311G(d,p) 1.74
B3LYP/6-31+G(d) �2.72
B3LYP/6-31++G(d,p) �1.84
B3LYP/6-311++G(d,p) �0.06
B97/6-311++G(d,p) 1.12


[a] Positive DE values denote that the Hoogsteen G·G H-bonded G-quar-
tet structure is more stable than the bifurcated H-bonded structure.


Figure 2. Structures of the Na+- and K+-bound G-quartets optimized using B3LYP/6-31+G(d). a) C4h G-quar-
tet with Na+ coordinated. The overall structure of the Li+- and K+-bound quartets are similar with O6–O6
distances of 4.33 and 5.13 5, respectively. Atoms involved in the two H-bonding regions of the G-quartet and
relevant trans-H-bond coupling connectivities are indicated. b) C4 G-quartet loaded with a K+ ion. The ion is
positioned 1.57 5 above the plane of the O6 atoms (taken as the average of all guanine atoms). This structure
does not exist for the other two G-quartet species. c) S4 G-quartet structure with Li+ coordinated.
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minima that have the K+ ion positioned on opposite sites of
the G-quartet. The C4-symmetric structure is 17 kJmol�1


more stable than the C4h-symmetric structure (at the
B3LYP/6-31+G(d) level of theory). This value represents
the energy barrier the K+ ion has to surmount to pass
through the G-quartet from one side to the other. The C4h-
symmetric Li+ and Na+ containing G-quartets are higher-
order saddle points, as indicated by the existence of more
than one imaginary frequency (Table 2). Consequently,
these structures do not simply connect two minima. This im-
plies that the Li+ and Na+ G-quartet potential energy land-
scapes are more complex than that of the G-quartet coordi-
nated with a K+ ion.
The minimum for the Li+ G-quartet is the S4-symmetric


structure (Figure 2c), whereas no local minimum for the K+


-bound S4-symmetric G-quartet exists.[51] The Na+ S4-sym-
metric G-quartet structure optimized to the C4h-symmetric
structure. In the S4-symmetric Li+ G-quartet, the guanine
bases are strongly twisted relative to each other and the G-
quartet is crudely reminiscent of a four-blade propeller. The
S4-symmetric structure allows optimal interaction between
the monovalent ion and the O6 atoms of the guanine
bases.[51] The O6–O6 distance (i.e., diagonal distance across
the central cavity between two O6 atoms) has decreased
from 4.33 (C4h) to 4.03 5 (S4) in the Li+ G-quartet. The S4


G-quartet structure contrasts strongly with the observed
geometric near coplanar arrangement observed in the crys-
tal structures of the DNA quadruplexes.[58,59] The observa-
tion that the G-quartet structure in DNA quadruplexes does
not correspond to the most stable calculated S4 G-quartet
structure is mainly due to steric restraints from base stack-
ing and backbone torsional restrictions in the G-quadruplex
structure, which prevent individual G-quartets from shifting
to an S4-like conformation.


Characterizing the monovalent ion position in G-quartets :
Figure 3a shows the relative energy curves for the three
monovalent ions at different positions between two G-quar-
tets that are fixed at 3.3 5, which is the average distance
measured in the crystal structures of the Oxytricha nova
Na+ and K+ DNA quadruplex structures.[58,59] Optimization
of the sandwiched quartet–K+–quartet complex has been re-
cently shown to lead to much larger inter-quartet distan-
ces.[77] The G4-Li+-G4 relative energy curves were comput-


ed at the HF/6-31G(d), B3LYP/6-31G(d) and B3LYP/6-
31+G(d) levels of theory (Figure 3b). The HF/6-31G(d) and
B3LYP/6-31G(d) results are essentially identical, whereas
the B3LYP/6-31+G(d) curve is only slightly different. As it
is too computationally expensive to calculate the large
number of points required to generate all relative energy
curves with B3LYP/6-31+G(d), all subsequent calculations
on the G4-M+-G4 and G4-M+-G4-M+ model systems were
performed using HF/6-31G(d). The energy profiles show
that the K+ , Na+ and Li+ ions prefer to be located between
two G-quartets. The energy rises much more steeply when
the K+ ion position moves out of the middle as compared to
the other two ions. The preference of K+ for the central lo-
cation between the two G-quartets is generally rationalized
by its larger size as compared to Na+ and Li+ , which is be-
lieved to prevent the K+ ion from occupying a position
within the G-quartet plane. However, our calculations indi-
cate that the preference of K+ for the central location is not
just a result of the monovalent ionOs size. In our model
system, the central cavity of the G-quartets is sufficiently
large to accommodate a K+ ion, as indicated by the contrac-
tion of the G-quartet by the presence of a K+ ion (see
below). Even when using a G-quartet geometry that is opti-
mal for K+ coordination, as in the potential energy profiles
in Figure 3b, the K+ ion still strongly prefers a position in
the middle between two G-quartets. Figure 3a shows that
the Na+ and Li+ ions also prefer a position between the G-
quartets. However, unlike the K+ ion results that show one
deep minimum, the potential energy curves for Li+ and Na+


show two shallow minima located at 0.55 and 0.95 5, respec-
tively, from the center of a G-quartet.
For the calculations on the G4-M+-G4 and the G4-M+-


G4-M+ model systems, the G-quartet structures were kept
rigid at their C4h-symmetric G4 geometries optimized with-
out the presence of an ion using B3LYP/6-311++G(d,p).
This G-quartet structure has an O6–O6 (diagonal) separa-
tion of 5.15 5. Optimizing the C4h-symmetric G4-M+ struc-
tures in the presence of the ions using the same level of
theory (i.e., HF/6-31G(d)) as used to generate the energy
profiles yields O6-O6 distances of 4.34 (Li+), 4.66 (Na+)
and 5.19 5 (K+). The O6–O6 distance in the isolated G-
quartet structure optimized with HF/6-31G(d) was calculat-
ed as 5.99 5. As such, the monovalent ion clearly causes
contraction of the G-quartet. Although at shorter G4-M+


distances the HF/6-31G(d) G-quartet geometry optimized in
the presence of the ion would be a better choice for generat-
ing the energy curves, at larger distances a more suitable G-
quartet geometry would be the HF/6-31G(d) structure opti-
mized without the ion. As a compromise, the B3LYP/6-
311++G(d,p) structure we have used gives an O6–O6 sepa-
ration intermediate between those observed in the HF/6-
31G(d) G-quartet structures optimized with and without the
ion. Figure 3b shows that using the G-quartet structure re-
sulting from HF/6-31G(d) geometry optimization in the
presence of the ion changes the G4-Na+-G4 and G4-K+-G4
curves negligibly. The effect is largest for G4-Li+-G4, in cor-
respondence with the larger change in O6–O6 separation


Table 2. Computed interaction energies [kJmol�1] between the G-quartet
and the monovalent ions.


System Sym. Method Basis set De Freq.[a]


G4-K+ C4 HF 6-31G(d) – 0
C4 B3LYP 6-31+G(d) �313.9 –
C4h B3LYP 6-31+G(d) �296.6 1


G4-Li+ S4 HF 6-31G(d) – 4
C4h HF 6-31G(d) – 0
S4 B3LYP 6-31+G(d) �516.7 –
C4h B3LYP 6-31+G(d) �507.0 –


G4-Na+ C4h HF 6-31G(d) – 2
C4h B3LYP 6-31+G(d) �430.4 –


[a] Number of imaginary frequencies.
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(0.81 5). However, for the G4-Li+-G4 system the different
G-quartet structures (i.e. , HF/6-31G(d) optimized with ion
versus B3LYP/6-311++G(d,p) without ion) does not change
the potential energy curve
qualitatively.
At quartet–quartet distances


shorter than 3.3 5, the double-
minimum potential curve con-
verges towards a single mini-
mum at R=0.0 5. At a quar-
tet–quartet distance of 3.0 5
the distance from one of the
G-quartets to the optimal posi-
tion of the Na+ ion, Ropt(G4-
Na+), is equal to 1.5 5 (Fig-
ure 4b). This shows that the
Na+ ion favors a position equi-
distant from the two G-quar-
tets. Figure 4a shows that in
the G4-Na+-G4 system the
barrier separating the two
minima becomes larger with
increasing quartet–quartet dis-
tance. The Ropt(G4-Na+) dis-
tance decreases with increasing
quartet–quartet distance. At
quartet-quartet distances
beyond ~7.0 5, at which point
the influence of the second G-
quartet has become negligible,
the Na+ ion prefers to be lo-
cated in the central cavity of


the G-quartet (i.e. , Ropt(G4-Na+) = 0 5). This is also the
optimal position for a Na+ ion interacting with a single G-
quartet. Figure 4c shows that it is unfavorable for Na+ to


Figure 3. Relative energy curves for the three monovalent ions at different positions between two G-quartets that were fixed at the average distance
measured in the crystal structures of the Oxytricha nova Na+ and K+ DNA quadruplex structures.[58, 59] The energy curves were normalized by subtract-
ing the energy at R=0 5 from all energy points. The x-axis coordinate R represents the distance of the ion from the center between the two quartets. a)
Relative energy curves computed with HF/6-31G(d). The G-quartet structures were fixed at the B3LYP/6-311++G(d,p) optimized geometry. b) The po-
tential energy profiles labeled relaxed were derived from G-quartet geometries optimized using HF/6-31G(d) in the presence of the ion, whereas all
other curves were computed with the B3LYP/6-311++G(d,p) optimized G-quartet geometry. All energy points in the plots were computed with HF/6-
31G(d), except for the lower right plot where different levels of theory were used (see Figure).


Figure 4. a) Relative energy curves for G4-Na+-G4 at different G4-G4 distances. All points were calculated
with HF/6-31G(d). The G-quartet structures were fixed at the B3LYP/6-311++G(d,p) optimized geometry.
The energy curves were normalized by subtracting the energy at R=0 5 (G4–G4=3.3 5) from all energy
points. The values for each curve represent the G4–G4 distance at which the data points were computed.
b) The distance from the optimal position of Na+ (i.e., minima in a) to one of the G-quartets as a function of
G4–G4 distance. At G4-G4 distances beyond approximately 7 5 the Na+ ion prefers to sit within the plane of
a G-quartet. c) The relative energy curve for G4-Na+ calculated with HF/6-31G(d) and the G-quartet opti-
mized with B3LYP/6-311++G(d,p). The energy curves were normalized by subtracting the energy at R=0 5
from all energy points.
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move away from its central position in the G-quartet. How-
ever, in the G4-Na+-G4 model, the ion is not only drawn to-
wards the central cavity position of one G-quartet, but is
also attracted to the second G-quartet. Consequently, these
two competing forces result in an optimal Na+ ion position
outside the central cavity at a G4–G4 distance of 3.3 5 (Fig-
ure 3a).
The preferred central position of the K+ ion at a quartet–


quartet separation of 3.3 5 could be due to the ion being
either attracted to or repelled by both G-quartets equally.
Figure 5a illustrates that when the distance between the two
G-quartets is increased to 5 5 and beyond a single K+ ion
will find two optimal positions located closer to the G-quar-
tets. This observation shows that in the absence of additional
ions, the single K+ ion is not repelled by, but attracted to
both G-quartets equally. Unlike the results for the Na+ ion,
the optimal position of the K+ ion does not converge to a
position coplanar with one of the G-quartets when the G4–
G4 separation is increased, but converges to a distance of
0.8 5 from the G-quartet (Figure 5b). This is also the opti-
mal position for a K+ ion interacting with a single G-quartet
(Figure 5c). For both G4-Na+-G4 (Figure 4a) and G4-K+-
G4 (Figure 5a), the lowest energy minimum is reached for a
quartet–quartet distance of 4.0 5. However, whereas Na+


prefers to be close to one of the G-quartets at this separa-
tion, the optimal position for K+ is equidistant from the two
G-quartets.
To provide a potentially more realistic model for the


DNA quadruplexes we modified our single ion model to in-


clude an additional monovalent ion. Figure 6 shows the rela-
tive energy profiles when both ions move simultaneously
away from the coplanar position in the G-quartets. The Na+


and Li+ ions show a clear preference for positioning in the
center of the G-quartet plane since the energy values in-
crease steeply as the monovalent ions move out of the plane
of the G-quartets. In contrast, the decrease in energy for the
K+-bound system shows that this ion favors coordination
near equidistant from the two G-quartets. In general, the re-
sults are in agreement with experimental data that have
shown that the smaller Na+ and Li+ ions can adopt a copla-
nar position, whereas the larger K+ ions are always embed-
ded between the G-quartets.[59]


The minimum in the potential energy curve of the K+-
containing system is located slightly before the central posi-
tion between the G-quartets, whereas the crystal structure
of the K+-containing DNA quadruplex shows that the K+


ions are located symmetrically between two G-quartet
planes.[59] The off-center minimum in the K+ curve is most
likely an artifact of the G4-M+-G4-M+ model. The slight in-
crease in the energy curve for the K+ ion as it reaches the
center between the two G-quartets (R=0 5) is probably
due to the loss of favorable interacting energy between the
G-quartet and the second ion, which is not compensated by
attraction with a third G-quartet. Increasing the number of
G-quartets and ions in the model may shift the energy mini-
mum for the K+ system towards an R-value of 0 5, whereas
for the Na+ and Li+ energy profiles, a maximum would be
expected at an equidistant between the two G-quartets. The


Figure 5. a) Relative energy curves for G4-K+-G4 at different G4–G4 distances. All points were calculated with HF/6-31G(d). The G-quartet structures
were fixed at the B3LYP/6-311++G(d,p) optimized geometry. The energy curves were normalized by subtracting the energy at R=0 5 (G4–G4=3.3 5)
from all energy points. The values for each curve represent the G4-G4 distance at which the data points were computed. The inset represents an expand-
ed region of the Figure at the shorter G4–G4 distances (3.3–5.0 5). b) The distance from the optimal position of K+ to one of the G-quartets as a func-
tion of G4-G4 distance. At G4–G4 distances beyond approximately 10 5 the K+ ion prefers to sit 0.8 5 outside the plane of the G-quartet. c) Relative
energy curve for G4-K+ calculated with HF/6-31G(d) and the G-quartet optimized with B3LYP/6-311++G(d,p). The energy curves were normalized by
subtracting the energy at R=0 5 from all energy points. The minimum occurs at a distance of ~0.8 5.
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use of a one-dimensional periodic model should more effec-
tively describe the movement of ions through the central
pore of DNA quadruplexes.


Dependence of spin–spin coupling constants on G-quartet
geometry : Although the S4-symmetric structure was found
to be slightly more stable than the C4h-symmetric geometry
for the Li+- and Na+-loaded G-quartets (Table 2), the calcu-
lation of NMR properties was performed using the C4h-sym-
metric G-quartets. This is because the conformation of the
S4-symmetric structure adopts a twisted non-coplanar geom-
etry (especially in the presence of ions), whereas the C4h-
symmetric structure closely resembles the near coplanar ge-
ometry observed for the G-quartets in the crystal structures
of DNA quadruplexes.[45,58] Intra- and inter-base scalar cou-
plings were calculated for the G-quartet. In general the
intra-base couplings were found to be in close agreement
with experimental[78,79] and theoretical[32,80,81] values (see


Supporting Information). Table 3 shows the calculated and
experimental scalar couplings associated with the two H-
bond moieties of the G-quartet. The h3JN1C6’ coupling for the
C4h-symmetric G-quartet optimized in the absence of a mon-
ovalent ion is significantly different to the experimental
values with an overestimation of ~0.8 Hz (~350%). The
computed h2JN2N7 coupling, however, is only slightly underes-
timated with an average deviation of ~1 Hz (15%). The ad-
dition of Li+ , Na+ , or K+ ions (without reoptimization)
does not significantly change the values of the calculated
h2JN2N7 and


h3JN1C6’ couplings; this indicates that the presence
and type of the ion has little effect on the magnitude of the
trans-H-bond couplings.
Reoptimization of the G-quartet structure in the presence


of the Na+ ion yields computed trans-H-bond couplings that
are in closer agreement with the experimental values. This is
mainly a geometric effect (see below), as removal of the
Na+ ion from this structure without reoptimization of the
G-quartet geometry has a very small influence on the h2JN2N7
(D=0.01 Hz) and h3JN1C6’ (D=0.04 Hz) scalar coupling sizes.
The slightly weaker absolute size of the h3JN1C6’ coupling in
the presence of the ion may be due to the subtraction of
electron density from the N1-H1···O6=C6 H-bond moiety
when the Na+ coordinates with the O6 atoms of the guanine
bases. Removal of the ion presumably leads to an increase
in the electronic overlap between H1 and O6 and conse-
quently results in the observed small increase (~10%) in
the size of the j h3JN1C6’ j coupling. Similarly, Sychrovský et al.
attributed the observed decrease in the 1JC6O6 coupling to
charge transfer from guanine to the monovalent cation.[82]


The 1JN1H1 coupling also shows a small absolute increase in
size of ~2.0 Hz when the couplings are calculated in the ab-
sence of the ion. Apparently the presence of the ion de-
creases the strength of the structurally proximate N1�H1
bond (Figure 2). Similar ion-dependent correlations for the
scalar couplings associated with the N2-H2···N7 H-bond
(i.e., 1JN2H2 and


h2JN2N7) are not observed. This is presumably
due to the larger distance between the ion and the N2-
H2···N7 H-bond.
Calculation of the spin–spin couplings for the G-quartet


reoptimized with a co-planar K+ ion does not yield trans-H-
bond couplings in agreement with the experimental values.
In the K+-loaded DNA quadruplex crystal structure the K+


Figure 6. Relative energy curves for the G4-M+-G4-M+ model computed
with HF/6-31G(d) and the G-quartet optimized with B3LYP/6-311++G-
(d,p). Distances between the G-quartets and between the two ions were
kept fixed at 3.3 5. The energy profiles were normalized by subtracting
the energy at R=�1.65 5 from all energy points. R=0 5 is defined as
the mid-point position between two G-quartets.


Table 3. Spin–spin coupling constants of the C4h-symmetric G-quartet (G4) and of G-quartets with a monovalent ion in the middle of the central cavity
(G4-M+ , M=Li, Na, or K). All couplings are computed with B3LYP/6-311G(d).


B3LYP/6-311++G(d,p) G-quartet geometry[a] B3LYP/6-31+G(d) G4M+ geometry


G4 G4-Li+ G4-Na+ G4-K+ G4-Na+ G4 (no Na+)[b] G4-K+ [c] Experimental[d]


1JN1H1 �89.74[e] �87.60 �87.46 �87.19 �88.59 �90.17 �88.63 90.21
1JN2H22 �88.94 �91.06 �91.03 �91.02 �89.77 �87.68 �90.78 88.05
1JN2H21 �97.22 �96.74 �96.72 �96.70 �94.75 �95.06 �96.76 88.05
h2JN2N7 5.82 5.87 5.88 5.88 7.66 7.67 5.22 7.06
h3JN1C6’ �1.13 �1.03 �1.04 �1.08 �0.33 �0.37 �0.59 0.22


[a] In the complexes of the G-quartet the monovalent ion is placed in the middle of the cavity of the G-quartet optimized with B3LYP/6-311++G(d,p).
No re-optimization is applied. [b] G-quartet geometry taken from the B3LYP/6-31+G(d) optimized G4-Na+ structure. [c] Transition state structure.
[d] Average (N=5) h2JN2N7,


h3JN1C6’,
1JN2H2 and


1JN1H1 values measured at 274 K for the Na+-loaded Oxy-1.5 DNA quadruplex.[54] The sign of the couplings
was not determined. [e] Couplings are in Hz.
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ions are positioned between quartets, and thus, the co-
planar K+-quartet is not an ideal model for this system, ex-
plaining the weak correlation between the theoretical and
experimental h2JN2N7 and


h3JN1C6’ values. The better model to
compute the h2JN2N7 and


h3JN1C6’ couplings for the K+-loaded
G-quartets would be a system in which a K+ ion is located
between two G-quartets. However, such a calculation is
computationally prohibitive.
Figure 7 shows the theoretical h2JN2N7 and


h1JH2N7 couplings
as a function of the RN2N7 distance. The experimental h2JN2N7
couplings taken from a previous study[54] are also plotted in
Figure 7a, whereas due to amino group dynamics and the
relatively small size of the h1JHN coupling, the accurate deter-
mination of h1JHN couplings was not possible. The scalar cou-
plings are computed for G-quartets taken from the crystal
structures of the Na+ (PDB accession number 1JB7) and
K+ (PDB accession number 1JPQ) coordinated DNA quad-
ruplexes, for which the hydrogen positions were optimized
with B3LYP/6-31G(d). The experimental h2JN2N7 couplings
are plotted at the average RN2N7 distance taken from the
high-resolution DNA quadruplex crystal structures for each
symmetry-related H-bond pair.
For each crystal structure, the H-bond geometries in the


two inner and two outer quartets are not identical, and
therefore 16 distinct h2JN2N7 couplings were computed
(Table 4). Conversely, in the NMR experiments only eight


h2JN2N7 correlations are visible since the two d(G4T4G4) mon-
omers are symmetry related in solution. However, due to
exchange broadening only five h2JN2N7 couplings have been
observed in the Na+-bound DNA quadruplex at 274 K.[54]


Larger variations in RN2N7 are found for the outer quartets
compared to the inner quartets, reflecting the lower steric
constraints placed on the outer G-quartets. This variation
leads to a larger range in the magnitude of the computed
h2JN2N7 couplings. In addition, significant RN2N7 differences
are observed for a particular H-bond. For example, the
G12–G4*/G12*–G4 pair RN2N7 distances are 2.88 and 3.05 5.
Theoretical calculations for other base pair moieties consid-
ering only the Fermi contact term yielded smaller h2JN2N7
couplings.[32] These differences in h2JNN coupling sizes are not
due to H-bond RNN differences since Barfield et al.[32] cov-
ered the RNN range considered in the current manuscript.
Additionally, the impact of the other three Ramsay terms is
negligible for this particular trans-H-bond coupling (i.e. ,
< 0.1 Hz). Presumably the disparity in the calculated cou-
plings is mainly due to the different density functionals ap-
plied in each study (i.e., B3PW91 versus B3LYP). To quanti-
fy the apparent difference, a comparison of the couplings com-
puted using B3PW91/6-311G(d,p) and B3LYP/6-311G(d,p)
for the C4h-symmetric G-quartet showed that B3PW91 yields
smaller (~6%) h2JN2N7 and 1JN2H2 couplings than B3LYP.
Considering these methodological differences, the h2JN2N7


couplings are in close agreement with those published
by Barfield et al.[32] The calculated h2JN2N7 couplings de-
crease exponentially with increasing RN2N7 distance.
The exponential dependence on RN2N7 arises from the
square of the overlap integrals between atomic orbitals
on the donor and acceptor groups.[83] Figure 7 shows
the exponential fit for the outer and inner quartets in
both DNA quadruplexes, which yields the following
relationship:


h2JN2N7 ¼ 2316 expð�1:96RN2N7Þ ð3Þ


with a standard deviation of 0.23 Hz and r 2=0.986.
The inverse of this equation yields:


RN2N7 ¼ 3:95� 0:51 lnðh2JN2N7Þ ð4Þ


The rms difference between the RN2N7 distances de-
rived from Equation (4) and the crystal structure data
equals 0.017 5. The equations only take the distance
dependence of the h2JN2N7 couplings into account and
ignore other geometric factors such as the N2-H2···N7
angle. Inspection of the aN2-H2···N7 versus h2JN2N7
coupling shows no apparent correlation (data not
shown). The experimental h2JN2N7 coupling data shows
a much weaker relation to the RN2N7 distance. This is
due to factors such as the dynamic nature of the DNA
quadruplex in solution or genuine geometric differen-
ces between the solution and crystalline states.


The computed h2JN2N7 couplings show a larger range
in magnitude compared with the experimental h2JN2N7


Figure 7. Calculated (filled symbols) and experimental (open symbols) a) h2JN2N7
and b) h1JHN couplings as a function of the RN2N7 distance. The theoretical cou-
pling values were calculated for G-quartet structures taken from the crystallo-
graphic data with the hydrogen atom positions optimized using B3LYP/6-31G(d).
Computed data for the different G-quartets are represented by filled circles
(outer quartets, Na+ species), filled squares (inner quartet, Na+ species), filled
triangles (outer quartet, K+ species) and filled diamonds (inner quartet, K+ spe-
cies). The experimental couplings are represented by the corresponding open
symbols. These couplings are plotted at the RN2N7 distance obtained by averaging
over the equivalent H-bonds (e.g. G1*–G9 and G1–G9*). h2JN2N7 and


h1JHN cou-
plings calculated for the C4h-symmetric G-quartet structures in the absence of an
ion and in the presence of K+ and Na+ are represented by the symbols N, P and
S, respectively. The curve in a) is the best fit exponential to the theoretical data
calculated for the G-quartets taken for the crystal structures. The continuous line
in b) represents a third-order polynomial fit to the data.
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couplings. At shorter distances, the theoretical couplings are
much larger than the experimental values, whereas at RN2N7


distances beyond approximately 3 5 the experimental
h2JN2N7 couplings are larger. All couplings were computed in
gas-phase structures at 0 K with fixed inter-nuclear distan-
ces, whereas the experimental trans-H-bond couplings are
measured at 274 K and include influences from rovibrational
averaging, environment (i.e., solvent), and inter-quartet and
sugar-backbone interactions. Though it is not known how
these factors influence the coupling constants, it is probable
that the different experimental and theoretical conditions
are responsible for the different distance dependencies ob-
served. In proteins, the consideration of dynamical effects in
the calculation of the FC term for h3JN1C6’ couplings led to an
improvement in the correlation between experimental and
theoretical values.[84] Future efforts that consider dynamical
and solvent influences may lead to an improved correlation
between the experimental and theoretical trans-H-bond cou-
plings in the G-quartets.
The shortest RN2N7 distance is found for hydrogen bonds


with the smallest difference between the N2–H2 and
H2···N7 distances (see Supporting Information). This obser-
vation is in accord with a previous study,[85] which showed
that the F···F and N···N distances in [F(HF)n]


� and
[CN···H···NC]� complexes contract when the proton is shift-
ed towards the hydrogen-bond center.
The calculated h1JHN couplings showed a maximum value


of ~4 Hz at an RN2N7 distance of ~2.8 5 (Table 4 and Fig-
ure 7b). At shorter and longer RN2N7 distances the


h1JHN cou-
plings gradually decrease in magnitude. The decrease in the
size of the h1JHN coupling as the H-bond shortens below
2.7 5 is unexpected, whereas the weakening of the h1JHN


coupling as the H-bond increases in length is due to the re-
duction in the orbital overlap associated with the H-bond.
Calculated h1JHN couplings for imino groups H-bonded to ar-
omatic acceptor nitrogen atoms showed similar trends, in
which a maximum coupling size of ~3 Hz was observed at
an RN2N7 distance of ~2.8 5.[32] This study observed that at
H-bond distances shorter than 2.6 5 the sign of the coupling
was negative. According to Figure 7b, at H-bond lengths
much shorter than 2.5 5, the sign of the h1JHN scalar cou-
pling for the N2-H2···N7 H-bond group will also be negative.
Barfield et al.[32] proposed that this decrease in the size of
the h1JHN couplings at shorter RN2N7 distances could be ex-
plained by symmetry considerations of the N-H···N H-bond
and the associated h1JHN,


1JNH and h2JN2N7 couplings. They
showed that as the RN2N7 decreases, the size of the


h1JHN cou-
pling changes from a positive to a negative value, whereas
the covalent 1JNH coupling decreases in size to a smaller neg-
ative value. In the symmetric H-bond arrangement where
the proton is centered between the two nitrogen atoms, the
h1JHN coupling will be equal (ignoring different electronic ef-
fects from donor and acceptor groups) to the covalent 1JNH
coupling, with both couplings having negative values. Bene-
dict et al. have also observed a sign change for the 1JFH and
1JNH couplings when the hydrogen moves across the center
of the F···F and N···N H-bond.[85] The results of the current
study corroborate these previous studies and indicate that
the size and sign of the h1JHN coupling is not influenced by
the chemical structure of the H-bond but primarily by the
H-bond geometry.
Figure 8a shows a strong linear correlation (r 2=0.98) be-


tween the calculated isotropic chemical shift dH of the
amino proton participating in the H-bond (1H2) and the


Table 4. Computed spin–spin coupling constants and geometric parameters related to the N2-H2···N7 H-bond in optimized G4-M+ (M=Na, K) quartets
and in G-quartets taken from the Na+ and K+ DNA quadruplexes with the hydrogen atom positions optimized using B3LYP/6-31G(d).


RN2N7 [5] a(N2H2N7) [8] 1JN2H21 [Hz] 1JN2H22 [Hz] h1JH2N7 [Hz] h2JN2N7 [Hz]
Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+


B3LYP/6-31+G(d) optimized C4h-symmetric quartet
with a monovalent ion in the middle of the cavity 2.94 3.12 174.7 166.9 �94.8 �96.8 �89.8 �90.8 3.3 2.3 7.7 5.2
outer quartet (donor guanine ! acceptor guanine)
1!9* 2.65 2.70 174.2 169.2 �88.1 �92.2 �82.1 �82.1 3.9 3.7 12.9 12.1
9*!12 3.09 2.88 177.1 178.9 �94.1 �91.3 �87.7 �86.2 2.6 3.6 5.5 8.1
12!4* 3.05 3.01 176.0 173.8 �90.1 �89.4 �83.8 �82.1 2.9 3.1 5.6 6.2
4*!1 2.79 2.86 170.7 170.9 �89.7 �91.1 �83.3 �83.9 4.1 3.8 9.7 8.6
inner quartet
2!3* 2.78 2.89 174.6 175.6 �89.2 �94.0 �82.6 �86.1 4.0 3.5 10.0 8.4
3*!11 3.01 2.90 175.9 175.7 �94.7 �94.3 �87.0 �87.7 3.0 3.6 6.6 8.2
11!10* 2.88 2.81 171.5 174.4 �95.2 �93.8 �85.7 �86.2 3.6 3.8 8.5 9.9
10*!2 2.83 2.83 168.1 178.0 �95.2 �91.0 �85.8 �87.2 3.7 4.0 9.4 9.0
inner quartet
3!11* 2.92 2.88 172.0 173.2 �94.1 �93.9 �85.8 �87.4 3.4 3.6 8.0 8.6
11*!10 2.89 2.96 170.9 178.8 �93.7 �94.0 �85.1 �89.4 3.6 3.2 8.4 7.3
10!2* 2.73 2.92 166.2 176.3 �93.4 �93.3 �83.8 �88.6 4.0 3.5 11.3 7.7
2*!3 2.89 2.99 170.4 176.8 �92.0 �92.6 �83.9 �89.8 3.6 3.1 8.2 6.5
outer quartet
4!1* 2.82 2.85 167.2 172.1 �92.8 �90.5 �84.3 �83.3 3.8 3.9 9.4 8.8
1*!9 2.58 2.86 176.2 175.3 �85.5 �94.1 �81.0 �86.0 3.6 3.6 14.2 8.9
9!12* 3.14 2.88 176.3 178.0 �94.6 �93.1 �87.9 �89.3 2.3 3.7 4.9 8.3
12*!4 2.86 2.84 175.2 175.6 �90.0 �89.3 �82.3 �82.1 3.9 3.8 8.3 8.7
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h2JN2N7 coupling, where a downfield chemical shift corre-
sponds to a larger h2JN2N7 value. Similar correlations have
been observed between experimentally determined trans-H-
bond couplings and isotropic chemical shifts in proteins[15,24]


and in a DNA triplex.[4] The experimental and theoretical
1H2 chemical shifts are very similar with theoretical calcula-
tions within 1.5 ppm of the experimental values (Table 6). In
contrast, there is no clear correlation (r 2=0.48) between the
isotropic chemical shift of the H-bonding 1H2 and the 1JNH
coupling constant for the N-H of the amino group involved
in H-bonding to the acceptor N7 atom (Figure 8b). This was


rather unexpected since theoretical[32] and experimental[4] re-
sults have shown a strong correlation between the imino 1H
isotropic chemical shift and the 1JNH coupling constant in
base-paired triplets.
The calculated 1JNH couplings range between �81 to


�96 Hz (Table 4) and are similar in size to previously deter-
mined 1JNH couplings in guanine bases (~91 Hz).[78] The 1JNH
coupling constants for the H-bonded N-H of the amino
group are larger, on average, by ~2 Hz compared with the
experimental values, whereas the 1JNH couplings for the non-
H-bonded N-H are smaller by ~5 Hz (Table 4). This con-


trasts previous theoretical re-
sults[32] that showed that H-
bonded imino groups generally
have smaller j 1JNH j coupling
constants compared with the
corresponding non-H-bonded
imino groups. To investigate
whether this was due to meth-
odology differences, calcula-
tions of the spin–spin cou-
plings in the C4h symmetric G-
quartet and a single guanine
base (i.e. , non-H-bonded)
using the same functional and
basis set (i.e., B3PW91/6-
311G(d,p)) as used in the pre-
vious study were performed
and compared with the calcu-
lations using B3LYP/6-
311G(d). The calculation using
B3PW91/6-311G(d,p) yielded
1JNH couplings that were


Figure 8. Correlations between a) h2JN2N7 and b) 1JNH couplings and the isotropic chemical shift of the amino
proton dH participating in the H-bond (1H2). The theoretical coupling values were calculated for G-quartet
structures taken from the crystallographic data with the hydrogen atom positions optimized using B3LYP/6-
31G(d). Computed data for the different G-quartets are represented by the same symbols as in Figure 7. The
continuous line in a) corresponds to a linear regression of h2JN2N7= (1.66 Hz ppm�1)dH � 7.75 Hz (r 2=0.98).
The linear regression in b) gives r 2=0.48.


Table 5. Computed spin–spin coupling constants and geometric parameters related to the N1-H1···O6=C6 H-bond in optimized G4-M+ (M=Na, K)
quartets and in G-quartets taken from the Na+ and K+ DNA quadruplexes with the hydrogen atom positions optimized using B3LYP/6-31G(d).


RN1O6 [5] a(H1O6C6) [8] a(N1H1O6) [8] 1JN1H1 [Hz] h3JN1C6’ [Hz]
Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+


B3LYP/6-31+G(d) optimized C4h-symmetric quartet with
a monovalent ion in the middle of the cavity 2.90 2.99 129.8 141.8 164.6 174.4 �88.59 �88.63 �0.333 �0.585
outer quartet (donor guanine ! acceptor guanine)
1!9* 2.91 2.85 121.2 127.7 159.8 167.1 �89.27 �89.79 �0.086 �0.306
9*!12 2.95 2.88 126.4 121.1 159.7 160.6 �89.86 �91.16 �0.170 �0.082
12!4* 2.95 2.91 127.6 128.6 164.6 162.5 �89.59 �88.94 �0.239 �0.287
4*!1 2.91 2.80 124.1 129.2 161.2 160.5 �89.30 �87.24 �0.167 �0.368
inner quartet
2!3* 2.96 3.01 123.6 125.2 162.7 160.9 �89.93 �89.19 �0.122 �0.152
3*!11 2.93 2.82 128.5 127.4 161.9 160.6 �89.78 �88.56 �0.203 �0.345
11!10* 2.82 2.85 131.7 126.3 166.4 162.4 �89.03 �89.10 �0.492 �0.286
10*!2 2.86 2.84 132.8 126.2 170.6 162.5 �88.99 �92.43 �0.510 �0.307
inner quartet
3!11* 2.91 2.90 129.8 133.2 164.6 165.3 �89.68 �90.40 �0.341 �0.519
11*!10 2.74 2.96 132.7 122.2 165.7 158.1 �88.07 �86.27 �0.718 �0.101
10!2* 2.81 2.86 133.0 131.4 172.0 162.5 �88.73 �90.56 �0.600 �0.522
2*!3 2.86 2.87 132.6 126.6 166.9 161.9 �89.41 �87.46 �0.510 �0.302
outer quartet
4!1* 3.02 2.86 128.5 129.9 169.5 159.7 �90.00 �88.32 �0.228 �0.366
1*!9 2.85 2.81 116.4 127.2 155.6 162.3 �89.04 �91.31 0.045 �0.364
9!12* 2.93 2.85 129.5 128.5 162.2 162.4 �89.89 �89.55 �0.297 �0.423
12*!4 2.70 2.85 129.1 125.2 164.6 160.8 �87.54 �87.08 �0.583 �0.282
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~5 Hz smaller compared with the same coupling calculated
using B3LYP/6-311G(d). Closer examination reveals that
this difference arises mainly from the Fermi contact term,
and not from the other three contributing terms. In addition,
both calculations show the same trends for changes in the
size of the 1JNH coupling constants upon guanine base pair-
ing in a G-quartet. Consequently, the use of different func-
tionals and basis sets to calculate the coupling constants
does not account for the discrepancy between the 1JNH
trends observed for imino versus amino groups.
The computed couplings using B3LYP/6-311G(d) for the


guanine monomer yielded two 1JNH couplings that are near
identical in magnitude (i.e. , �93 
 0.24 Hz). In the opti-
mized C4h-symmetric guanine quartet, the calculations yield-
ed �97 Hz for the H-bonded compared with �89 Hz for the
non-H-bonded N-H moiety of the amino group. In apparent
disagreement with the couplings, the H-bonded N–H dis-
tance is longer (1.0195 5) compared to the non-H-bonded
N–H distance (1.0060 5). As the geometries of the isolated
and H-bonded guanines are identical, the changes in 1JNH
must be purely electronic structure effects and the contrast-
ing trends calculated for 1JNH couplings in imino and amino
groups are based on the chemical differences between these
two H-bond donor groups.
Compared with the experimental values, the computed


15N2 donor and 15N7 acceptor isotropic chemical shifts are
overestimated by approximately 20 and 40 ppm, respectively
(Table 6). The theoretical 1H2 isotropic chemical shifts for
the amino proton involved in the N2-H2···N7 H-bond are
only slightly overestimated, whereas the isotropic chemical
shifts for the non-H-bonded amino proton are underestimat-
ed by ~3 ppm. The disparities between the experimental
and computed chemical shifts are reasonable considering
the calculations were performed for isolated G-quartets. As
such, the calculations do not reflect the electronic environ-
ments produced by the intricate intra- and intermolecular
interactions from solvent and other structural features of
the DNA quadruplex. For example, the stacking of the G-
quartets in the DNA quadruplex structure would lead to
ring current effects that are not considered in the theoretical
calculations. The underestimation of the 1H2 chemical shift
of the non-H-bonded amino proton is partly due to the ab-
sence of solvent molecules H-bonding with this free donor
N–H group. In the presence of solvent, the H-bonding of
this free donor group with water would lead to electron de-
shielding of the amino proton nucleus and a consequent 1H
downfield shift. Clearly DFT calculations that include ex-
plicit water molecules or water continuum models may pro-
vide information on the influences of solvent on the sizes of
the trans-H-bond couplings and isotropic chemical shifts.
As for the h2JN2N7 couplings, the H-bond geometries in the


two inner and two outer quartets for the crystal structure
are not identical, and therefore 16 distinct h3JN1C6’ couplings
were computed. Experimental h3JN1C6’ couplings of the Na+-
bound DNA quadruplex at 298 K were taken from a previ-
ous study.[54] Only six out of a possible eight h3JN1C6’ cou-
plings were measured for the Na+-bound DNA quadru-


plex.[54] The corresponding couplings in the K+-bound DNA
quadruplex have not been determined experimentally.
The computed h3JN1C6’ couplings are all negative in sign


except for the G1*–G9 H-bond (0.04 Hz) in the outer quar-
tet of the Na+-coordinated DNA quadruplex (Table 5). The
explanation for this positive h3JN1C6’ coupling observed for
the G1*–G9 N1-H1···O6=C6 H-bond is presumably due to
the exceptionally non-linear H···O=C angle (1168). Exami-
nation of the geometric dependencies of the computed
h3JN1C6’ couplings (Figure 9a) shows that there is a reasonable
correlation between the h3JN1C6’ couplings and the aH···O=C
values which were obtained from the G-quartet crystal
structures with B3LYP/6-31G(d) geometry optimized hydro-
gen positions. In contrast, a much weaker correlation is ob-
served between the aN-H···O and h3JN1C6’ coupling con-
stants (see Supporting Information). This observation cor-
roborates DFT studies examining the N-H···O=C H-bond
moiety in formamide dimers.[35,36] Here, a very weak de-
pendence of h3JN1C6’ on the aN-H···O in the range of 150–
2108 was found, whereas a substantial dependence of h3JN1C6’
on the aH···O=C values in the range of 120–2408 was calcu-
lated. There is a decrease in the size of the j h3JN1C6’ j cou-
plings with decreasing aH···O=C values, which can be ex-
plained by a reduced orbital overlap between the donor and
acceptor groups in more non-linear aH···O=C. Geometric
considerations using a simple N-H···O=C-N model system
which uses atomic and trigonal hybrid-type orbitals[36]


showed that there is a cos2 dependence of h3JN1C6’ on the
H···O=C angle. A linear regression between cos2(aH···O=
C) and h3JN1C6’ for the outer and inner quartets in both DNA
quadruplexes yields:


h3JN1C60 ¼ �2:43 cos2ðqÞ þ 0:59Hz ð5Þ


where q represents aH···O=C. The standard deviation is
0.18 Hz and r 2=0.78.


Figure 9a shows that the sign of the coupling changes at
an aH···O=C value of 119.58. Equation (5) only takes the
aH···O=C dependence of the h3JN1C6’ couplings into account
and ignores other geometric factors such as the H-bond
length (i.e. , RN1O6). A plot of h3JN1C6’ couplings (Figure 9b)
versus RN1O6 shows no exponential correlation (r 2=0.09).
This is partially due to the positive coupling for the G1*�G9
H-bond, as indicated by the much better correlation (r 2=
0.46) obtained by excluding this point from the fit (Fig-
ure 9b). Although this observation suggests that this point is
an outlier, the G1*–G9 h3JN1C6’ coupling corresponds well
with the angular dependency (Figure 9a). The poor correla-
tion observed for the h3JN1C6’ couplings versus RN1O6 contrasts
the exponential correlation between experimentally ob-
served h3JN1C6’ couplings and H-bond lengths in the B1 im-
munoglobulin binding domain of protein G.[17] However, as
shown in Figure 9b, a plot of the data[17] for protein G over
the RN1O6 range found in the G-quartets gives a much
poorer correlation (r 2=0.46) than previously reported. Ap-
parently, the wider spread of the H-bond lengths in protein
G coupled with the more linear aH···O=C and aN-···O
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values gives rise to a stronger distance dependence of h3JN1C6’
couplings in proteins compared to the data presented for
the G-quartets. These observations are supported by theo-
retical calculations that have shown that at substantially
non-linear aH···O=C values the H-bond distance depend-
ence of the h3JN1C6’ coupling is the weakest and the H···O=C
angle dependence is the strongest.[36] As such, it appears
that the presence of rather non-linear aH···O=C values in
the G·G Hoogsteen base pairs is the principal geometric
factor influencing the size of the calculated h3JN1C6’ couplings.
The size of the h3JN1C6’ couplings in proteins is significantly
larger compared with the h3JN1C6’ couplings computed in this
study for G-quartets. As previously reported,[54] the
aH···O=C values in protein G range between 137–1728,
whereas in the G-quartets this range is 116–1238. As more
linear aH···O=C values yield larger j h3JN1C6’ j couplings
(Figure 9a), the larger h3JN1C6’ values observed in protein G
can be partially attributed to the differences in the aH···O=
C between protein G and the G-quartets. Barfield[36] noted
that for coplanar formamide dimers the size of the h3JN1C6’
coupling is independent of the H···O=C-N dihedral angle.
Since the guanine bases in the G-quartets are nearly copla-
nar, the h3JN1C6’ couplings are essentially independent of the
H···O=C-N dihedral angle (data not shown).
Clearly, the calculated NMR parameters related to the


N1-H1···O6=C6 H-bond in G-quartets are not well correlat-
ed with an individual geometric property, but depend on a
combination of these structural features. Although limited
by the data set size, a three-dimensional plot of the h3JN1C6’
couplings as a function of both the RN1O6 and aH···O=C
shows that the couplings are correlated to both the RN1O6


and aH···O=C geometric properties (see Supporting Infor-
mation). Similar dual correlations have been observed for
N-methylacetamide,[33] protein–nucleotide models,[86] and
formamide[35] dimers in which the size of trans-H-bond cou-
pling is influenced by both distance and angular dependen-
cies. Although it is feasible that the chemical character of
the N1-H1···O6=C6 H-bond may play a role in influencing
the relations between the NMR parameters and the H-bond
geometry, this and previous studies[4,32,54] have shown that
the chemical moiety of the H-bond has a minor effect on
the size of the scalar couplings in nucleic acids.
The theoretical h3JN1C6’ couplings compare well with the


experimental h3JN1C6’ couplings determined for the Na+-
bound DNA quadruplex (Figure 9a). There is no clear geo-
metric dependency observed for the measured h3JN1C6’ cou-
plings. This is presumably due to the dynamics of the solu-
tion structure averaging out any small aH···O=C and RN1O6


geometric influences on the magnitude of the couplings or
genuine differences between the crystal versus solution
structures. The inability to experimentally determine the
h3JN1C6’ coupling size for the G1–G9* H-bond is probably
due to its unusually bent aH···O=C which apparently de-
creases the absolute size of the coupling to the extent that it
is unobservable in the NMR spectra.
The calculated 1H1 and 13C6 isotropic chemical shift


values are in very good agreement with the experimental
values (Table 6).[54] Neglecting different physicochemical
conditions, the average difference between the theoretical
and experimental (data taken at 298 K) results for the 1H1
and 13C6 chemical shifts are 0.6 and 1.4 ppm, respectively.
Additionally, the theoretical 13C chemical shifts for the C2,


Table 6. Computed chemical shifts in optimized G4-M+ (M=Na, K) quartets and in G-quartets taken from the Na+ and K+ DNA quadruplexes with
the hydrogen atom positions optimized using B3LYP/6-31G(d).


1H21[a] 1H22[a] 15N2[a] 15N7[a] 1H1[a] 15N1[a] 13C6[a]


Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+


C4h-symmetric quartet with an ion (Na+ ,
K+) in the middle of the cavity, opti-
mized with B3LYP/6-31+G(d)


9.5 8.0 4.3 4.3 106.6 103.6 277.2 180.5 11.3 10.3 176.4 175.1 166.7 165.6


outer quartet (donor guanine)
1 12.6 12.0 3.6 3.5 106.8 106.2 277.1 283.2 11.5 12.2 176.5 177.7 163.2 163.4
9* 8.0 9.5 3.6 3.7 99.0 105.2 276.7 277.1 11.4 12.1 177.4 177.1 161.9 162.3
12 8.0 8.4 3.5 3.5 99.4 100.0 279.1 278.1 11.6 11.8 179.7 180.7 162.6 162.9
4* 10.5 9.8 3.6 3.6 104.0 102.9 281.3 275.9 11.6 12.2 177.2 178.4 163.2 162.2
inner quartet
2 10.7 10.1 3.6 3.7 104.5 100.1 278.8 275.0 11.3 11.5 178.1 173.9 163.7 164.3
3* 8.7 9.5 3.6 3.7 100.9 99.9 277.3 278.4 11.4 12.4 178.1 173.1 161.7 162.8
11 9.6 10.6 3.5 3.7 101.8 103.3 278.1 278.5 12.0 12.0 177.2 176.2 153.5 164.7
10* 10.1 9.8 3.6 3.8 103.6 105.7 278.8 276.7 12.0 12.5 177.0 178.6 161.4 163.9
inner quartet
3 9.3 9.9 3.7 3.7 100.6 101.8 277.2 280.9 11.1 11.7 176.8 177.3 160.2 165.3
11* 9.6 9.1 3.6 3.8 102.2 100.7 274.8 278.5 12.9 11.2 180.0 169.8 163.5 162.0
10 10.7 9.3 3.8 3.8 107.3 101.3 278.7 281.7 12.1 12.1 175.3 178.2 161.8 165.6
2* 10.0 8.6 3.7 3.9 104.3 99.5 278.0 277.8 12.1 11.8 179.5 171.5 162.4 161.6
outer quartet
4 10.8 10.2 3.7 3.6 101.0 104.0 283.4 273.7 11.0 12.3 176.6 176.2 163.7 161.9
1* 13.2 10.0 3.6 3.6 106.8 102.8 281.4 279.0 11.5 12.7 175.5 174.7 164.2 164.2
9 7.9 9.6 4.0 3.9 99.8 105.7 275.3 279.5 11.9 12.2 176.3 175.8 160.8 162.0
12* 10.0 9.8 3.5 3.5 102.5 101.2 278.0 275.3 13.3 11.9 184.3 178.1 163.9 164.1
experimental[b] 8–11 6–8 79–84 229–240 11–12 140–150 161–163


[a] Chemical shifts are in ppm. [b] Chemical shift ranges are taken from published data on the Na+ DNA quadruplex.[54]
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C4, C5, and C8 atoms in the guanine base are also in very
good agreement with the experimental values (data not
shown). In contrast, all the calculated 15N chemical shifts are
generally overestimated by approximately 35 ppm (Table 6).
The most likely explanation for this discrepancy is the un-
certainties introduced from the indirect way that the 15N ref-
erencing is determined. However, the possibility that the dif-
ferences between the theoretical and experimental 15N
chemical shifts are not due to other factors such as the ab-
sence of interactions from solvent and other structural fea-
tures cannot be currently excluded. Weak correlations are
observed between the H-bond length and the isotropic
chemical shifts of the donor nuclei of the N1-H1···O6=C6
H-bond, whereas much stronger correlations are observed
between the RN2N7 of the N2-H2···N7 H-bond and the 15N2
and 1H2 chemical shifts (see Supporting Information). An
examination of the dependencies of the various H-bond
angles on the 1H and 15N chemical shifts shows no correla-
tion. These results support the observed weaker correlations
between the scalar couplings associated with the N1-
H1···O6=C6 H-bond and the H-bond geometric parameters.


Conclusion


Hartree–Fock and density functional theory calculations
were used to examine the energetic preferences of Na+ , Li+


, and K+ ions in C4h and S4 symmetric G-quartets. The
presence of a monovalent ion in the center of the G-
quartet led to the contraction of the G-quartet O6–O6
distance. This effect was largest for the smallest ion,
thus showing that the contraction of the G-quartet fa-
cilitates the optimal coordination of the monovalent
ion with the O6 atoms of the guanine bases. The re-
sults for the G4-M+-G4 model showed that at quartet–
quartet distances observed in the DNA quadruplex
crystal structures, the smaller Na+ and Li+ ions have
two shallow minima located at 0.55 and 0.95 5 outside
the plane of the G-quartet, respectively. The larger K+


ion has a minimum centered between successive G-
quartets. At increasing quartet–quartet distances the
Na+ and Li+ ions converged to a position coplanar
with the G-quartet, whereas the optimal K+ ion posi-
tion converged to a location just outside the G-quartet.
Apparently at shorter quartet–quartet distances the
Na+ and Li+ ions are weakly attracted to the second
G-quartet and therefore do not favor a coplanar posi-
tion with the G-quartet. Increasing the quartet–quartet
distance reduces this weak attraction to zero and the
Na+ and Li+ ions shift to an energetically favored co-
planar position. The attraction of the ion to both G-
quartets at quartet–quartet distances observed in DNA
quadruplex structures may facilitate the transport of
the ions through the DNA quadruplex central channel.
The K+ ion never energetically favored a coplanar po-
sition at any quartet–quartet distance examined. Pre-
sumably in a dynamic system, the G-quartets expand


and contract to accommodate the movement of the K+ ion
through the G-quartet. Evidence for this comes from the
differences in the geometries of the calculated coplanar K+


G-quartet and the crystallographic data. In the crystal struc-
ture, the K+ ions are located between the planes of two G-
quartets with an O6–O6 distance of ~4.5 5, whereas a
larger O6–O6 distance of 5.1–5.2 5 is observed at the HF/6-
31G(d) and B3LYP/6-31+G(d) levels of theory for the C4h-
symmetric coplanar K+ G-quartet. Thus, the G-quartet
needs to expand from the geometry it adopts in the DNA
quadruplex to allow passage of the K+ ion through the cen-
tral cavity.
To allow movement of ions through the central channel of


the DNA quadruplexes, the ions must overcome the energy
barriers separating the minima. As the energy barriers are
rather low for the Na+ and Li+ models, vibrational and ther-
modynamic effects will likely be able to overcome these bar-
riers. The energy barriers separating the minima become sig-
nificantly larger with increasing quartet–quartet distances
for the Na+ and Li+ models, thus suggesting that the quar-
tet–quartet distances found in DNA quadruplexes are near
optimal for the flow of the Na+ and Li+ ions through the
central pore of the DNA quadruplex. The K+ ion models
showed much larger energy barriers for the movement of
the ion through the central cavity of the G-quartets. Conse-
quently, the K+ ions will not be able to move as easily
through the central channel of the DNA quadruplex. The


Figure 9. Correlations between h3JN1C6’ couplings and the a) aH···O=C and
b) RN1O6 of the N1-H1···O6=C6 H-bond moiety in G-quartets. The theoretical
couplings were calculated for G-quartet structures taken from the crystallograph-
ic data with the hydrogen atom positions optimized using B3LYP/6-31G(d). Com-
puted data for the different G-quartets are represented by the same symbols as in
Figure 7. The six experimental couplings determined previously[54] from the Na+


DNA quadruplex (G12-G4*, G4*-G1, G2-G3*, G3-G11, G11-G10*, and G10*-
G2 H-bonds) are represented by the corresponding open symbol. Open circles in
b) represent h3JN1C6’ couplings determined for protein G.[17] The RN1O6 values are
averaged over the three protein G crystal structures (1PGB, 1IGD, and 2IGD).
The continuous line in a) corresponds to linear regression (r 2=0.78) using
Eq. (5), whereas the curves b) represent the best-fit exponentials to the G-quartet
theoretical data (r 2=0.09) and experimental data for protein G (r 2=0.46). The
dashed line represents the exponential fit to the G-quartet data (r 2=0.46) that
excludes the G1*–G9 H-bond h3JN1C6’ coupling (labeled).
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possible expansion and contraction of the G-quartets may
facilitate the lowering of these energy barriers. The results
herein support the observation that the ion movement
through DNA quadruplexes for the smaller Na+ ion is
three-orders of magnitude faster than for the larger NH4


+


ion (mimics the size of K+).[53,87]


Theoretical calculations of spin-spin couplings and iso-
tropic chemical shifts in the N1-H1···O6=C6 and N2-H2···N7
H-bonding regions of G-quartets extracted from the K+-
and Na+-coordinated Oxy-1.5 DNA quadruplexes and the
C4h symmetric structures were performed. The results
showed that the sizes of the trans-H-bond couplings were in-
fluenced primarily by the geometry of the H-bond and only
slightly by the presence of the monovalent ion. The calculat-
ed h2JN2N7 couplings decrease exponentially with increasing
N2-H2···N7 H-bond length. The h3JN1C6’ couplings are shown
to be dependent on both the RN···O and aH···O=C geometric
properties. An increasing RN···O value leads to a decrease in
the size of the h3JN1C6’ coupling, whereas a linear H···O=C
angle gives the strongest coupling. At more bent aH···O=C
values the angular dependency is the principal geometric
property influencing the magnitude of the h3JN1C6’ couplings.
The computed trans-H-bond couplings are shown to corre-
late with the experimentally determined couplings however,
the experimental values do not show such strong geometric
dependencies. A strong correlation was found between the
h2JN2N7 and the donor amide proton isotropic chemical shift.
Conversely, a weak correlation between the h3JN1C6’ and the
imino proton isotropic chemical shift was observed. This
weak correlation counters previous results in which a strong
correlation between the h3JN1C6’ couplings and amide proton
chemical shifts was measured in proteins,[15] and indicates
that the imino chemical shift in the G-quartets is influenced
by other factors not directly related to the H-bond moiety.
The results show that the distance, rather than angle, of the
N2-H2···N7 H-bond can be characterized by strong correla-
tions to both the isotropic chemical shifts of the donor
group atoms and the h2JN2N7 couplings. In contrast, the NMR
parameters for the N1-H1···O6=C6 H-bond show weaker
correlations to single geometric parameters related to this
H-bond. This observation indicates that for a full interpreta-
tion of the h3JN1C6’ couplings dependency on the geometry of
the H-bond a combined distance–angle relation is required.
The results provide the framework for further theoretical
characterization of the ion dependent stability and structure
of the H-bonding network of the G-quartet motif.
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Anion Recognition by Neutral Macrocyclic Amides


Michał J. Chmielewski[a] and Janusz Jurczak*[a, b]


Introduction


Non-covalent interactions with negatively charged species
play an important role in many essential chemical and bio-
logical processes. Although first studies on anion coordina-
tion began as early as in the late 1960s,[1] the real explosion
of interest in the field took place in the last decade.[2] This
long “induction period” was due to the difficulties arising
from inherent properties of anions such as low charge densi-
ty, coordinative saturation and high solvation energies that


make their interactions with receptors relatively weak and a
solvent replacement difficult.


The design of anion receptors based solely on hydrogen
bonding seems to be particularly challenging,[3] because a
typical, single hydrogen-bonding interaction of non-activat-
ed amide or alcohol with anion is weak,[4] and the receptors
must rely on the concerted action of many such donors.
Nevertheless, the interest in this area is rapidly expanding,
stimulated by its direct relevance to anion recognition by
natural receptors[5] and by the perspective of achieving a
good selectivity using interactions that strongly depend on
the direction and distance. However, the directionality cre-
ates an additional challenge for the researchers, because it is
necessary to arrange the hydrogen-bond donors in a very
precise manner within a host structure in order to achieve a
perfect complementarity to the guest. Despite this sensitivity
to geometric constraints, the systematic studies on the struc-
ture–affinity relationship in uncharged anion receptors are
scarce. Instead, a variety of very different structures was de-
scribed.


Abstract: Although amides often serve
as anchoring groups in natural and syn-
thetic anion receptors, the structure–af-
finity relationship studies of amide-
based macrocyclic receptors are still
very limited. Therefore, we decided to
investigate the influence of the size of
the macroring on the strength and se-
lectivity of anion binding by un-
charged, amide-based receptors. With
this aim, we synthesized a series of
macrocyclic tetraamides derived from
2,6-pyridinedicarboxylic acid and ali-
phatic a,w-diamines of different
lengths. X-ray analysis shows that all li-
gands studied adopt expanded confor-
mations in the solid state with the con-
vergent arrangement of all four hydro-
gen-bond donors. 1H NMR titrations in
DMSO solution revealed a significant


effect of the ring size on the stability
constants of anion complexes; the 20-
membered macrocyclic tetraamide 2 is
a better anion receptor than its both
18- and 24-membered analogues. This
effect cannot be interpreted exclusively
in terms of matching between anion di-
ameter and the size of macrocyclic
cavity, because 2 forms the most stable
complexes with all anions studied, irre-
spective of their sizes. However, geo-
metric complementarity manifests in
extraordinarily high affinity of 2 to-
wards the chloride anion. The results
obtained for solutions were interpreted
in the light of solid-state structural


studies. Taken together, these data sug-
gest that anion binding by this family
of macrocycles is governed by competi-
tive interplay between their ability to
adjust to a guest, requiring longer ali-
phatic spacers, and preorganization,
calling for shorter spacers. The 20-
membered receptor 2 is a good com-
promise between these factors and,
therefore, it was selected as a promis-
ing leading structure for further devel-
opment of anion receptors. Further-
more, the study of an open chain ana-
logue of 2 revealed a substantial mac-
rocyclic effect. X-ray structure of the
acyclic model 14 suggests that this may
be due to its ill-preorganized confor-
mation, stabilized by two intramolecu-
lar hydrogen bonds.
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Although it is clear that a convergent displacement of
many hydrogen bonds would be beneficial for strong anion
binding, it is still far from being obvious how to arrange
donors in an optimal, complementary fashion and what se-
lectivity can be achieved this way. Moreover, the following
difficulties have to be faced:


* majority of hydrogen-bond donating groups are also hy-
drogen bond acceptors, creating problems with compet-
ing intra- and intermolecular hydrogen bonds.


* majority of hydrogen bond donating groups are large
and rigid, what makes it problematic to place them cor-
rectly and causes additional synthetic problems.


Nevertheless, a continuous progress in the construction of
neutral, hydrogen-bonding receptors is taking place, which
is reflected, for example, in the growing popularity of
strongly competitive solvents used to evaluate anion bind-
ing: DMSO became popular and there were also precedents
of significant binding in protic media such as DMSO/water
mixtures,[6] methanol[7] and even water.[8] Examples of natu-
ral receptors[9] that strongly bind phosphate or sulfate
anions in water displaying at the same time excellent selec-
tivity indicate that there is still much room for improve-
ment. Amide groups play an important role in anion binding
by these receptors and consequently the study of amide-
based receptors appears particularly interesting. Therefore,
we focused our attention on macrocyclic amides and re-
solved to investigate the influence of their structure on the
affinity towards anions.


2,6-Pyridinediamides are well known for their strong pref-
erence for syn–syn conformation of both amide NHs, stem-
ming from hydrogen bonding with the pyridine nitrogen
atom and lone pair repulsion in alternative conformations
(Figure 1).[10,11] As a result, the whole 2,6-bis(carbamoyl)pyr-
idine fragment is rigid, planar, exhibits a well-defined U-
shape and displays two hydrogen bond donating groups in a
convergent manner.


It is therefore an attractive building block for the con-
struction of supramolecular architectures and was frequently
used, for example, to control the three-dimensional folding
of molecular strands,[12–14] to induce a turn in the polypeptide
chain,[15] in the construction of rotaxanes,[16] catenanes,[17]


macrocyclic receptors,[10, 18–20] self-assembled macrocyclic
boxes,[21] and conformationally-restricted dendrons.[22] Crab-
tree and co-workers,[23, 24] showed that even very simple 2,6-
pyridinediamides bound anions strongly and selectively (al-


though in dichloromethane, a particularly undemanding sol-
vent). This discovery encouraged the others to utilize the
2,6-bis(carbamoyl)pyridine unit as an anion binding site for
the construction of acyclic fluorescent,[25,26] luminescent,[27]


and chromogenic[28] anion sensors. Macrocyclic,[29–32] and
macrobicyclic„[33–36] anion receptors having two and three
such units were also described.


Our effort to develop efficient anion receptors began with
the synthesis of 18-membered macrocyclic tetraamide 1
(Figure 2).[37] Excellent anion-binding properties of this pro-
totype receptor prompted us to study the influence of the
size of macrocyclic tetraamide
on its anion binding properties.
Therefore, we decided to study
a series of receptors consisting
of two 2,6-bis(carbamoyl)pyri-
dine moieties linked with ali-
phatic chains of different
lengths (Figure 2). Here we
present a full account[38] on the
structure and anion binding
properties of these receptors.


Results and Discussion


Synthesis of macrocycles : To synthesize the model receptors,
the method of macrocyclization consisting in the reaction of
a,w-diamines with a,w-dicarboxylates was chosen. The
scope and limitations of this method were thoroughly stud-
ied in our laboratories.[39] The method allows to obtain mac-
rocyclic diamides via the one-to-one ([1+1]) reaction of
a,w-diamine with methyl dicarboxylate in methanol. The
yields were particularly high when both the amine and ester
components had oxygen or nitrogen atoms b to the reacting
groups, like is for example in amino ethers. The method was
therefore ideally suited for the synthesis of diaza crowns, an
important class of cation receptors. Attempts to use this
method for the synthesis of anion receptors required moving
beyond its scope: the macrocyclic tetraamides result from a
four-component [2+2] reaction, instead of [1+1] and are
derived from purely aliphatic amines instead of amino
ethers. It was therefore not surprising that the yields were
low, ranging around 10% (in case of 3, 5 and larger tetra-
amides derived from the amines with an even number of
carbon atoms).[40] However, the desired products are usually
less soluble than oligomeric by-products and precipitate
from the reaction mixture in an almost pure form. This al-
lowed us for a very simple preparation of these tetraamides:
it is sufficient to dissolve an equimolar mixture of the suita-
ble amine and dimethyl 2,6-pyridinedicarboxylate in metha-
nol, leave it at ambient temperature for one week and filter
off the desired product. The simplicity of the synthesis
makes up for the low yields and renders it an attractive
method, especially in the case of 18-membered tetraamide 1
derived from 1,2-diaminoethane, that could be obtained in


Figure 1.


Figure 2.
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up to 50% yield.[37] In order to obtain the missing 20-mem-
bered macrocycle 2 and 24-membered 4, we have conducted
analogous reactions with the amines having odd number of
carbon atoms, 1,3-diaminopropane and 1,5-diaminopentane,
respectively (Scheme 1). As previously, the precipitate


formed also in the reaction with 1,3-diaminopropane; this
time, however, it contained mainly 30-membered hexaamide
6 (7.7% yield) and 40-membered macrocyclic octaamide 9
(6.2% yield). For macrocycles of this size, there is always an
uncertainty concerning their structures: is it a single macro-
cycle or maybe a catenane from two tetraamides? These
doubts were dispelled by an X-ray single crystal analysis of
the chloride complex of 9. It revealed that 9 is indeed a 40-
membered octaamide and that there are two chloride anions
inside its huge cavity. Simultaneous binding of two anions
was previously observed by us for its 36-membered analogue
8.[41] This extraordinary phenomenon will be described in
detail in a separate paper. Also the compound 6 is a poten-
tially interesting anion receptor: a similar hexaamide of the
same ring size has been shown to bind CaCl3


� anions in the
solid state.[42] The one-pot synthesis described here opens an
easy access to these interesting receptors. Extensive chroma-
tography of the filtrate from the same reaction afforded the
desired macrocyclic tetraamide 2, although in low yield
(5.6%).


Analogous products were also obtained by the reaction of
dimethyl 2,6-pyridinedicarboxylate with 1,5-diaminopen-
tane: 24-membered tetraamide 4 (7.5%), 36-membered hexa-
amide 7 (6.4%) and 48-membered octaamide 10 (2.4%).
They are more soluble than their analogues 2, 6 and 9, and,
consequently, the precipitate that forms in the reaction mix-
ture consists only of unidentified, probably polymeric, prod-
ucts.


Summing up, in the case of a,w-diamines having odd
numbers of methylene units, our synthetic procedure for
macrocyclic tetraamides met severe problems concerning
separation of the desired tetraamides from the larger macro-
cyclic products. However, these difficulties, as well as low
yields, were compensated by the fact that every such reac-
tion afforded three interesting macrocycles, being potential
anion receptors: a tetraamide (2 : 5.6%, 4 : 7.5%), a hexa-
amide (6 : 7.7%, 7: 6.4%) and an octaamide (9 : 6.2%, 10 :
2.3%). Taking into account the low cost of substrates, it ap-
pears that the major drawback of the method is not its low
yield, but rather a cumbersome separation of the reaction
products. This difficulty may be overcome by separating the
synthesis into two steps (Scheme 2). In the first step, 1,3-dia-
minopropane reacts with four equivalents of dimethyl 2,6-
pyridinedicarboxylate affording several linear oligomeric


amidoesters, that can be easily separated by column chroma-
tography ([2+1] product 11, 46% yield based on 1,3-diami-
nopropane). In the second step, amidoester 11 reacts with
one equivalent of amine in a [1+1] fashion giving consider-
ably higher yields of the desired macrocyclic products: tet-
raamide 2 (21%) and octaamide 9 (17%). Moreover, sepa-
ration of the reaction mixture is easier, because some mac-
rocyclic products, for example hexaamide, are absent. Ac-
cordingly, octaamide 9 precipitates directly from the reac-
tion mixture in an almost pure form. This stepwise approach
allows for the synthesis of unsymmetrical macrocycles de-
rived from two different amines.


X-ray studies of ligands : Receptors 1, 3 and 5 have been al-
ready characterized structurally.[37,40] To complete the struc-
tural analysis of the whole series of “homologous” macrocy-
cles 1–5, we performed the X-ray crystal structure determi-
nation for 2 and 4.


Diffraction-grade single crystals of 2 were obtained by
slow diffusion of Et2O into a solution of 2 in CH2Cl2/
CH3OH 9:1. Single crystals of 4 grew during our efforts to
obtain cyanide complex, after slow evaporation of the etha-
nolic solution of the ligand and tetrabutylammonium cya-
nide. All five macrorings adopt very similar, centrosymmet-
ric, expanded, stair-like conformation (Figure 3). The pyri-


Scheme 1. Synthesis of macrocyclic tetraamides, hexaamides and octa-
amides.


Scheme 2. Stepwise synthesis of the macrocyclic tetraamide 2.
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Figure 3. Comparison of the X-ray structures of macrocyclic receptors 1–5. (ORTEP plots, displacement ellipsoids scaled to 50% probability level).
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dine rings of each receptor are antiparallel to each other
and the distance h between their planes (the height of the
stairs) is given in Table 1. The amide hydrogens are ar-


ranged in a convergent manner by intramolecular
NHamide···Npy interactions and the amide groups are almost
coplanar with adjacent pyridine rings (dihedral angles vary
from 2.8 to 12.38). Aliphatic chains linking two such rigid
2,6-bis(carbamoyl)pyridine planes are in an extended, un-
strained conformation, with most torsion angles close to op-
timal antiperiplanar or synclinal conformations. Exceptions
are found in linkers having odd number of methylene
groups (2 and 4) where one of torsion angles is deviated by
about 308 from the ideal value. The cavity dimensions, ap-
proximated by the distances between symmetrically related
amide nitrogen atoms (diagonals of parallelogram), are col-
lected in Table 1.


In each ligand structure, each pair of the amide hydrogen
atoms binds one oxygen acceptor: hydroxy group of metha-
nol molecule (in the crystal of 1) or carbonyl oxygen of
neighboring molecule (all other examples). Noteworthy, due
to the stair-like conformation of the molecule, two pairs of
the amide hydrogens interact with two different acceptors.
This leads to a similar packing mode for compounds 2–5 :
each macrocycle is surrounded
by four perpendicular, symme-
try related ones, being hydro-
gen bonded to them. Two of
these neighbors (from above
and below) act as hydrogen
bond acceptors, while the re-
maining two as donors (from
both sides).


Anion binding in solution : The
addition of anions, in the form
of tetrabutylammonium (TBA)
salts, to the DMSO solutions of
each receptor caused significant
downfield shifts of amide sig-
nals in 1H NMR spectra, indi-
cating N-H···A� hydrogen-
bonding interactions and also
fast equilibrium between com-
plexed and free forms of li-
gands. Typical titration curves
are shown in Figure 4.


Standard nonlinear analysis of the data thus obtained af-
forded 1:1 stability constants of receptors 1, 2 and 4, collect-
ed in Table 2.[43] The solubility of receptor 3 in DMSO was
too low to allow for determination of its stability constants.


The selectivity trends displayed by the three receptors are
similar and common for hydrogen-bonding receptors: hydro-
gen phosphate, acetate and benzoate are most strongly
bound, whereas cyanide, bromide, p-nitrophenolate and hy-
drogen sulfate anions form weak complexes. Noteworthy,
there is no correlation in our data between the basicity of
anions (expressed in terms of pKa measured in DMSO) and
the stability constants of their complexes.[45] For example,
the weakest base, bromide ion, forms a stronger complex
with 2 than p-nitrophenolate does, in spite of basicity
weaker by ten orders of magnitude. Similarly, 2 prefers


Table 1. Distances characterizing the cavity sizes of receptors 1–5.


Receptor h [O] Diagonals [O]


1 1.47 5.45P5.50
2 2.15 5.18P6.82
3 2.85 6.72P6.73
4 3.14 6.37P9.18
5 3.69 8.12P9.19


Figure 4. 1H NMR titration curves of ligand 2 with various anions; P
PhCOO� , * H2PO4


� , ^ AcO� , & Cl� , + Br� , ! CN� , * HSO4
� .


Table 2. Binding constants [m�1] for the formation of 1:1 complexes of 1, 2, and 4 with various anions in
[D6]DMSO at 298 K.[a]


Anion pKa Gas-
X� HX in phase DG 0,1 [d]


DMSO[b] basicity[c] [kJmol�1]
[kJmol�1]


Cl� 65[e] 1930 18 1.8 1373 29
Br� <5 150 <5 0.9 1332 30
CN� 52 349 51 12.9 1438 34
PhCOO� 202 2283 301 11.1 1394 39
AcO� 2640[e] 3240 310 12.6 1427 32
H2PO4


� 1680[e] 7410 450 – 1351 32
p-O2N-Ph-O� 67[e] 123 <5 10.8 1343 25
HSO4


� <5 75 <5 – 1251 25


[a] Errors are estimated to be < 10%. Tetrabutylammonium salts were used as anion sources. [b] Taken from
ref. [2h]. [c] Standard free enthalpy of protonation in the gas phase, taken from ref. [44]. [d] Standard free en-
thalpy of the gas phase reaction: X� + H2O Q [X�·H2O]. Values from ref. [2h]. [e] Values from ref. [37].
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weakly basic chloride over strongly basic cyanide or p-nitro-
phenolate. Since the differences of the solvation energies of
X� and HX may limit the adequacy of pKa values as a mea-
sure of hydrogen bond acceptor strengths, gas phase basici-
ties or the free energies of anion hydration by single water
molecule (DG 0


0,1) were put forward as a better measure of
intrinsic anion properties.[46] Here, however, the correlations
are also very poor, what is not surprising considering solva-
tion effects and the possible influence of host–guest geomet-
ric complementarity on the complex stability.


The above-mentioned geometric complementarity is most
probably responsible for the striking effect of the receptor
size on affinity towards Cl� : enlargement of the macrocycle
from the 18-membered ring in 1 to the 20-membered ring in
2, resulted in a 30-fold increase in the respective binding
constant, whereas further enlargement by four methylene
units (in 4) causes reduction of affinity towards Cl� by two
orders of magnitude. Remarkably, the 20-membered recep-
tor 2 binds Cl� almost as strongly as benzoate anion.


Similar but smaller effects can be seen for other anions
(Figure 5); as a result, receptor 2 is the best receptor for all
anions under the study. This in turn implies that the size
match between anion and cavity of the receptor does not ac-
count solely for the observed selectivity. For instance, the
cavity of the largest receptor 4 matches the size of hydrogen
phosphate and carboxylate anions better than receptor 2,
but respective complexes are weaker. Apparently, anion
binding ability of our receptors results from their intrinsic
proprieties, most probably flexibility and rigidity. Whereas
the smallest receptor 1 has too short aliphatic linkers to
allow for comfortable adjustment to all anionic guests
except fluoride, the largest receptor 4 is too floppy and pre-
sumably pays large entropic penalty for complexation. Evi-
dently, the three methylene groups in the aliphatic linkers of
receptor 2 are a good compromise between contradictory re-
quirements of adaptability and preorganization.


The picture emerging from the above data is strikingly
similar to what is well-known for simple crown ethers and
alkali metal cations, where K+ is preferred over all other
cations by a range of crowns irrespective of ring size, and


the strongest binding of all cations is observed for
[18]crown-6 irrespective of cation size.[47]


To test the importance of size complementarity in anion
recognition by our receptors, it would be valuable to com-
pare affinity of 1 and 2 towards fluoride and chloride
anions. Previous structural studies[37] have shown that 18-
membered cavity of receptor 1 was too small to accommo-
date Cl� , whereas F� fitted well. Accordingly, F� is bound
more strongly than chloride. In this case, however, geomet-
ric fit and hydrogen bond accepting ability work in concert
and it is impossible to judge their relative importance. More
significant would be the comparison of K(F�) and K(Cl�)
for 2, but unfortunately K(F�) is not an easily accessible
value. First of all, it is difficult to prepare fluoride solution
of exactly known concentration. Commercially available tet-
rabutylammonium fluoride is a hydrate having an unspeci-
fied water content, and drying it results in decomposition by
Hoffman elimination.[48] Our attempts to dissolve weighed
amounts of potassium or sodium fluoride in DMSO with the
aid of [2.2.2]cryptate were unsuccessful, although the
method worked well in acetonitrile.[49] Finally, we performed
NMR titrations of ligands 1, 2 and 4 using the solution of
tetrabutylammonium fluoride hydrate and estimated its con-
centration by integration of NMR spectra with respect to li-
gands. At the beginning of each titration, the amide NH sig-
nals broadened significantly, but narrowed again as the
amount of F� approached two equivalents. Near this point,
the NH signals of 1 and 2 split into doublets (J � 43 Hz) as
a result of H–F coupling, and stopped shifting. The tentative


assignment of the positions of these broad signals led to S-
shaped titration curves shown in the Figure 6.


Such a shape suggests multiple equilibria resulting from
formation of complexes of different stoichiometries. In this
case, however, this was simply due to partial coalescence of
the NH signals of free and complexed ligands. Using higher
field spectrometer (400 instead of 200 MHz), we were able


Figure 5. Plot of the logarithm of the association constant versus the size
of receptorRs cavity; ! H2PO4


� , * AcO� , & PhCOO� , ^ Cl� .


Figure 6. 1H NMR titration curves of ligands 1 (~), 2 (&) and 4 (*) with
fluoride anion.
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to separate these signals in the case of 2 (Figure 7a), partly
in 1, but still not 4. Unfortunately, broadening of NH signals
and progressing deuterium exchange precluded quantitative
determination of binding constants.


19F NMR spectra recorded at different F� to ligand ratio
provided direct insight into the solution structures of species
involved, owing to 1H–19F couplings through hydrogen
bonds[50] (Figure 7b).


The signal of the free fluoride anion at �97.0 ppm disap-
pears after addition of one equivalent of the ligand, and the
signal of complexed fluoride appears at �92.2 ppm for 1·F� ,
�107.6 ppm for 2·F� , and �108.0 ppm for 4·F� . At 2:1 F�-
to-ligand ratio, separate signals of free and complexed fluo-
ride are visible, indicating slow exchange; furthermore, in
the case of 1·F� and 2·F� the signal of encapsulated F� is a
well-resolved quintet (J�43 Hz); this indicates coupling of


the fluoride nucleus with all four NH protons of each
ligand. Moreover, four new signals are also apparent: quar-
tet, triplet, doublet and singlet, with the same coupling con-
stants. These originate from fluoride encapsulated within
partially deuterated ligands, lacking one, two, three or all
four protons, respectively (2H–19F coupling constants are
about seven times smaller than 1H–19F and could not be ob-
served in these relatively broad multiplets). The shift of
fluoride signal caused by each proton-to-deuterium ex-
change is similar and large enough (0.55 ppm in 1 and
0.59 ppm in 2) that these multiplets do not overlap. These
spectra constitute a direct evidence that, in the DMSO solu-
tions, the fluoride anion is encapsulated inside the macrocy-
clic cavities of tetraamides 1 and 2 by four NH···F� hydro-
gen bonds. Furthermore, the observation of separate signals
only from F� and 1:1 complexes strongly suggests that other
complexes are not present in detectable amounts under
these conditions. This is a non-trivial information, because
the reverse might be expected from the inspection of the ti-
tration curves from Figure 6, where the saturation point is
reached after addition of nearly two equivalents of fluoride
and also because multiplets in fluorine spectra appear only
in the presence of excess of fluoride. Perhaps the stability
constants of fluoride complexes are not large enough and
therefore the excess of the anion is required to achieve
100% complexation of receptors.


Larger excess of fluoride (4:1 anion-to-ligand ratio) re-
sults in significant deprotonation of all ligands with concom-
itant formation of bifluoride anions HF2


� and DF2
� , evi-


denced by a characteristic triplet in 1H NMR spectra (HF2
� :


t, 16.14 ppm, J=120 Hz) and doublet or triplet, respectively,
in 19F NMR spectra (HF2


� : d, �142.2 ppm, J=120 Hz, DF2
� :


t, �142.7 ppm, J=18 Hz).[51] Consequently, deuterium ex-
change with the [D6]DMSO solvent speeds up and multip-
lets in fluorine spectra gradually disappear.


Similar observations made re-
cently by Bowman-James and
co-workers[36] for hexaamide
cryptands 12 and 13 (Figure 8)
allow for interesting compari-
son. First, 1H–19F coupling con-
stants measured for bicyclic re-
ceptors (27 Hz for 12 and 14 Hz
for 13) were smaller than for
our tetraamides (43 Hz) suggest-
ing weaker N-H···F� hydrogen
bonds. This decrease in the
strength of each single hydrogen
bond is clearly related to the in-
creasing total number of hydro-
gen bonds, rising from four for
our tetraamides, to six in 12, and 9 in 13 (including three C-
H···F� hydrogen bonds). Second, deuterium exchange is
much slower in bicyclic receptors 12 and 13, achieving equi-
librium requires heating to 150 8C for 1 h, whereas monocy-
clic tetraamides 1, 2 and 4 are deuterated after a few hours
at room temperature. The chemical structure of these two


Figure 7. a) 1H NMR and b) 19F NMR spectra of ligand 2 with nBu4N
+F�


recorded at different F� to ligand ratio in [D6]DMSO.


Figure 8. Bicyclic receptors
studied by Bowman-James and
co-workers.[36]
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types of receptors is similar and suggests similar thermody-
namic acidity, therefore we ascribe their different behavior
to different topologies: proton abstraction from the cage
compounds 12 and 13 is apparently slower.


However, a large excess of fluoride was able to deproto-
nate our ligands to a significant extent, as judged by the in-
crease of bifluoride signal in 19F NMR spectra, whereas no
such observation was mentioned by Bowman-James and co-
workers.[36] So, the question whether the difference in the
rate of fluoride-facilitated deuterium exchange between
macrocyclic and macrobicyclic receptors is purely kinetic or
has also some thermodynamic origin requires further inves-
tigation.[52]


X-ray studies of anion complexes of macrocyclic receptors :
Structural studies of anion complexes in the solid state pro-
vide a valuable insight into binding modes and coordination
geometries, that may help in
the interpretation of the solu-
tion-phase results. Therefore,
we have made a considerable
effort to obtain crystals of
anion complexes of 2 and 4
suitable for X-ray analysis.


Complexes of 20-membered
ligand 2 : Careful layering of
hexane onto the solution of tet-
rabutylammonium chloride and
tetraamide 2 in CH2Cl2 afford-
ed, after a few days, long nee-
dles of the chloride complex of
2. Unfortunately, poor quality
of these crystals did not allow
for satisfactory refinement of
their structure. Therefore, we
used tetrapropylammonium cat-
ions as less flexible counterions,
and obtained, under the same
conditions, the X-ray quality
crystals of the desired complex.
All our efforts to grow crystals
of the acetate complex of 2
were unsuccessful, but slow
evaporation of a solution of 2
and tetrabutylammonium ace-
tate in acetonitrile gave high
quality single crystals of
2·CH3CN. Solid state structures
of both complexes are very sim-
ilar (Figure 9).


Each guest forms four,
almost equal hydrogen bonds
with all four amide hydrogen
atoms of the ligand. In order to
provide convergent hydrogen
bonds to the same acceptor, the


macrocycle adopts a highly bent shape, with an angle be-
tween the pyridine ring planes of 55.3 and 49.48, respective-
ly. Both guests sit on the top of the ligand, 1.81 O (Cl�) and
1.68 O (CH3CN) above the mean plane of four amide nitro-
gens. The chloride anion is bound only from the bottom (if
a weak, 2.82 O, intermolecular contact to the aliphatic hy-
drogen atom of neighboring macrocycle is neglected) and,
therefore, its coordination sphere may be described as pyra-
midal. This is in contrast to what was found for chloride and
fluoride complexes of a smaller, 18-membered macrocycle 1,
where both anions are coordinated by one water molecule
from the side opposite to the receptor.


The comparison of the X-ray crystal structures of receptor
2 and its chloride complex demonstrate the large extent to
which the ligand can change its conformation in order to
maximize binding with a guest. The angle between pyridine
ring planes is reduced from 1808 in the free ligand to 55.38


Figure 9. ORTEP view of the molecular structure of a) 2·(nPr)4N
+Cl� , b) 2·CH3CN. Displacement ellipsoids


are scaled to the 50% probability level. Dashed lines are indicative of hydrogen-bonding interactions.
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upon Cl� binding, much more than in smaller macrocycle
1—from 1808 to 157.48. This supports our hypothesis that
the better efficacy of receptor 2 results from its better
adaptability. It is also worth to note that even small chloride
anion is not truly encapsulated by the receptor 2, as it sits
above the plane of highly bent macrocycle. The same must
be true for larger anions, and this accounts for minor role of
size complementarity in anion recognition by receptor 2.


The large differences between the solid-state structures of
the free ligand 2 and its complexes pose a question whether
such conformational changes during anion binding take
place in solution too. Whereas the structure of chloride com-
plex in solution is probably well represented by the solid
state structure, the privileged conformation of the free
ligand is more ambiguous—it may either resemble the crys-
tal structure of free ligand with two DMSO molecules on
opposite sides as hydrogen bond acceptors, or may be simi-
lar to that found in the acetonitrile complex, with one
DMSO molecule in place of CH3CN. DMSO is a strong hy-
drogen bond acceptor and, therefore, such specific interac-
tions between the receptor and solvent are probable. If the
second possibility is true, anion binding would consist in a
simple guest exchange with little conformational change of
the host. It points to a possible double role of DMSO, which
strongly competes with anion binding, but probably also pre-
organizes the receptor. Unfortunately, it is difficult to get
experimental insight into such dynamic phenomena in solu-
tion due to the low solubility and high symmetry of our li-
gands, as well as high rate of these processes, leading to
averaged, but broadened NMR spectra. Boudon and
Wipff[53] used Monte Carlo simulations to show that specific
interactions with water molecules help to preorganize poly-
ammonium macrocycle toward anion binding.


In our opinion, the crystal structures of chloride and ace-
tonitrile complexes of 2 provide valuable inspiration for


future designs. Almost parallel mutual disposition of two
pyridine rings of 2 in these structures is reminiscent of calix-
arene in 1,3-alternate conformation. Taking into account the
well-known binding capabilities of calixarenes, it is worth to
consider the possibility of simultaneous, cooperative binding
of two guests by such receptors, equipped with appropriate
functionalities. Examination of the crystal structures of
above complexes from this point of view reveals that the
gaps between the pyridine rings are filled by aliphatic
groups. For example, in the chloride complex, receptor mol-
ecules lie side by side, forming a grove filled by aliphatic
chains of tetrapropylammonium cations.


Chloride complex of 24-membered ligand 4 : Vapor diffusion
of diethyl ether into the solution of macrocyclic tetraamide
4 and tetrabutylammonium chloride in 1,2-dichloroethane
gave monocrystals of the complex 4·TBA+Cl�·2.61H2O. The
X-ray analysis shows that there are two guests in the recep-
torRs cavity: a chloride anion and a water molecule
(Figure 10).


Each guest lies nearly in the plane of one 2,6-pyridinedi-
carbamoyl unit, chelated by two amide groups. The two
guests are connected by almost perfectly linear O-H···Cl�


hydrogen bond (O-H···Cl angle 177.28, H···Cl distance
2.30 O). The last, fourth hydrogen bond comes to Cl� from
another water molecule, which resides in the cavity of the
symmetrically related receptor. This gives rise to the forma-
tion of hydrogen bonded, centrosymmetric dimer, in which
rhombic (Cl�)2(H2O)2 cluster bridge the two molecules of 4.
Such chloride water cluster is a common motif in the solid
state.[41, 54,55]


Thus, the 24-membered macrocycle is clearly too large for
a single chloride anion. Nevertheless, the study of such geo-
metrically mismatched systems may give an interesting in-
sight into means, by which they adapt in order to maximize


Figure 10. ORTEP view of the molecular structure of 4·TBA+Cl�·2.61H2O. Left figure: top view. Right figure: rhombic cluster of two water molecules
and two Cl� ions joining two symmetrically equivalent macrocyclic receptors (only bottom one is shown) Hydrogen atoms and part of disorder have
been removed for clarity. (Displacement ellipsoids are scaled to the 50% probability level. Dashed lines are indicative of hydrogen-bonding interac-
tions).
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the number of noncovalent interactions. The sterically mis-
matching cation complexes of crown ethers have been al-
ready studied from this perspective.[56] The present structure
highlights the role of water molecules, that may fill the gaps
between small guests and too large hosts. It is worth to
remind here that we were unable to observe the well-de-
fined multiplets in the 19F NMR spectra of 4·F� . It might be
due to the involvement of water molecules in the solution
structure of this fluoride complex. Considering a very strong
interaction of water with anions (especially fluoride), it
seems reasonable to deliberately construct hosts able to ac-
commodate target anion together with a fraction of its hy-
dration sphere. Indeed, Burns and co-workers have shown
recently that anion complexation in a competitive solvent
may be enhanced when a solvent molecule is incorporated
into the binding motif.[57] Such a new strategy for the design
of anion receptors may be useful in applications like the
transport of anions through lipophilic channels or mem-
branes, were stripping off the solvation shell gives rise to
high energy barrier.[58] The chloride complex of 4 may be a
prototype receptor of this class.


Macrocyclic effect : Having established that the 20-mem-
bered macrocyclic tetraamide 2 is the most effective anion
receptor, we were interested whether its macrocyclic topolo-
gy was really indispensable for its effectiveness. To answer
this question, we resolved to synthesize the model acyclic
tetraamide 14 and compare its anion binding properties with
2. It may be argued that 14 consists of two rigid fragments
that are well-preorganized for anion binding by intramolecu-
lar hydrogen bonds, and therefore should not suffer very
much from the lack of macrocyclic topology. The open-
chain model receptor 14 was obtained in 91% yield from
amidoester 11 (Scheme 3).


The results of 1H NMR titrations are collected in Table 3.
Binding constants for the three anions studied are at least
20 times smaller for the acyclic receptor 14, despite its parti-
ally rigid structure.


To throw some light on the possible structural basis of
this large macrocyclic effect, we performed the X-ray analy-
ses of 14 (Figure 11) and its chloride complex (Figure 12).
Both crystals grew from the same crystalisation, during slow
diffusion of hexanes into the solution of 14 and TBACl in
1,2-dichloroethane.


In the structure of 14·2H2O there are two independent
molecules of the ligand in the unit cell, both having a similar


zig-zag shape stabilized by intramolecular NH···O=C hydro-
gen bonds (Figure 11).


In both molecules, one 2,6-bis(carbamoyl)pyridine frag-
ment chelates the carbonyl oxygen atom of the other, which
in turn binds a water molecule. If a similar conformation
predominates in solution too, the receptor may either bind
an anion with only two hydrogen bonds, like the water mol-
ecule in the crystal, or undergo a major conformational
change, accompanied with the breaking of two intramolecu-
lar hydrogen bonds, to bind an anion with all four amide
groups. No matter which possibility is realized, the net
energy gain in the complexation process comes from the for-
mation of just two new hydrogen bonds, instead of four, like
in the macrocyclic tetraamide 2. Thus, apart from increased
flexibility, also the competition from intramolecular hydro-
gen bonds may account for much worse anion binding prop-
erties of acyclic versus macrocyclic receptor.


The X-ray structure of 14 suggests also a plausible explan-
ation for poor results of macrocyclizations leading to 2 as
contrasted to those leading to 1. The linear triamide, precur-
sor of 2, may fold in a way similar to 14, adopting conforma-
tion that hampers macrocyclization. Such disadvantageous
conformation would be difficult to attain by analogous inter-
mediate, precursor of 1, having a shorter linker. According-
ly, 1 is obtained in 50% yield, whereas 2 in only 5.6%.


However, the NMR spectra of 14, taken at room tempera-
ture in DMSO solution, show an equivalence of both 2,6-
bis(carbamoyl)pyridine moieties. It means that either the
molecule adopts a more symmetrical conformation in solu-
tion than in the solid state, or there is a fast equilibrium be-
tween equivalent, folded conformations leading to time-
averaged spectra.


The X-ray analysis of the crystal structure of the chloride
complex of acyclic tetraamide 14 reveals that the ligand
wraps around anion to form four N-H···Cl� hydrogen bonds
(Figure 12). The coordination sphere of the anion is com-
pleted by one water molecule from the bottom and a tetra-
butylammonium cation from the top forming C-H···Cl� hy-
drogen bond. The conformation of the ligand 14 in the com-
plex is very different from that of the free 14, demonstrating
flexibility of the tetraamide lacking macrocyclic topology.


Although significant energetic cost of structural reorgani-
zation necessary for anion binding is probably responsible
for low binding constants of 14 in solution, the unconstrain-
ed acyclic tetraamide 14 can better adjust to the anionic
guest than macrocyclic 2, producing presumably more favor-
able arrangement in the solid state. Thus X-ray structures of


Scheme 3.


Table 3. Binding constants [m�1] for the formation of 1:1 complexes of 2
and 14 with various anions in [D6]DMSO at 298 K.[a]


Anion 2 14
NH1 NH2


Cl� 1931 45 45
AcO� 3241 163 160
H2PO4


� 7409 346 223


[a] Errors are estimated to be < 10%. Tetrabutylammonium salts were
used as anion sources.
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anion complexes of the acyclic model 14 may provide valua-
ble hints for the construction of the second-generation
anion receptors. First, the distance between the amide nitro-
gens connected by the linker is 3.67 O in the chloride com-
plex of 14, what is much shorter than the distance (5.61 O)
between the terminal amide nitrogens. This suggests that in
the macrocyclic receptor 2 at least one linker should be
longer, having four or five carbon atoms. Second, this re-
minds that even perfectly tailored macrocyclic receptors
leave apical positions empty and it would be advantageous
to equip it with pendant arms having, for example, hydroxy
groups able to provide additional binding.


Conclusion


A family of neutral, macrocyclic, tetraamide receptors of
different ring sizes was obtained without using the high dilu-
tion methodology. Hexaamides 6 and 7 as well as octa-
amides 9 and 10, also interesting as potential anion receptors,
were isolated as major synthetic by-products. The structure
and anion binding properties of this family of tetraamides
were studied using the X-ray diffraction analyses and the so-
lution-phase affinity measurements. The study revealed a
significant effect of the receptor size on its anion-binding
ability. Each anion, irrespective of its size or shape, binds
most strongly to the 20-membered macrocycle 2. Apparent-
ly, the size complementarity between an anion and the re-
ceptorRs cavity plays a secondary role here and does not de-
termine the mutual affinity. More likely, anion binding abili-


Figure 11. ORTEP view of the molecular structure of acyclic receptor 14 showing two nonequivalent, but similar, molecules and the network of hydrogen
bonds (dashed lines). Displacement ellipsoids are scaled to the 50% probability level.


Figure 12. ORTEP view of the molecular structure of 14·TBA+Cl�·3H2O. Left: numbering scheme. Right: coordination sphere of the chloride anion.
Dashed lines indicate hydrogen-bonding interactions. Displacement ellipsoids are scaled to the 50% probability level.


www.chemeurj.org E 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6080 – 60946090


J. Jurczak and M. J. Chmielewski



www.chemeurj.org





ty of our receptors depends on their flexibility, and receptor
2 is a good compromise between contradictory requirements
of adaptability and preorganization. Nevertheless, the geo-
metric fit manifests in exceptionally strong complexation of
Cl� by receptor 2.


Encapsulation of fluoride anion by tetraamide receptors 1
and 2 in DMSO solution was confirmed by the observation
of through-hydrogen-bond coupling between F� and amide
NH protons in 19F and 1H NMR spectra. Despite the mis-
match between the size of the F� and cavity of 24-mem-
bered receptor 4, no complexes of different than 1:1 stoichi-
ometry were detected, possibly due to the intervention of a
water molecule, able to fill the gap between the large recep-
tor and small guest anion.


The comparison of X-ray crystal structures of receptor 2
and its chloride complex demonstrated the large extent to
which the ligand can change its conformation in order to
adapt to a guest. This anion-induced conformational change
is much larger than that previously described for smaller
macrocycle 1, and thus supports our hypothesis, that better
efficacy of receptor 2 results from its better adaptability.
The crystallographic studies of the chloride complex of 2 re-
vealed also that even small chloride anion is not truly encap-
sulated by the receptor, as it sits above the plane of highly
bent macrocycle. This accounts for minor role of size com-
plementarity in anion recognition by receptors 1 and 2.


The macrocyclic topology of the receptor 2 is crucial for
its effectiveness, as revealed by comparison with its acyclic
analogue 14. This was explained by the X-ray crystallo-
graphic analysis, that showed the free ligand 14 in ill-preor-
ganized conformation, stabilized by two intramolecular hy-
drogen bonds. These hydrogen bonds have to be broken
during anion binding and, therefore, compete directly with
the latter process.


The receptor 2 is therefore proposed as the best candidate
for further modifications. Some possible improvements lead-
ing hopefully to better selectivity towards Cl� were suggest-
ed on the basis of X-ray analysis. They include introduction
of pendant arms bearing additional hydrogen bond donating
groups able to occupy axial positions of the chloride anion,
and slight enlargement of the receptorRs cavity by elongating
one aliphatic linker by one or two methylene units. In view
of these emerging directions of research, we have developed
a more convenient two-step synthesis of 2, which further-
more allows to obtain unsymmetrical receptors, having two
different linkers. Considering the recent report[59] on the sig-
nificantly improved anion-binding properties of tetrathioa-
mide derived from 1 in comparison with the parent com-
pound, we expect even better properties of the thioana-
logues of 2.


Experimental Section


Instrumentation and methods : NMR spectra were measured on Varian
Gemini 200 (1H: 200 MHz, 13C: 50 MHz) or Varian Mercury 400 (1H:
400 MHz, 19F: 376.4 MHz). Chemical shifts are given in ppm with the sol-


vent signals taken as internal standards (except for fluorine spectra,
where CFCl3 was used as internal standard); coupling constants are in
hertz. ESI mass spectra were obtained with a Mariner (ESI TOF) and
API 365 (ESI 3Q) mass spectrometers with methanol as the spray sol-
vent. Melting points are uncorrected.


Syntheses : All precursors for the syntheses were obtained from Aldrich
or Fluka and were used as purchased. Dimethyl 2,6-pyridinedicarboxylate
was obtained by esterification of 2,6-pyridinedicarboxylic acid according
to excellent literature procedure.[60] TLC was carried out on Merck silica
gel 60 F254 aluminium plates; for column chromatography, Merck silica
gel 60 with a mesh size of 63–100 mm was used. Macrocycles under study
gave unsatisfactory elemental analyses due to solvent molecules encapsu-
lated in the crystals. This phenomenon is well known and, even after pro-
longed heating in high vacuum, the solvents can still be detected in the
NMR spectra. The isotope patterns obtained by ESI-MS spectra are,
however, consistent with those calculated on the basis of natural isotope
abundances and thus confirm the elemental composition.


Reaction of dimethyl 2,6-pyridinedicarboxylate with 1,3-diaminopropane :
Dimethyl 2,6-pyridinedicarboxylate (3.903 g, 20 mmol) and 1,3-diamino-
propane (1.482 g, 20 mmol) were dissolved in methanol (200 mL) and left
at room temperature over a period of 7 d.


Isolation of 6 and 9 : The precipitate containing hexaamide 6 and octa-
amide 9 was filtered, washed with methanol and subjected to chromatog-
raphy on a silica gel (200 g) column eluted with 6% CH3OH in CH2Cl2.
Pure 6 was obtained together with slightly contaminated 9. Octaamide 9
was further purified on 100 equivalents of silica gel by using first 6–9%
mixtures of methanol and ethyl acetate (to remove less polar impurities)
and than 10% methanol in CH2Cl2 to wash out the desired product.


Hexaamide 6 : Yield: 318 mg, 7.7%; m.p. >350 8C; 1H NMR (200 MHz,
[D6]DMSO): d=9.45 (t, J=6.0 Hz, 6H; NH), 8.17 (m, 9H; CHarom.), 3.46
(q, J=6.6 Hz, 12H, CH2), 1.89 (quintet, J=6.6 Hz, 6H); 13C NMR
(50 MHz, [D6]DMSO): d=162.9 (48), 148.6 (48), 139.4 (38), 124.1 (38),
36.2 (28), 30.4 (28); HR MS (ESI): m/z : calcd for C30H33N9O6Na:
638.2452, found: 638.2459 [M+Na]+ .


Octaamide 9 : Yield: 255 mg, 6.2%; m.p. >350 8C; 1H NMR (200 MHz,
[D6]DMSO): d=9.43 (t, J=6.3 Hz, 8H; NH), 8.18 (m, 12H; CHarom.),
3.43 (brm, 16H; CH2), 1.82 (brm, 8H; CH2);


13C NMR: due to the low
solubility of 9 the spectrum was unachievable; HR MS (ESI): m/z : calcd
for C40H44N12O8Na: 843.3297, found: 843.3323 [M+Na]+ .


Isolation of 2 : The filtrate from above reaction mixture was evaporated
to dryness, and the remaining was purified by chromatography on a silica
gel (100 g) column by using gradient elution with mixtures of CH2Cl2 and
CH3OH (7!10%). All fractions containing 2 were combined and chro-
matographed again on 100 equivalents of silica gel using 6–7% mixtures
of methanol and ethyl acetate to give 2 (230 mg, 5.6%). M.p. >350 8C;
1H NMR (200 MHz, [D6]DMSO): d=8.96 (t, J=5.6, 4H; NH), 7.86 (m,
6H; CHarom.), 3.54 (brm, 8H; CH2), 2.05 (brm, 4H, CH2);


13C NMR
(50 MHz, [D6]DMSO): d=162.5 (48), 148.2 (48), 138.8 (38), 123.3 (38),
39.2 (28), 26.2 (28); HR MS (ESI): m/z : calcd for C20H22N6O4Na:
433.1595, found: 433.1617 [M+Na]+ .


Reaction of dimethyl 2,6-pyridinedicarboxylate with 1,5-diaminopentane :
Dimethyl 2,6-pyridinedicarboxylate (3.903 g, 20 mmol) and 1,5-diamino-
pentane (2.044 g, 20 mmol) were dissolved in methanol (200 mL) and left
at room temperature for at least one weak. After this time the precipitate
was filtered off and the filtrate was evaporated to dryness. The residue
was purified by chromatography on a silica gel (250 g) column using 5%
CH3OH in CH2Cl2. The separation process was followed by TLC (plates
were developed twice in ethyl acetate/methanol 9:1). Tetraamide 4
(350 mg, 7.5%) was obtained together with a mixture of hexaamide 7
and octaamide 10 (ca. 600 mg). These two compounds were separated on
a second column, using silica gel (200 g) and 5% CH3OH in CH2Cl2 as
an eluent. Pure hexaamide 7 (299 mg, 6.4%) and octaamide 10 (110 mg,
2.4%) were obtained together with an unseparated mixture of these com-
pounds (185 mg).


Tetramide 4 : M.p. >350 8C; 1H NMR (200 MHz, [D6]DMSO): d=9.31 (t,
J=5.6, 4H; NH), 8.07 (m, 6H, CHarom.), 3.42–3.23 (brm, 8H; CH2), 1.64
(brm, 8H; CH2), 1.39 (brm, 4H; CH2);


13C NMR (50 MHz, [D6]DMSO):
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d=163.0 (48), 148.5 (48), 139.3 (38), 123.8 (38), 39.1 (28), 28.4 (28), 23.9
(28); HR MS (ESI): m/z : calcd for C24H30N6O4Na: 489.2221, found:
489.2241 [M+Na]+ .


Hexaamide 7: M.p. 342–345 8C; 1H NMR (200 MHz, [D6]DMSO): d=


9.26 (t, J=6.0 Hz, 6H; NH), 8.15 (m, 9H; CHarom.), 3.37 (m, 12H, over-
lapping with water signal; CH2), 1.62 (m, 12H), 1.40 (m, 6H); 13C NMR
(50 MHz, [D6]DMSO): d=162.9 (48), 148.7 (48), 139.4 (38), 124.0 (38),
38.8 (28), 29.3 (28), 24.1 (28); HR MS (ESI): m/z : calcd for
C36H45N9O6Na: 722.3385, found: 722.3393 [M+Na]+ .


Octaamide 10 : M.p. 303–306 8C; 1H NMR (200 MHz, [D6]DMSO): d=


9.27 (t, J=6.0 Hz, 8H; NH), 8.12 (m, 12H, CHarom.), 3.44–3.24 (brm,
16H), 1.59 (brm, 16H), 1.36 (brm, 8H); 13C NMR (50 MHz,
[D6]DMSO): d=163.0 (48), 148.7 (48), 139.3 (38), 124.0 (38), 38.8 (28),
29.2 (28), 24.1 (28); MS (ESI): m/z : calcd for C48H60N12O8: 955, found:
955.5 [M+Na]+ .


Amidoester 11: A solution of sodium methoxide was prepared by dissolv-
ing sodium metal (0.7 g, 30 mmol) in methanol (100 mL). In this solution
a dimethyl 2,6-pyridinedicarboxylate (7.807 g, 40 mmol) and 1,3-diamino-
propane (0.743 g, 10 mmol) was dissolved. After one week at room tem-


perature the solvent was removed on vacuum evaporator, and the re-
maining mixture was separated on silica gel (300 g) using CH2Cl2/
CH3OH 98:2 as an eluent. The unreacted substrate (2.080 g, 26.6%) and
amidoester 11 (1.850 g, 46.2% based on amine) were obtained after the
purification. M.p. 118–121 8C; 1H NMR (200 MHz, [D6]DMSO): d=8.73
(t, J=6.0 Hz, 2H; NH), 8.26–8.10 (m, 6H; CHarom.), 3.92 (s, 6H; CH3),
3.40 (q, J=6.4 Hz, 4H; CH2), 1.81 (quintet, J=6.6 Hz, 2H; CH2);
13C NMR (50 MHz, [D6]DMSO): d=164.6, 163.2, 150.3, 146.4, 139.2,
127.0, 125.1, 52.6, 36.8, 29.3; HR MS (ESI): m/z : calcd for
C19H20N4O6Na: 423.1275, found: 423.1260 [M+Na]+ ; elemental analysis
calcd (%) for C19H20N4O6 (400.39): C 57.00, H 5.03, N 13.99; found: C
56.73, H 5.14, N 13.82.


Tetraamide 14 : Methylamine (0.50 mL 8m solution in ethanol, 4 mmol)
was added to the solution of amideoester 11 (0.400 g, 1 mmol) in metha-
nol (10 mL). After one week the solvent was evaporated and the product
purified on a chromatographic column from silica gel (30 g) using 3%
methanol in dichloromethane as an eluent (382 mg, 90.6%). M.p. 213–
214 8C; 1H NMR (200 MHz, [D6]DMSO): d=9.47 (t, J=6.1 Hz, 2H;
NH), 9.26 (q, J=5.5 Hz, 2H; NH), 8.18 (m, 6H; CHarom.), 3.46 (q, J=
6.2 Hz, 4H; CH2), 2.90 (d, J=4.8 Hz, 6H; CH3), 1.89 (quintet, J=6.6 Hz,


Table 4. Crystallographic data for new structures.


Identification
code


2 4 2·CH3CN 2·Cl� 4·Cl� 14 14·Cl�


empirical for-
mula


C20H22N6O4 C24H30N6O4 C22H25N7O4 C32H50ClN7O4 C40H71.22ClN7O6.61 C38H48N12O10 C35H64ClN7O7


Mw 410.43 466.54 451.50 632.24 791.47 832.88 730.38
T [K] 120(2) 100(2) 120(2) 293(2) 100(2) 120(2) K 120(2)
l [O] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 O 0.71073
crystal
system


monoclinic monoclinic orthorhombic monoclinic triclinic triclinic monoclinic


space group P21/c P21/c Pnma P21/c P1̄ P1̄ P21/n
a [O] 10.077(2) 11.0917(10) 17.711(4) 12.7159(18) 11.6383(6) 7.1976(14) 9.933(2)
b [O] 10.042(2) 10.6950(8) 13.595(3) 17.4208(19) 13.0528(8) 12.281(3) 19.408(4)
c [O] 9.6014(19) 10.2747(8) 9.2556(19) 17.196(2) 15.1161(8) 22.685(5) 21.660(4)
a [8] 90 90 90 90 84.214(5) 88.61(3) 90
b [8] 100.67(3) 110.970(8) 90 108.992(12) 76.575(5) 87.35(3) 90.54(3)
g [8] 90 90 90 90 75.233(5) 82.60(3) 90
V [O3] 954.9(3) 1138.12(16) 2228.5(8) 3601.9(8) 2157.7(2) 1986.1(7) 4175.4(14)
Z 2 2 4 4 2 2 4
1calcd [gcm�3] 1.427 1.361 1.346 1.166 1.218 1.393 1.162
m [mm�1] 0.103 0.095 0.096 0.149 0.142 0.103 0.142
F(000) 432 496 952 1360 860 880 1584
crystal size
[mm]


0.52P0.50P0.02 0.54P0.28P0.09 0.57P0.34P0.17 0.12P0.16P0.90 0.79P0.13P0.11 0.68P0.24P0.13 0.73P0.25P0.11


range of q [8] 3.37 to 29.99 2.85 to 28.74 2.66 to 30.00 2.76 to 28.79 2.77 to 30.00 3.15 to 28.76 3.29 to 32.50
index ranges �14�h�13 �14�h�14 �24�h�24 �16�h�16 �16�h�16 �8�h�9 �12�h�14


�13�k�14 �14�k�14 �19�k�19 �22�k�23 �18�k�18 �16�k�16 �28�k�29
�13� l�12 �13� l�13 �13� l�13 �21� l�22 �21� l�21 �30� l�30 �28� l�32


reflns (col- 15584/2755 20919/2840 49451/3366 31993/8811 76064/12561 18339/9299 57540/13669
lected/
unique)


[R(int)=0.0377] [R(int)=0.0312] [R(int)=0.0348] [R(int)=0.0951] [R(int)=0.0658] [R(int)=0.0237] [R(int)=0.0440]


refinement
method


full-matrix least
squares on F 2


full-matrix least
squares on F 2


full-matrix least
squares on F 2


full-matrix least
squares on F 2


full-matrix least
squares on F 2


full-matrix least
squares on F 2


full-matrix least
squares on F 2


data/restr./
param.


2755/0/181 2840/0/215 3366/0/213 8811/18/416 12561/15/780 9299/0/723 13669/0/686


GooF 1.124 1.042 1.050 0.861 1.022 1.050 0.964
R indices
[I > 2s(I)]
R1 0.0595 0.0397 0.0436 0.0650 0.0576 0.0475 0.0544
wR2 0.1737 0.0991 0.1175 0.1582 0.1500 0.1342 0.1440
R indices
(all data)
R1 0.0685 0.0611 0.0476 0.2308 0.0857 0.0656 0.0874
wR2 0.1874 0.1181 0.1221 0.2312 0.1746 0.1591 0.1709
extinction
coefficient 0.002(6) 0.008(3) 0.0111(14) 0.0031(8) 0.0083(18) 0.0023(12) 0.0009(5)
D1max/1min


[eO�3]
0.615/�0.360 0.366/�0.316 0.471/�0.246 0.342/�0.255 0.989/�0.584 0.377/�0.274 0.672/�0.367
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2H; CH2);
13C NMR (50 MHz, [D6]DMSO): d=163.4, 163.2, 148.6, 148.5,


139.4, 123.9, 36.6, 29.8, 25.8; HR MS (ESI): m/z : calcd for
C19H22N6O4Na: 421.1595, found: 421.1609 [M+Na]+ ; elemental analysis
calcd (%) for C19H22N6O4 (398.42): C 57.28, H 5.57, N 21.09; found: C
56.96, H 5.71, N 20.84.
1H NMR titrations : All salts and ligands were pre-dried under high
vacuum at 60 8C. [D6]DMSO of 99.9% isotopic purity, purchased from
ARMAR AG, was used as received. Varian Gemini 200 spectrometer
was used for titration experiments (1H: 200 MHz).


A 2.6 �17 mm solution of a ligand (0.45–0.60 mL) was titrated in NMR
tubes with 10–40 mL aliquots of a solution of respective tetrabutylammo-
nium salt (50–160 mm). The shifts of the proton signals were monitored
and 12–16 data points were recorded. Association constants were calcu-
lated from changes in chemical shifts in ligandsR amide hydrogens. Non-
linear curve fit for simple 1:1 binding model was carried out with the
Origin program. Association constants K and asymptotic change in chem-
ical shift Ddmax were set as free parameters for fitting. Dilution of a
ligand was taken into account in the following equation:


Dd ¼
Ddmax


�
VL
VþX


þ AX
VþX


þ 1
K


�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
VL
VþX


þ AX
VþX


þ 1
K


�
2 � 4


�
VL
VþX


��
AX
VþX


�s �
2VL
VþX


where Dd is the chemical shift change at given point (ppm); Ddmax, the
asymptotic, maximum change in chemical shift (parameter, ppm); X, the
amount of an anion salt solution added to the NMR tube (mL); L, the
initial concentration of a ligand solution (moldm�3); A, the concentration
of an anion salt solution (TBAX, moldm�3); V, the initial volume of a
ligand solution in the NMR tube (mL); K, the association constant (pa-
rameter, mol�1 dm3).


X-ray crystallographic study : The X-ray measurements were undertaken
in the Crystallographic Unit of the Physical Chemistry Lab. at the
Chemistry Department of the University of Warsaw. Crystal data and de-
tails of the crystal structure determinations are presented in Table 4. The
intensity data were collected by using Kuma KM4CCD diffractometer,
using the omega scan mode. Data were corrected for decay, Lorentz and
polarization effects. The structure was solved by direct methods[61] and re-
fined using SHELXL.[62] All non-hydrogen atoms were refined anisotrop-
ically. All hydrogen atoms were found from a difference density map and
refined without any constraints.


CCDC-229349 (2), -264724 (4), -264726 (14), -264723 (2·Cl�), -229350
(2·CH3CN), -264725 (4·Cl�), -264727 (14·Cl�) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif
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c) D. T. Gryko, P. Pia̧tek, A. Pȩcak, M. Pałys, J. Jurczak, Tetrahedron
1998, 54, 7505–7516; d) D. Gryko, D. T. Gryko, H. Sierzputowska-
Gracz, P. Pia̧tek, J. Jurczak, Helv. Chim. Acta 2004, 87, 156–166.


[40] A. Szumna, D. T. Gryko, J. Jurczak, Heterocycles 2002, 56, 361–368.
[41] A. Szumna, J. Jurczak, Helv. Chim. Acta 2001, 84, 3760–3765.
[42] Y. H. Kim, J. Calabrese, C. McEwen, J. Am. Chem. Soc. 1996, 118,


1545–1546.
[43] L. Fielding, Tetrahedron 2000, 56, 6151–6170.
[44] NIST Chemistry WebBook, http://webbook.nist.gov/chemistry/
[45] The lack of correspondence between anion basicity and the stability


of its complexes has been already noticed by many authors, see for
example: a) I. Stibor, D. S. M. Hafeed, P. Lhot[k, J. Hodačov[, J.
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Synthesis and Small Molecule Reactivity of Uranium(iv) Alkoxide
Complexes with both Bound and Pendant N-heterocyclic Carbene Ligands


Polly L. Arnold,* Alexander J. Blake, and Claire Wilson[a]


Introduction


N-heterocyclic carbenes (NHCs) are most well-known as
strong s-donor ligands for electronegative metals, providing
stabilisation of the metal centre in many homogeneous cata-
lysts based on ruthenium(ii) and palladium(0).[1] In contrast
to alkyl phosphines, carbenes are also recognised now as ef-
fective ligands for high oxidation state metal complexes.[2–5]


We have shown how the incorporation of an anionic func-
tional group into an NHC-based ligand stabilises electropos-
itive metal cations, and have made NHC complexes of po-
tassium(i) (A) and uranium(vi) (B) cations using uninegative
alkoxide-NHC-L (where L=OCMe2CH2[1-
C(NCHCHNiPr)]) and amido-NHC ligands.[6,7]


The U�C(carbene) bond in complex B is most simplisti-
cally viewed as a two-electron dative bond. Two trivalent
and one tetravalent adduct of the simplest NHC, C-
(NMeCMe)2, have been reported recently, in which the
NHC is used as a two-electron donor ligand to control the
compounds1 nuclearity.[8,9] However, the potential for in-
volvement of the NCN p system in additional bonding inter-
actions with the metal has been suggested for some electro-
positive metal systems, by inspection of crystallographic
data and some DFT calculations.[10,11]


A small number of complexes of strongly Lewis acidic
metals that contain an adjacent, hemilabile or uncoordinat-
ed Lewis base ligand, such as 3,3’-bis(phosphinoylalkyl)-1,1’-
bi-2-naphtholate adducts of aluminium(iii), titanium(iv), and
lanthanide(iii), C have been demonstrated to be active and
selective bifunctional catalysts, capable of activating two dif-
ferent substrates.[12–15] Since N-heterocyclic carbenes are
very effective Lewis base catalysts,[16] we have sought to
identify whether Lewis acidic metals can be combined with
suitably labile NHCs to provide a new class of bifunctional
catalysts, especially since chiral L analogues can be made
from enantiopure epoxides.[17] To use the NHC reactivity in
combination with the reactivity and variety of accessible oxi-
dation states available to uranium coordination complexes,
we have studied the complexation of the bidentate alkox-
ide–carbene L, where L=OCMe2CH2[1-C(NCHCHNiPr)],
to uranium cations. Herein, we present the synthesis of ura-
nium(iv) complexes that contain both bound and free N-het-
erocyclic carbenes that are tethered by alkoxide functional


Abstract: The syntheses of two tetrava-
lent uranium alkoxide-carbene com-
plexes are reported, [UIL3], and
[UL4] where L=OCMe2CH2[1-
C(NCHCHNiPr)]. The latter shows dy-
namic behaviour of the alkoxycarbene
ligands in solution at room tempera-
ture, and the crystal structure of [UL4]
shows that one carbene group remains


uncoordinated. The unbound N-hetero-
cyclic carbene group is trapped by a
range of reagents such as 16-valence-
electron metal carbonyl fragments and


BH3 moieties, forming, for example,
[UL3(m-L)W(CO)5], [UL2(m-
L)2Mo(CO)4], and [ULn(L-BH3)4�n]
(n=1–4), demonstrating the potential
for these hemilabile electropositive
metal–carbene complexes to partici-
pate in the bifunctional activation of
small molecules.
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groups, and the use of this hemilability to study the suitabili-
ty of such combined Lewis acid–base systems for binding
and functionalising small molecules.


Results and Discussion


The reaction of uranium triiodide with the potassium alkox-
ide-NHC (KL), affords two disproportionation products: a
tetravalent uranium complex and one quarter molar equiva-
lent of uranium metal. Thus the reaction using 2.25 equiva-
lents of KL affords the uranium iodide tris(ligand) complex
1, [UIL3], which is isolated as a dark golden-coloured
powder in excellent yield (Scheme 1). The 1H NMR spec-


trum of 1 is spread between d=++10 and �30 ppm, in agree-
ment with the formulation of 1 as a uranium(iv) complex,
and with elemental analysis data. However, the methyl
group resonances are broadened (fwhm ~2000 Hz); this
could be attributable to steric crowding at the tetravalent
metal cation, or to a fluxional process. All single crystals of
1 grown for X-ray diffraction studies have so far been glassy,
and afforded no diffraction pattern.


The reaction of uranium triiodide[18] with three equiva-
lents of KL gives a more unusual complex (Scheme 1).
After work-up, an emerald green, toluene-soluble complex
formulated as [UL4], 2, is isolated in good yield. This is
shown by NMR spectroscopy and crystallography to contain
a seven-coordinate uranium(iv) centre, and one unbound
NHC group. To the best of our knowledge, this is the first
example of a metal complex that contains a free NHC
group, and is surprising since the NHC group is such a
strong nucleophile. Previously, from reactions of softer
metal halides with sterically encumbered NHC ligands, we
have isolated complexes that immediately abstract a proton
from the solvent; for example [Ru(1-Me-4-iPrC6H4)
[OCPh{CH2[1-C(NCHCHNtBu)]}{CH2[1-
CH(NCHCHNtBu)]Cl}]Cl containing a pendant imidazoli-
um cation rather than a free NHC group was isolable in


good yield from the reaction between [{Ru(1-Me-4-iPr-
C6H4)Cl2}2] and the lithium alkoxydicarbene
[LiOCPh(CH2{1-C[NCHCHNtBu]})2].


[3] The complex 2 crys-
tallises readily as large, gem-like crystals; so far two mor-
phologies have been crystallised, from toluene (see
Figure 1) and benzene (see ESI) but in each case with the
same general structure, and no measurable intermolecular
contacts with the free NHC group.


The 1H NMR spectrum of 2 at room temperature contains
only two very broad resonance signals of approximately
equal intensity, centred at d=17 ppm and d=�6 ppm. Cool-
ing a [D8]toluene solution of 2 to 228 K demonstrates that
the presence of the two signals is due to a dynamic equilibri-
um process, and at 228 K, the sharp 1H NMR spectrum an-
ticipated for a UIV complex is observed, spanning a wide
(for UIV) range of d=95 to �60 ppm, assignable to four sep-
arate ligand environments. The fluxional process associated
with this large change in chemical shift is assumed to be the
exchange of free- for uranium-coordinated carbene groups.
EI mass spectra of the complex show clean fragmentation
patterns for the loss of imidazole-derived groups, and then
complete L ligands.


Although uranium(iv) organometallic complexes with
supporting cyclopentadienide ligands are common now,[19] to
the best of our knowledge, the only other crystallographical-
ly characterised uranium(iv) organometallic compound with
four sigma-bound hydrocarbyl groups is [UMeBz3-
(Me2PCH2CH2PMe2)].


[20]


The most interesting feature of the structure of 2 is the
unbound carbene group, which is tethered to the seven-coor-
dinate metal centre through only the alkoxide group.


The coordination geometry about the uranium centre is
pentagonal bipyramidal. The U�C(carbene) distances are


Scheme 1.


Figure 1. Displacement ellipsoid drawing of 2. Hydrogen atoms and lat-
tice solvent omitted for clarity. Selected distances [L] and angles [8]: U1�
O(av) 2.203, U1�C21 2.748(3), U1�C31 2.799(3), U1�C41 2.696(3), N11�
C11 1.373(4), N21�C21 1.365(4); N12-C11-N11 101.3(2), N21-C21-N22
102.1(2).


www.chemeurj.org C 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6095 – 60996096



www.chemeurj.org





similar (av 2.75 L), with no significant distortions in the
M�CN2 fragment away from the anticipated trigonal planar.
The bite angles of the three bound ligands are 66.6, 69.7,
and 73.18. The average U�O distance of 2.203 L is long—
simple UIV–O(alkoxide) distances are normally less than
2.1 L.[21–23] In the eight-coordinate tetrakis(hexafluoroaceto-
nylpyrazolido)uranium(iv) complex, the U�O distances are
2.24 L.[24] The U�C distance in 2 is significantly longer than
that in the only other tetravalent uranium NHC adduct, [U-
(C5Me5)2(=O)(C{NMeCMe}2)], which has a U�C distance of
2.639(9) L.[9] All the U�C bonds in 2 are longer (within
e.s.d.s) than those in the trivalent complex [U{N(SiMe3)2}3-
{C(NMeCMe)2}] (2.672(5) L), the U�C distance in the other
trivalent complex, [U(AdArtacn){C(NMeCMe)2}], is
2.789(14) L. Normal UIV�Calkyl distances are approximately
2.45 L.[25] There is no evidence of any interaction with lat-
tice solvent or adjacent molecules in the structure.


We have studied some reactions to trap the free NHC to
eliminate the dynamic equilibrium process, and to see if the
NHC behaves as a simple carbene ligand to bring in poten-
tially reactive fragments or molecules to the primary coordi-
nation sphere of the uranium cation.


Treatment of 2 with one equivalent of [W(coe)(CO)5]
(coe=cyclooctene) results in the liberation of coe and a
brown product, which contains carbonyl stretching frequen-
cies in the FTIR spectrum at 2059 and 1908 cm�1 consistent
with the quantitative formation of the eighteen-electron
tungsten complex [(OC)5W{[1-C(NiPrCHCHN)]CH2C-
Me2O]}UL3], [UL3(m-L)W(CO)5] (3 ; Scheme 2). For com-
parison, the FTIR spectrum of the complex [W(CO)5-
{C(NEtCH2)2}] contains intense bands 2062 and
1919 cm�1.[26]


Similarly, the reaction of 2 with one equivalent of [Mo-
(nbd)(CO)5] (nbd=norbornadiene) affords a paler green
product after workup, formulated as the eighteen-electron
molybdenum complex [(OC)4Mo{[1-C(NiPrCHCHN)]CH2C-
Me2O}2UL2], [UL2(m-L)2Mo(CO)4] (4), in which the two
NHC groups are mutually cis according to the FTIR spec-
trum. Carbonyl stretching frequencies are measured at 1986,
1868, 1847, and 1813 cm�1; these are comparable with the
values of 1993, 1870, 1862, and 1839 cm�1 reported for cis-
[Mo(CO)4{C(NEtCH2)2}].


[27,28] Both 3 and 4 lose all solubili-
ty in common organic solvents over time, so whilst combus-
tion analysis can be obtained to confirm the formulation of
4, no structural or clean solution NMR spectroscopic data
can be obtained. A formulation for 4 is suggested in


Scheme 2, but presumably both products rearrange over
time to form polymeric uranium isocarbonyl-containing
compounds.[29–32]


The reaction of 2 with the borane BH3·SMe2 affords the
borane adduct, [UL3{[1-CBH3(NiPrCHCHN)]CH2CMe2O}],
[U(L)3(L-BH3)] (5) [Eq. (1)], a less-soluble, paler grass
green complex, which can be recrystallised from THF or tol-
uene. The reaction is essentially quantitative, and there is no
evidence of SMe2 incorporation. Interestingly, a second
equivalent of BH3·SMe2 reacts to afford a grass-green com-
plex formulated as [UL2{[1-CBH3(NiPrCHCHN}]CH2C-
Me2O}2], [UL2(L-BH3)2] (6) [Eq. (1)]. Titration shows that
up to four equivalents of BH3·SMe2 are consumed by 2 ; the
solubility of the product decreases with each BH3 addition,
so it is assumed that the homoleptic [U{[1-
CBH3(NiPrCHCHN)]CH2CMe2O}4] is the final product.
The solid-state molecular structure of the mono-BH3


adduct, 5, determined from a single-crystal diffraction study,
is virtually identical to that of 2 (Figure 2). The 1H NMR


spectra of 5 and 6 show no dynamic equilibria, but the
13C NMR spectra show neither a resonance for the borane-
bound carbene carbon atom, nor any free or uranium-bound


Scheme 2.


Figure 2. Displacement ellipsoid drawing of 5. All except borane group
hydrogen atoms omitted for clarity. Selected distances [L] and angles [8]:
B1�C11 1.609(7), U1�O(av) 2.202, U1�C21 2.794(5), U1�C31 2.752(5),
U1�C41 2.674(5), N11�C11 1.364(6), N41�C41 1.367(6); N12-C11-N11
104.5(4), N41-C41-N42 102.5(4).
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carbene carbon atoms, due to coupling to the quadrupolar
boron atom, and the paramagnetism of UIV.


The average U�C(carbene) bond length is 2.740 L, com-
pared with 2.747 L in the two crystal structures of 2. The
average U�O bond length is unchanged from that in 2.


The C(carbene)–B(borane) bond of 1.609(7) L is compa-
rable with that in the Lewis acid–base adduct 1-CBH3-
(NEtCMe)2 of 1.604 L.[33] The borane hydrogen atoms were
located in the difference Fourier map. Thus, the tethered
carbene group has also facilitated the isolation of the first
stable, neutral borane adduct of an f-element cation.[34–36]


To conclude, the use of large metal cations has allowed
the isolation of the first complexes to contain both bound
and free NHC functional groups. In the tetrakis(carbene)
complex, the fast exchange processes that interconvert free
and bound NHC groups can be slowed by cooling, or stop-
ped by complexation of a Lewis acid. For uranium(iv), the
displacement of further carbenes is straightforward, and
allows other metal fragments or functional groups to be
brought into the coordination sphere of the uranium(iv)
metal cation. We are currently investigating the reactivity of
these systems and analogues with chiral alkoxycarbene li-
gands towards other small molecules and organic substrates.


Experimental Section


General details : All manipulations of air-sensitive materials were carried
out under a dry, oxygen-free argon or dinitrogen atmosphere, using stan-
dard Schlenk techniques (rotary pump for vacuum 10�4 mbar) or in a
glove box (Mbraun Unilab or Saffron) under dry dinitrogen. All NMR
spectra were recorded on a Bruker DPX 300 spectrometer, operating fre-
quency 300 MHz (1H), 75 MHz (13C), variable temperature unit set to
300 K unless otherwise stated. Chemical shifts are reported in parts per
million, and referenced to residual solvent proton resonances calibrated
against external TMS. IR spectra were recorded in the range 400–
4000 cm�1 on a Nicolet Avatar 360 FT-IR spectrometer as nujol mulls be-
tween KBr discs. Mass spectra (EI, ES and FAB) were run by Mr. Tony
Hollingworth on a VG autospec instrument. Elemental analyses were de-
termined by Dr. Stephen Boyer at London Metropolitan University. X-
ray diffraction data were collected on a Bruker SMART1000 CCD area
detector diffractometer. Structure solution and refinement were carried
out using the SHELX suite of programs.


All solvents used (diethyl ether, tetrahydrofuran, hexane, toluene, di-
chloromethane, 1,2-dichloromethane, acetonitrile and pyridine) were pu-
rified by passage through activated alumina towers prior to use, and thor-
oughly degassed prior to use. NMR spectroscopic grade [D6]benzene was
dried over potassium metal, thoroughly degassed by the freeze–thaw
method and transferred under reduced pressure before use.


Synthesis of [UIL3] (1): A cream solution of KL (82 mg, 0.346 mmol,
5 mL) in THF was added dropwise over 2 min to a cold, dark blue slurry
of [UI3(thf)4] in THF (140 mg, 0.154 mmol, 10 mL, �30 8C), with stirring.
The mixture was allowed to warm to room temperature over 16 h. After


this time, the brown supernatant was isolated from the grey precipitate
by filtration. Concentration, then cooling of the brown solution to �30
8C, afforded an orange powder characterised as 1, in 80.2% yield, 84 mg
(based on calculated UIV).
1H NMR ([D6]benzene, 300 MHz, 300 K): d=8.4 (br, 3H) , 3.8 (br, 6H),
�9.9 (br, 6H), �12.6 (br s, fwhm 2400 Hz, 18H), �25.0 ppm (br s, fwhm
1650 Hz, 18H); MS (EI): m/z (%): 532 ([ULI�CH2]


+ , 10), 337 ([UOC-
Me2CH2NCH]+ , 4), 181 ([L]+ , 30), 121 ([iPrNCCHCHNC]+ , 100); ele-
mental analysis calcd (%) for C30H51N6O3IU: C 39.65, H 5.65, N 9.25;
found: C 39.74, H 5.91, N 9.18.


Synthesis of [UL4] (2): A cream solution of KL (1.819 g, 8.1 mmol,
20 mL) in THF was added dropwise over 10 min to a cold, dark blue
slurry of [UI3(thf)4] in THF (2.50 g, 2.7 mmol, 20 mL, �78 8C), with stir-
ring. The mixture was allowed to warm to room temperature over 16 h.
After this time, the brown supernatant was isolated from the grey precip-
itate by filtration, and volatiles were removed under reduced pressure.
Extraction with toluene, followed by concentration, then cooling of the
brown solution to �30 8C, afforded a green microcrystalline solid charac-
terised as 2, in 78.2% yield, 2.008 g (based on calculated UIV maximum).
Single crystals suitable for X-ray analysis were grown from a saturated
toluene solution of 2 at �5 8C. Another set of single crystals were grown
from a saturated benzene solution of 2 at 20 8C.
1H NMR ([D8]toluene, 300 MHz, 300 K): d=17 (br, 36H), �6 ppm (br,
32H); ([D8]toluene, 300 MHz, 228 K): d=4.7, 4.1, 3.6, �0.2 (s, 6H each,
Me2), 38.5, 35.4, 33.9, 31.3, �7.5, �10.8, �18.6, �27.5 (s, 3H each, Me),
10.9, 10.0, �5.7, �6.1 (s, 2H each, CH2), 48.2, 44.1, 42.4, 39.0, 9.0, 8.7, 6.3,
�1.4, �9.7, �12.9, �50.8, �64.2 ppm (s, 1H each, CH); meff=2.72 BM
(300 K, [D6]benzene solution, Evans method); MS (EI): m/z (%): 963
([M+H]+ , 16), 781 ([M�L]+ , 70), 616 ([M�L+O]+ , 68), 165 ([L�O]+ ,
100); elemental analysis calcd (%) for C40H68N8O4U: C 49.89, H 7.12, N
11.63; found: C 49.83, H 6.83, N 11.65.


Synthesis of [UL4{W(CO)5}] (3): A colourless solution of [W(CO)5(coe)],
(coe=cyclooctene) (72 mg, 0.165 mmol, 5 mL) in toluene was added
dropwise over two minutes to a green slurry of [UL4] in toluene (159 mg,
0.165 mmol, 2 mL), with stirring. The mixture was stirred for 16 h. After
this time, the green supernatant was isolated from a small quantity of
brown oil by filtration, and volatiles were removed under reduced pres-
sure to yield a khaki solid characterised as 3, in 54% yield, 114 mg. Once
isolated the solid is virtually insoluble in all common aprotic solvents.


FTIR (nujol mull): ñ=2058.5 (s), 1908.4 cm�1 (s); MS (EI): m/z (%):
1245 ([M�iPr+H]+ , 5), 1171 ([M�2iPr�CO+H]+ , 7), 1022 ([UL2(OC-
Me2CH2NC)W(CO)5]


+ , 3), 588 ([U(L-iPr)W(CO)]+ , 20).


Synthesis of [UL4{Mo(CO)4}] (4): A very pale green solution of freshly
sublimed [Mo(CO)4(nbd)], (nbd=norbornadiene) (27 mg, 0.089 mmol,
5 mL) in toluene was added dropwise over two minutes to a green solu-
tion of [UL4] in toluene (86 mg, 0.089 mmol, 10 mL), with stirring. The
mixture was stirred for 16 h, during which time, a yellow-green precipi-
tate formed in the green solution, which lightened. After removal of vol-
atiles under reduced pressure, extraction of the pale sparingly soluble
green solid with THF, followed by cooling to �30 8C, afforded a green
powder characterised as 4, in 63% yield, 66 mg. Once isolated the solid
is virtually insoluble in all common aprotic solvents.


FTIR (nujol mull): ñ=1985.7 (s), 1868.0 (sh), 1846.7 (s), 1813.4 cm�1 (s);
MS (EI): m/z (%): 515 ([U(L-iPr)2 +H]+ , 100), 481 ([Mo(CO)4-
(L�Me2O)2]


+ , 14), 424 ([Mo(CO)2(L�Me2O)2]
+ , 25).


Synthesis of [UL4(BH3)] (5): A colourless solution of BH3·SMe2


(119.5 mL, 0.239 mmol, 2m) in toluene was added by syringe to a green
solution of [UL4] in toluene (230 mg, 0.239 mmol, 5 mL). The mixture
was heated to 60 8C for four hours during which time a paler grass green
precipitate formed. Extraction with THF, followed by filtration and cool-
ing to �30 8C afforded a grass green powder characterised as 5, in 80%
yield, 227 mg.
1H NMR (THF/[D6]benzene, 300 MHz, 300 K): d=2.6, �6.9 (18H),
�15.3, 6.0, 5.8 (1H), 25.1, 8.6, 3.6, (6H) , 23.9, �1.9, �15.5 (3H), 3.1 ppm
(2H); BH3 not observed; MS (EI): m/z (%): 977 ([M+H]+ , 10), 869
([UL3(BH3)(OCMe3)H]+ , 40), 795 ([M�L]+ , 100), 640 ([UL2-


www.chemeurj.org C 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6095 – 60996098


P. L. Arnold et al.



www.chemeurj.org





(BH3)(CN)]+ , 66); elemental analysis calcd (%) for C40H71N8O4UB: C
49.17, H 7.33, N 11.47; found: C 48.99, H 7.22, N 11.31.


Synthesis of [UL4(BH3)2] (6): A colourless solution of BH3·SMe2


(100 mL, 0.204 mmol, 2m) was added by syringe to a green solution of
[UL4] in toluene (97.8 mg, 0.102 mmol, 5 mL). The mixture was heated to
60 8C for four hours during which time a paler, grass green precipitate
formed. Extraction with THF, followed by filtration and cooling to
�30 8C afforded a pale green powder characterised as 6, in 94% yield,
95 g.
1H NMR ([D6]benzene, 300 MHz, 300 K): d=30.4, 29.2, �4.1, �5.2,
�15.5, �15.8, �16.3 (1H), 24.3, 23.0, �2.2 (6H), 6.5, �2.2 ppm (2H);
BH3 not observed; MS (EI): m/z (%): 992 ([M+H]+ , 6), 869
([M�N2(CH)2iPrCBH3+H]+ , 35), 795 ([UL3BH3]


+ , 100), 673
([UL2OCMe3]


+ , 66), 617 ([UL2O+H]+ , 46).


Crystallography : Single crystals of 2·C6H5CH3, 2 and 5·C6H6 were grown
from solutions of the complexes in toluene, benzene, and benzene, re-
spectively. In turn, a crystal was mounted in a film of RS3000 perfluoro-
polyether on a dual-stage glass fibre and transferred to the diffractome-
ter.


Complex 2 : 0.24Q0.22Q0.19 mm, monoclinic, P21/n, a=11.3130(8), b=
22.619(2), c=19.842(2) L, V=5034.6(8) L3, 1=1.392Mgm�3, 538, MoKa,
w scans, 150(2) K, 31771, 11790, 9594 (measured, independent, observed)
reflections, I>2s(I), multi-scan (m, 0.823<T<1.0), Shextl direct meth-
ods, 542 parameters, H atoms placed and riding, R[F2>2s(F2)], wR(F2),
S=0.029, 0.066, 1.02, D1max, D1min=1.32, �0.34 eL�3.


Complex 5 : 0.16Q0.15Q0.14, monoclinic, P21/n, a=11.2723(8), b=
22.4216(15), c=20.4644 (14) L, V=5106.0(6) L3, 1=1.372 Mgm�3, 538,
MoKa, w scans, 150(2) K, 31744, 11652, 8470 (measured, independent, ob-
served) reflections, I>2s(I), Multi-scan (m, 0.631<T<1.0), Shextl direct
methods, 500 parameters, H atoms placed and riding, R[F2>2s(F2)],
wR(F2), S=0.041, 0.099, 1.01, D1max, D1min=1.56, �0.85 eL�3. CCDC-
268230 (2), CCDC-268231 (2·C6H5CH3), and CCDC-268232 (5) contain
the supplementary crystallographic data for this paper. These can be ob-
tained free of charge via www.ccdc.cam.ac.uk/data request/cif.


Acknowledgements


We thank the EPSRC and the Royal Society for funding.


[1] W. A. Herrmann, Angew. Chem. 2002, 114, 1342; Angew. Chem. Int.
Ed. 2002, 41, 1290.


[2] W. J. Oldham Jr., S. M. Oldham, B. L. Scott, K. D. Abney, W. H.
Smith, D. A. Costa, Chem. Commun. 2001, 1348.


[3] P. L. Arnold, A. C. Scarisbrick, Organometallics 2004, 23, 2519.
[4] T. I. Kuckmann, U. Abram, Inorg. Chem. 2004, 43, 7068.
[5] W. A. Herrmann, G. M. Lobmaier, M. Elison, J. Organomet. Chem.


1996, 520, 231.
[6] P. L. Arnold, M. Rodden, C. Wilson, Chem. Commun. 2005, 1743.
[7] S. A. Mungur, S. T. Liddle, C. Wilson, M. J. Sarsfield, P. L. Arnold,


Chem. Commun. 2004, 2738.


[8] W. J. Evans, S. A. Kozimor, J. W. Ziller, Polyhedron 2004, 23, 2689.
[9] H. Nakai, X. L. Hu, L. N. Zakharov, A. L. Rheingold, K. Meyer,


Inorg. Chem. 2004, 43, 855.
[10] C. D. Abernethy, G. M. Codd, M. D. Spicer, M. K. Taylor, J. Am.


Chem. Soc. 2003, 125, 1128.
[11] P. Shukla, J. A. Johnson, D. Vidovic, A. H. Cowley, C. D. Abernethy,


Chem. Commun. 2004, 360.
[12] H. Nogami, M. Kanai, M. Shibasaki, Chem. Pharm. Bull. 2003, 51,


702.
[13] M. Kanai, Y. Hamashima, M. Takamura, M. Shibasaki, J. Synth.


Org. Chem. Jpn. 2001, 59, 766.
[14] M. Shibasaki, N. Yoshikawa, Chem. Rev. 2002, 102, 2187.
[15] H. Groger, Chem. Eur. J. 2001, 7, 5246.
[16] E. F. Connor, G. W. Nyce, M. Myers, A. Mock, J. L. Hedrick, J. Am.


Chem. Soc. 2002, 124, 914.
[17] P. L. Arnold, M. Rodden, K. M. Davis, A. C. Scarisbrick, A. J.


Blake, C. Wilson, Chem. Commun. 2004, 1612.
[18] D. L. Clark, A. P. Sattelberger, S. G. Bott, R. N. Vrtis, Inorg. Chem.


1989, 28, 1771.
[19] E. Barnea, T. Andrea, M. Kapon, J. C. Berthet, M. Ephritikhine,


M. S. Eisen, J. Am. Chem. Soc. 2004, 126, 10860.
[20] P. G. Edwards, R. A. Andersen, A. Zalkin, Organometallics 1984, 3,


293.
[21] L. Karmazin, M. Mazzanti, J. Pecaut, Inorg. Chem. 2003, 42, 5900.
[22] P. Roussel, P. B. Hitchcock, N. D. Tinker, P. Scott, Inorg. Chem.


1997, 36, 5716.
[23] M. Ephritikhine, J. Alloys Compd. 1994, 213, 15.
[24] K. Volz, A. Zalkin, G. H. Templeton, Inorg. Chem. 1976, 15, 1827.
[25] R. Boaretto, P. Roussel, A. J. Kingsley, I. J. Munslow, C. J. Sanders,


N. W. Alcock, P. Scott, Chem. Commun. 1999, 1701.
[26] C. Y. Liu, D. Y. Chen, M. C. Cheng, S. M. Peng, S. T. Liu, Organo-


metallics 1996, 15, 1055.
[27] M. Lappert, P. Pye, G. McLaughlin, J. Chem. Soc., Dalton Trans.


1977, 1271.
[28] A. Dormond, P. Hepiegne, A. Hafid, C. H. Moise, J. Organomet.


Chem. 1990, 398, C1.
[29] A. Dormond, C. Moise, Polyhedron 1985, 4, 595.
[30] T. M. Ismail, A. M. Khedr, S. M. Abu-El-Wafa, R. M. Issa, J. Coord.


Chem. 2004, 57, 1179.
[31] S. Obbade, S. Yagoubi, C. Dion, M. Saadi, F. Abraham, J. Solid State


Chem. 2003, 174, 19.
[32] O. G. Dyachenko, V. V. Tabachenko, R. Tali, L. M. Kovba, B. O.


Marinder, M. Sundberg, Acta Crystallogr. Sect. B 1996, 52, 961.
[33] N. Kuhn, G. Henkel, T. Kratz, J. Kreutzberg, R. Boese, A. H. Mau-


litz, Chem. Ber. 1993, 126, 2041.
[34] A. Haaland, D. J. Shorokhov, A. V. Tutukin, H. V. Volden, O.


Swang, G. S. McGrady, N. Kaltsoyannis, A. J. Downs, C. Y. Tang,
J. F. C. Turner, Inorg. Chem. 2002, 41, 6646.


[35] S. M. Cendrowski-Guillaume, G. Le Gland, M. Lance, M. Nierlich,
M. Ephritikhine, C. R. Chim. 2002, 5, 73.


[36] S. M. Cendrowski-Guillaume, M. Lance, M. Nierlich, M. Ephriti-
khine, Organometallics 2000, 19, 3257.


Received: April 28, 2005
Published online: July 29, 2005


Chem. Eur. J. 2005, 11, 6095 – 6099 C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6099


FULL PAPERUranium(iv) Alkoxide Complexes



www.chemeurj.org



